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Abstract: Wind energy production has been a relevant topic of research for several years. Specifically,
the estimation of wind energy potential has received important attention in different regions of the
world. One of the main considerations for these estimations is based on the modeling of wind speed
data based on probability density functions (PDF), given that once the best distribution for wind
speed data is determined, the wind energy potential can be estimated. The objective of this paper is
to investigate the wind speed and wind energy potential in Ciudad Juárez, México. To achieve this,
three meteorological stations were installed in strategic open sites at a height of 10 meters within and
on the edges of the city. Speed data were recorded for each meteorological station every ten minutes
over a one-year period. The wind speed data were studied to define the best-fitting distribution, and
different commercial wind turbines were considered to estimate the power curves for each location.
With the characterized power curves, it was possible to estimate the potential energy production. In
addition, wind shear was considered to estimate the energy production with wind turbines that have
greater heights. The results show the importance of selecting the best distribution to estimate the wind
energy potential of certain regions where measurements can be obtained from different locations.

Keywords: mixture distributions; power curves; annual energy production; Akaike information
criterion; probability density function

1. Introduction

Renewable energy sources have received great attention in recent decades as an
alternative to mitigate environmental problems and satisfy energy needs worldwide [1].
Specifically, wind power generation has become an important option as a clean renewable
energy source [2], given that it is accessible, sustainable, and environmentally friendly [3].
This is because it is an alternative to generate electricity without depending on fossil fuels,
does not release emissions, and does not require water as a cooling alternative. Furthermore,
many regions have adopted this energy generation alternative to drive wind turbines to
satisfy energy needs [4]. Precisely, for the development of wind energy systems, it is
necessary to have novel wind turbine technologies [5,6] and wind speed data of specific
regions to study their characteristics and properties, which allows us to determine the
energy potential [7,8].

Several models have been considered in the literature to study the statistical properties
of wind speed data; in particular, probabilistic models have been specifically considered.
Morgan et al. [9] mention that the PDF of wind speed data is important in determining wind
energy production, the design of wind turbines, and the location of wind turbines. This
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means that the selection of the PDF that best describes the wind speed data could reduce
uncertainty and provide confidence and risk reduction in wind energy systems [10–12].

Specifically, the Weibull distribution has been presented as an important option to
model wind speed data [13]. This is because it is a flexible distribution that can easily
adapt to different behaviors [11,14–20]. The Weibull distribution has a bigger probability in
the right tail, which results in flexibility in modeling wind speed data that have extreme
velocities in the direction of the right tail [21,22]. Previous literature [23] mentions that the
Weibull distribution is not capable of modeling all the behaviors of wind speed data in an
efficient manner, which justifies the use of other PDFs to extend the systematic analysis of
wind distributions to determine the wind energy potential [24–26].

Beyond the Weibull distribution, many PDFs have been considered in the literature to
model wind speed data. Ouarda and Charron [27], Kollu et al. [28], Carta and Ramirez [29]
studied mixtures of distributions to model wind speed data; specific mixtures of the
gamma, lognormal, Weibull, Gumbel, and normal distributions have also been studied.
These models are appropriate when bimodal wind speed data are present. Non-parametric
models have been considered, given that they provide a good fit for wind speed data
without the preposition of dealing with parameters [30], which is the case with theoretical
distributions. Variations of PDFs, such as the Weibull distribution, have been considered
along with artificial intelligence methods. Asghar and Liu [31] developed a methodology
based on the adaptive neuro-fuzzy inference system to estimate the parameters of the
Weibull distribution. Zhang et al. [32] combined artificial intelligence methods based on
the fast correlation-based filter and radial basis functions for the interval estimation of
wind speed. Miao et al. [33] developed an optimal score-radar map to find the best-fitting
distribution for certain regions. Fadare [34] considered an artificial neural network to
model the wind speed profile in Nigeria. Ouarda et al. [35] considered L-moment ratio
diagrams to select the best distribution for wind speed data of a certain region. Stochastic
approaches have also been presented as alternatives to fit wind speed data. Jónsdóttir and
Milano [36] developed a method to model wind speed measurements based on dynamic
stochastic models. Most of the previously discussed works deal with the process of fitting
different PDFs or models to wind speed data; then, based on various goodness of fit tests
or information criteria, the best-fitting distribution or model is defined [37–39].

Previous works have been presented in the literature that deals with finding the
best PDFs for wind speed data of certain regions based on different methods [10,27,40–42].
The objective of this paper is to focus beyond this aspect and find the best PDF for the region
of interest. Specifically, we estimate the power curves (PCs) considering the cumulative
distribution function (CDF) of the best-fitting PDF and the production profile of different
wind turbines. This is a relevant aspect as PCs allow us to determine the amount of potential
energy production at certain wind speeds by considering the performance of a specific
wind turbine, which is important for the selection of wind energy production locations.
In this sense, we consider the characterized PCs for the locations of interest to estimate the
annual energy production. Furthermore, wind shear is also considered for extrapolating
the collected wind speed data at different heights to estimate wind energy production
with turbines of greater capacity. These estimations complement the method to assess
the wind energy production potential, which contributes to the decision-making process
of developing wind farms. The region of interest is Ciudad Juárez, which is a northern
city in México. The study is focused on this region, as this is an industrial city in which
efforts have been made to obtain wind speed data to determine the wind energy potential.
This is with the objective of adopting sustainable strategies that can provide an alternative
to satisfy energy consumption needs. The proposed method can be summarized by first
collecting wind speed data from three meteorological stations. Then, the best-fitting PDFs
are selected via information criteria. The interaction between the wind potential given
by the best-fitting PDFs and various wind turbines is evaluated based on an extension of
the method proposed by [43] to obtain the PC. Given that PCs enable us to estimate the
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conversion of the available wind energy transferred to wind power generators [12,44–46],
we also present an estimation of the potential energy production for the region of interest.

This paper is organized as follows: in Section 2, generalities of the region of interest
are presented. In Section 3, the considered methodology is presented and discussed.
In Section 4, the obtained results are presented and discussed according to the proposed
method. Finally, in Section 5, the conclusions are presented.

2. Generalities of the Study Region

Ciudad Juárez is a city located in northern México, in the state of Chihuahua, bordering
the US city of El Paso, Texas. It is located in the middle of Chihuahua’s desert, which is
the largest in North America. In the summer, the daily maximum temperatures remain
in a range between 35 ◦C and 40 ◦C during the day, having large oscillations between
day and night of 16 ◦C on average [47]. The prevailing winds during the warm seasons
are mostly from the east, with an annual average wind speed of 4.63 m/s [48]. Due to
its climatological characteristics, this region is considered as a case study to assess the
wind energy production potential. Rainfall in Ciudad Juárez is relatively low, with an
annual average of 237.5 mm, according to National Meteorological Service (SMN) data from
1961–1990. The wettest months are July and August, with normal monthly precipitation
values of 46 mm and 46.4 mm, respectively. Extreme rainfall events have occurred, with the
highest daily rainfall reaching 113.5 mm in July 1968. This variability underscores the
challenges in water resource management in a desert region heavily reliant on sporadic and
intense rainfall events [47]. Three meteorological stations distributed in the region were
considered to obtain meteorological data, which include wind speed, temperature, wind
density, atmospheric pressure, etc. These data were obtained from the three stations known
as IIT, Anapra, and Clínica at the servers from the climatology laboratory of the Universidad
Autónoma de Ciudad Juárez [49]. Each station has an anemometer that collects data at
a height of 15 m. It should be noted that these stations are located at different latitudes,
which means that different measurements are expected to be obtained. Furthermore, the IIT
station is located within the city, and the Anapra and Clínica stations are located on the
outskirts of the city, which also contributes to the possible differences in the wind speed
measurements. The geographical location of these stations is presented in Figure 1, while
in Table 1, the description of the stations is presented.

Figure 1. Location of the three meteorological stations.
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Table 1. Characteristics of the three considered stations.

Station Latitude Longitude Altitude Period
Anapra 31°46′23.94′′ N 106°33′51.48′′ W 1218 (m) 2019/01–2019/12
Clínica 31°39′19.38′′ N 106°27′59.42′′ W 1212 (m) 2019/04–2019/12
IIT 31°44′34.90′′ N 106°26′00.52′′ W 1158 (m) 2019/01–2019/12

3. Data and Models

In this section, a description of the considered methodology is presented. In Figure 2,
a flow chart that enlists the proposed steps is presented.

Figure 2. Flow chart of the considered method.

3.1. Obtaininig of the Local Wind Speed Data

The wind speed data were collected at one-minute intervals for the IIT station and
five-minute intervals for the Anapra and Clinica stations; the data were exported and
organized in Excel files. Missing values from the three stations were removed for further
analysis. The data were obtained from the climatology laboratory of the Universidad
Autonoma de Ciudad Juárez, available at https://erecursos.uacj.mx/communities/b274
94f3-ef56-4f2b-9b58-12db83e20176 (accessed on 1 December 2023).

3.2. Fitting Probability Distributions to the Wind Speed Data

A total of 16 PDFs were considered to fit the collected wind speed data. In general,
these parametric distributions are described in Table 2 and are defined as f (x|θ), where x
represents a variable that represents wind speed data, and θ represents a parameter or a
vector of parameters. Each distribution has different parameters, which have been defined
as follows: µ represents a location parameter, m represents a threshold parameter, α is a
scale parameter, k is a shape parameter, ρ is a second scale parameter, h is a second shape
parameter, and ω is a mixture parameter.

Classical distributions to fit wind speed data were considered [10,15,30,40]. More-
over, we considered three distributions that are not generally used to model wind speed:
the exponentiated Weibull distribution, the inverse Weibull distribution, and the inverse
Gaussian distribution. The exponentiated Weibull distribution has been presented as an
alternative to model lifetime data given that it has similar properties to the Weibull and
gamma distributions; however, it has more flexible properties to model hazard rate func-

https://erecursos.uacj.mx/communities/b27494f3-ef56-4f2b-9b58-12db83e20176
https://erecursos.uacj.mx/communities/b27494f3-ef56-4f2b-9b58-12db83e20176
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tions [50], which is also the case for the inverse Weibull distribution. Lastly, the inverse
Gaussian distribution has been presented as an important option to model skewed data
[51], which is generally the case when dealing with wind speed. All these distributions are
presented in Table 2.

Table 2. Considered distributions to fit the collected wind speed data.

Distribution (Nomenclature) PDF Domain

Weibull–Two parameters (W2) f (x) = k
α

( x
α

)k−1exp
{
−
( x

α

)k
}

(0, ∞)

Gamma (GA) f (x) = xk−1

αkΓ(k)
exp

{
− x

α

}
(0, ∞)

Lognormal–Two parameters (LN2) f (x) = 1
xα

√
2π

exp
{
− (lnx−µ)2

2α2

}
(0, ∞)

Weibull–Three parameters (W3) f (x) = k
α

( x−m
α

)k−1exp
{
−
( x−m

α

)k
}

(0, ∞)

Lognormal–Three parameters (LN3) f (x) = 1
(x−m)α

√
2π

exp
{
− (ln(x−m)−µ)2

2α2

}
(0, ∞)

Generalized extreme value (GEV) f (x) = 1
α

[
1 − k

α (x − µ)
] 1

k −1
exp

{
−
[
1 − k

α (x − µ)
] 1

k
}

(0, ∞)

Kappa (KAP) f (x) =
(

k
α

)(
k +

( x
α

)k
)−( k+1

k )
(0, ∞)

Mixture - Two Weibull (MWW) f (x) = ω

[
k1
α1

(
x
α1

)k1−1
exp

{
−
(

x
α1

)}]
+ (1 − ω)

[
k2
α2

(
x
α2

)k2−1
exp

{
−
(

x
α2

)}]
(0, ∞)

Mixture–Two Gamma (MGG) f (x) = ω

[
xk1−1

α
k1
1 Γ(k1)

exp
{
− x

α1

}]
+ (1 − ω)

[
xk2−1

α
k2
2 Γ(k2)

exp
{
− x

α2

}]
(0, ∞)

Exponentiated Weibull (EXW) f (x) =
(

hk
α

)( x
α

)k−1
[
1 − exp

{
−
( x

α

)k
}]h−1

exp
{
−
( x

α

)k
}

(0, ∞)

Inverse Weibull (INW) f (x) = αkx−(x+1)exp
{
−αx−k

}
(0, ∞)

Inverse Gaussian (IG) f (x) =
√

k
2πx3 exp

{
− k(x−µ)2

2µ2x

}
(0, ∞)

Burr (BR) f (x) = [kρ( x
α )]

k−1

α
[
1+( x

α )
k]ρ+1 (0, ∞)

Rayleigh (RA) f (x) = x
α2 exp

{
− x2

2α2

}
(0, ∞)

Mixture–Gamma–Weibull (MGW) f (x) = ω

[
xk1−1

α
k1
1 Γ(k1)

exp
{
− x

α1

}]
+ (1 − ω)

[
k2
α2

(
x
α2

)k2−1
exp

{
−
(

x
α2

)}]
(0, ∞)

Mixture–Lognormal–Generalized extreme value (MLGEV) ω

[
1

xα1
√

2π
exp

{
− (lnx−µ1)

2

2α2
1

}]
+ (1 − ω)

[
1
α2

[
1 − k

α2
(x − µ2)

] 1
k −1

exp
{
−
[
1 − k

α2
(x − µ2)

] 1
k
}]

(0, ∞)

On the other hand, mixture distributions have been presented as an important option
to model bimodal data; these PDFs are constructed considering linear combinations of two
or more distributions [27] and have the next parametric form for two components:

f (x|ω, θ1, θ2) = ω f1(x|θ1) + (1 − ω) f2(x|θ2), (1)

where ω is the mixture parameter, θ1 and θ2 are parameters or vectors of parameters for
individual PDFs, and f1 and f2 represent the parametric form of individual PDFs. These
parametric models have important advantages given that they can present a better fit for
wind speed data compared to one-component distributions [27,52].

For any parametric distribution f (xi|θ), wind speed data are considered to fit the
models based on different methods. First, we discuss the maximum likelihood estimation
(MLE). Considering independent and identically distributed random samples i = 1, 2, . . . , n,
the parameters (or vector of parameters) θ are estimated by maximizing the likelihood
function L(θ|xi), which is defined as follows:

L(θ|xi) =
n

∏
i=1

f (xi|θ). (2)

Such a likelihood function can be solved by considering different optimization routines
that are included in the R v4.3.2 statistical software. In this paper, the “fitdistrplus” package
[53] is specifically used to solve the function in (2) for any of the PDFs in Table 2.

The maximum goodness-of-fit estimation (MGE) method is also considered to estimate
certain distributions (mixture distributions); this method considers a random sample
x1, x2, . . . , xn with a cumulative distribution function (CDF) defined as F(x), order statistics
defined as x(1) ≤ x(2) . . . ≤ x(n), and finally, an empirical distribution function defined
as Sn(x). Then, the estimation of parameters is carried out by numerically minimizing
the distance between F(x) and Sn(x). There are different distance measures that can be
considered to account for the difference between F(x) and Sn(x), such as the Kolmogorov–
Smirnov (KS), Cramer–von Mises (CVM), and Anderson–Darling (AD) methods; all of
these are considered in the fitdistrplus package. Finally, the moment-matching estimation
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(MME) method is also considered for estimating the mixture distribution in this paper.
This method consists of finding values of the parameters of interest that match the values
between the theoretical and sample moments obtained from the data. It is well known that
this method presents consistent estimations. However, it is usually considered to obtain
initial guesses to initiate the MLE estimation method. In this paper, it is considered to
estimate the parameters of the mixture distribution between the lognormal and generalized
extreme value distributions, as this is a complex function that cannot be directly solved
via MLE.

3.3. Comparison of Distributions and Selecting the Best via Information Criteria

There are several statistics to assess the goodness-of-fit among different distributions
fitted to certain data. Distance statistics such as those considered in the MGE method (KS,
CVM, and AD), the chi-squared test, and the R2 coefficient are normally considered to
select the best-fitting PDF [10,27,30,42]. However, the R2 coefficient does not account for
assessing the goodness-of-fit of a model [54]. Furthermore, the goodness-of-fit tests do not
account for the complexity of the studied models. On the other hand, although the AD
test may be a more powerful test compared to the KS test, it is complex to use when fitting
different distributions to the same dataset, given that it considers the specific distribution
to compute the critical values.

Information criteria are important statistical measures that account for quantifying the
performance of a certain model to explain sampled data by considering the complexity of the
model. Specifically, the Akaike information criterion (AIC) considers the Kullback–Leibler
divergence to account for the distance between a true model and a candidate model. This
criterion considers the linearized version of the likelihood function in (2), also known as the
log-likelihood function and defined as l(θ|xi) = log(L(θ|xi)). The log-likelihood reflects the
goodness-of-fit of the fitted PDF f (xi|θ) to the data xi [39]. The AIC is defined as follows:

AIC = −2l(θ|xi) + 2k, (3)

where k represents the number of parameters of the candidate model. The term 2k rep-
resents a bias correction. Generally, the model that is the closest to the true generating
model will result in the smallest AIC value. In this paper, we consider the AIC to select
the best-fitting distribution for the collected wind speed data from the three stations.

3.4. Obtaining of the Power Curves

PCs represent the available wind energy conversion transferred by the wind turbines.
This accounts for the relationship between the wind speed and the generated power that
the wind turbine with a certain height can transform. The PC of a wind turbine is obtained
from wind speed measurements from the field by also considering measurements from
environmental variables. However, these last measurements are generally averaged and
normalized to a certain wind density. The PCs for different wind turbines are usually available
from manufacturers and they can be used to analyze the wind energy potential [55].

In this paper, we consider the approach proposed by Bokde et al. [43] for the charac-
terization of wind turbine PCs, which are based on the CDF of the Weibull distribution
and relates such functions with the profile of PCs provided by manufacturers. In general,
a CDF is defined as follows:

F(x|θ) =
∫ x

−∞
fX(t)dt. (4)

In the case of the approach proposed by [43], the CDF of the Weibull distribution with
scale parameter α and shape parameter k is defined as follows:

F(x) = 1 − e−(
x
α )

k
.

Then, the power (P) generated by a wind turbine as a function of the wind speed at a
certain hub height is proposed to be defined as follows:
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P = Pmax ·
(

1 − e−(
x
α )

k
)

, (5)

where Pmax is the maximum power of the wind turbine. Bokde et al. [43] then proceeded to
linearize the function in (5) with normalized values of P, which directly relates the power
of the turbine with the CDF of the Weibull distribution. Based on this approach, in this
paper, we consider extending the proposed scheme for other distributions of CDFs beyond
the Weibull distribution. As it is intended to fit several distributions for the collected wind
speed data, and the best-fitting PDF may result in a distribution different than the Weibull,
we propose to consider the following:

P = Pmax · (F(x|θ)), (6)

where F(x|θ) is the CDF of the best-fitting distribution for the studied wind speed data.
Furthermore, the power profiles from different wind turbines are considered from the
database from https://www.thewindpower.net/store_manufacturer_turbine_en.php?id_
type=7 (accessed on 1 January 2023).

3.5. Wind Shear of Collected Wind Speed

The wind shear refers to the wind speed variation at different heights of measurement.
As the profile of the wind speed tends to be lower as the measuring height also tends to be
lower, this concept results in great importance given the impact this has on the availability
of power potential of a certain wind turbine. Thus, the wind speed data collected at a
certain height can be extrapolated to assess the energy production for a wind turbine that
may have a greater height.

According to [46], based on the log law, the wind speed v at a certain height z can
be estimated as a function of the height of interest z and the surface roughness length z0,
which is a parameter that characterizes the shear and the height above the ground level
where wind speed is theoretically zero. The log law is defined as follows:

v(z) = v(zr)

 ln
(

z
z0

)
ln
(

zr
z0

)
, (7)

where v(zr) is the wind speed at a height of reference zr. Indeed, surface roughness length
may vary depending of the region of interest. Ref. [56] provides a reference table for the
determination of the surface roughness length based on different types of terrains.

In this paper, as the collected wind speed is intended to be used to assess the potential
energy production for wind turbines with greater heights, we considered the log law model
in (7) to extrapolate the wind speed with the aim of obtaining the corresponding PC and
the energy production based on different wind turbine models.

3.6. Estimation of the Annual Energy Production Based on Wind Data

The estimated energy production of a wind turbine during a time period ∆t is defined
as follows [46]:

E(∆t) =
∫ t0+∆t

t0

P(x(t)) · ρ(t)
1.2215

δ(t)dt, (8)

where ρ(t) represents the air density at time t, which in this case was obtained based on
the surface air pressure and the air temperature, which were monitored at climatological
stations. Meanwhile, t0 represents an initial time of interest to begin the determination
of energy production. δ(t) is the Kronecker function, for which δ(t) = 1 when the wind
turbine is operating and δ(t) = 0 when the turbine is down.

https://www.thewindpower.net/store_manufacturer_turbine_en.php?id_type=7
https://www.thewindpower.net/store_manufacturer_turbine_en.php?id_type=7
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4. Results

In this section, the results obtained from the implementation of the method described
in Figure 2 are presented. Firstly, a descriptive analysis was performed based on the three
datasets. In Table 3, the minimum, first quartile, median, mean, third quartile, maximum,
standard deviation, and variance are presented for the three stations. From this table, it
can be noted that the mean speed from the stations in Anapra and Clínica is greater than
the mean speed from the IIT station. This is because Anapra and Clínica are located on
the outskirts of the city, while the IIT station is near the urban area. On the other hand,
the skewness coefficients were obtained as 0.9158, 1.0272, and 1.3464 for the Anapra, Clínica,
and IIT stations, respectively. This allows us to deduce that the distributions of the wind
speed are right-skewed. Moreover, the coefficients of variation were obtained as 0.8831,
0.6786, and 0.6539, which indicate a relatively low dispersion of data.

Table 3. Descriptive statistics of the wind speed data for the three stations.

Station Minimum First Quartile Median Mean Third Quartile Maximum Standard Deviation Variance

Anapra 0 2.142 6.267 7.735 11.724 47.287 6.831 46.675
Clńica 0 4.157 7.396 8.511 12.014 42.750 5.776 33.362
IIT 0.024 1.101 1.845 2.147 2.851 15.570 1.404 1.973

Furthermore, to complement the descriptive analysis, the box plots and time series
plots of the wind speed for the three stations are presented in Figure 3. It can be noted
that greater wind speeds were recorded from the Clínica and Anapra stations every month.
In fact, the altitude of these two stations was greater than that of the IIT station, as can be
noted in Table 1.

Wind rose diagrams are also presented in Figure 4, with the aim of graphically showing
the direction and duration of the wind for the three stations. From this figure, it is noted that
for Anapra, the wind blew from the west around 12.5% of the time, although winds from
the northwest and east were also dominant 10% of the time. Wind speed was uniform from
4 to 16 m/s. For the Clínica station, wind blew from the west, northwest, and southwest.
The dominant wind speed had a range from 4 to 16 m/s. Meanwhile, for the IIT station,
the wind blew mostly from the west, with velocities ranging mostly from 0 to 8 m/s.
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Figure 3. Graphical descriptive analysis for the wind speed of the three stations. (a) Box plot for the
Clínica station. (b) Box plot for the Anapra station. (c) Box plot for the IIT station. (d) Time series
plot for the Clínica station. (e) Time series plot for the Anapra station. (f) Time series plot for the
IIT station.
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Figure 4. Wind rose diagrams for the wind speed of the three stations. (a) Wind rose for the
Anapra station. (b) Wind rose for the Clínica station. (c) Wind rose for the IIT station.

4.1. Fitting the Considered Distributions to the Wind Data

The PDFs described in Table 2 were considered to fit the collected wind speed data
from the three stations. For this, the fitdistrplus [53] package from the R software was used to
estimate the respective parameters from every distribution. The methods considered were
MLE, MME, and MGE. Fortunately, this R package integrates these estimation methods.
Furthermore, it has the flexibility to declare distributions that are not standard in the
package itself, such as the mixture distributions, i.e., gamma–gamma, Weibull–Weibull,
and log-normal–generalized extreme values. In Table 4, the estimated parameters for the
different distributions and the three stations are presented. These estimations are presented
with the aim of characterizing the CDF for the best-fitting distribution, which will define
the PC under certain determined wind turbines.

Table 4. Estimated parameters for the considered distributions in the three stations.

f (x)/Method Parameters Stations

Clínica Anapra IIT

W2/MLE k 1.217899 0.494688 1.619208
α 8.927912 5.783119 2.406999

RA/MLE α 7.273111 7.297361 1.814012

G/MLE k 1.102227 0.356256 2.405558
α 7.723557 21.71181 0.892315

IG/MGE k 9.497295 10.17459 2.277247
µ 13.34213 5.612269 3.997255

BR/MLE
k 8.756322 2.911708 3.494612
ρ 1.297835 0.546432 1.922758
α 45.03091 28.63966 4.098941

LN2/MLE µ 1.623222 0.164076 0.54185
α 2.116819 4.72791 0.708024

LN3/MLE
µ 0.436431 0.820372 0.539561
α 2.489861 1.951302 0.793198
m −4.72813 −1.72729 −0.40218

KAP/MLE k 5.220631 3.275603 4.765368
α 11.14205 8.991769 2.614413

W3/MGE
k 1.569652 1.297424 1.398526
α 10.01682 10.30357 2.060296
m −0.44739 −1.59993 0.257129
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Table 4. Cont.

f (x)/Method Parameters Stations

Clínica Anapra IIT

EXW/MLE
k 2.205107 2.009939 1.043684
α 14.30428 16.36893 1.32843
h 0.396761 0.199628 2.453489

MWW/MGE

k1 4.147646 0.721678 1.420073
α1 2.889376 3.508384 2.168363
k2 1.396439 0.914911 1.454326
α2 9.238495 1.996823 0.396516
w −0.04263 2.742655 1.102644

MGG/MGE

k1 1.194281 0.698939 2.123455
α1 0.194875 0.115786 1.306952
k2 1.400363 1.590897 2.353728
α2 0.400417 0.745861 1.094218
w 1.983207 1.546984 0.022201

INW/MLE k 0.213576 0.145404 1.223098
α 1.219106 0.064616 1.188139

MGW/MGE

k1 0.939225 1.100655 2.366214
α1 0.414885 0.542622 1.105692
k2 0.837682 0.74234 15.46061
α2 4.070996 4.419968 2.293967
w −1.9552 −0.94851 1.006446

MLGEV–MME

α1 2.086203 1.41149 1.480231
µ1 1.545264 0.585903 0.511413
α2 1.988339 1.63896 0.602557
k 0.799103 1.036238 0.742536
µ2 7.298414 −9.5015 −26.01969
w −0.02659 0.056148 −0.0296

GEV/MGE
α 429,477,537 325,605,079 1,179,839,063
k 1,274,956,183 807,641,311 1,264,925,534
µ −720,191,897 −511,774,320 −474,293,383

In Table 5, the computed AIC values for all the distributions and the three stations are
presented. The AIC values are ordered from lowest to largest for every station. It can be
noted that for the Anapra station, the best-fitting distribution was the exponentiated Weibull
(AIC = 731,684.2), and the distribution with the poorest performance was the generalized
extreme value (AIC = 6,559,969). For the Clínica station, the best-fitting distribution was
the gamma–Weibull mixture, which had the lowest AIC value (505,705.6); the distribution
with the largest AIC was also the generalized extreme value distribution (AIC = 3,606,003).
Lastly, for the IIT station, the best-fitting distribution was the exponentiated Weibull (AIC
= 1,805,736), and the generalized extreme value distribution was the one with the largest
AIC value (22,690,113). It should be noted that some AIC values are not reported as the
obtained values tend to be infinity.

Furthermore, histograms of the wind speed from the three stations are presented
in Figure 5. Moreover, the estimated distributions are superimposed with the aim of
illustrating how each of these fits the data. In Figure 6, the best-fitting distributions are also
presented with the aim of showing how the data from each station are well-modeled by the
identified best PDF.
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Figure 5. Histograms with fitted distribution curves for the wind speed of the three stations.
(a) Histogram with all the fitted distributions for the Clínica station. (b) Histogram with all the
fitted distributions for the Anapra station. (c) Histogram with all the fitted distributions for the
IIT station.
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Figure 6. Histograms with the best-fitting distributions for each station. (a) Best-fitting distribution
for the Clínica station. (b) Best-fitting distribution for the Anapra station. (c) Best-fitting distribution
for the IIT station.

Table 5. Estimated AIC values for the fitted distributions (AICs that tend to infinity denoted as *).

Anapra Clínica IIT

EXW 731,684.2 MGW 505,705.6 EXW 1,805,736
GA 758,407.3 EXW 510,418.8 MWW 1,806,030
MGG 794,922.1 KAP 511,954.8 GA 1,806,292
MWW 795,816.1 W3 513,285.3 MGW 1,806,460
MGW 796,863.8 MGG 513,762.3 MGG 1,806,553
W2 813,733.6 LN3 516,781 BR 1,810,058
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Table 5. Cont.

Anapra Clínica IIT

BR 848,374.4 W2 522,830.8 LN3 1,811,699
KAP 942,481.6 MWW 524,600.9 W2 1,822,666
MLGEV 958,160.6 BR 526,354.7 LN2 1,834,905
LN2 961,192.3 GA 526,644.4 RA 1,873,079
W3 968,518 RA 561,282 KAP 1,876,661
LN3 972,511.7 LN2 636,387.2 IG 1,892,098
INW 1,067,422 INW 751,179.1 INW 2,035,818
RA 1,475,097 GEV 3,606,003 MLGEV 8,556,694
GEV 6,559,969 IG * GEV 22,690,113
IG * MLGEV * W3 *

4.2. Characterization of the Power Curves and the Estimated Energy Production

Based on the best-fitting distributions for the three stations, the PCs can be obtained
based on their respective CDFs, as discussed in Section 3.4. In the case of the Clínica station,
the best-fitting distribution was the gamma–Weibull mixture, while for the Anapra and
IIT stations, the exponentiated Weibull was the best-fitting distribution. The CDFs of these
distributions are defined as follows:

F(x) = ω

[
Γ(k1, x/α1)

Γ(k1)

]
+ (1 + ω)

[
1 − exp

{
−
(

x
α2

)k2
}]

, (9)

F(x) =
[

1 − exp
{
−
( x

α

)k
}]h

. (10)

The considered wind turbines for the three stations are presented in Table 6. These
turbines have tower heights of 15 m, which are the same as the measurement height from
the stations. The C&F Green Energy CF11 turbine has a maximum power of 11.1, while
the C&F Energy CF15e turbine has a maximum power of 15.2. With this information, it is
possible to characterize PCs based on the CDFs that explain the behavior of the wind speed
from the three locations and the three wind turbines considered.

Table 6. Considered wind turbines at stations measuring a certain height.

Wind Turbine Maximum
Power (kw)

Rotor
Diameter (m)

Tower
Height (m)

C&F Green Energy CF11 9 m 11 kW 11.1 9 15
C&F Energy CF15e 13.1 m 15 kW 15.2 13.1 15

The obtained PCs, based on the CDFs in (9) and (10) and the maximum power in
Table 6 from the two wind turbines, are presented in Figure 7.

These characterized PCs were used to estimate energy production. For this, the func-
tion defined in Section 3.6 was considered. In this case, the estimated power under the
two scenarios of the two turbines was considered as P(x(t)) with the aim of estimating
the corresponding energy production. The obtained results are reported in Tables 7–9 for
each station.
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Figure 7. Characterized power curves for the three stations. (a) Power curve for the Clínica station–
C&F Green Energy CF11. (b) Power curve for the Clínica station–C&F Energy CF15e. (c) Power
curve for the Anapra station–C&F Green Energy CF11. (d) Power curve for the Anapra station–C&F
Energy CF15e. (e) Power curve for the IIT station–C&F Green Energy CF11. (f) Power curve for the
IIT station–C&F Energy CF15e.
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Table 7. Estimated annual energy production in MWh for the Clínica station based on the two
considered wind turbines.

Month Mean Wind Speed (m/s)
MWh

C&F-Green Energy CF11 C&F-Energy CF15e

4 8.3 3.8 5.2
5 11.2 5.1 7
6 10.3 4.8 6.6
7 9.2 4.4 6
8 9.2 3.1 4.3
9 7.7 3.4 4.6
10 8.8 3.9 5.4
11 7.4 3.2 4.4
12 7.2 3.4 4.7

Annual energy production (MWh) 35.2 48.2

Table 8. Estimated annual energy production in MWh for the Anapra station based on the two
considered wind turbines.

Month Mean Wind Speed (m/s)
MWh

C&F Green Energy CF11 C&F Energy CF15e

1 8.3 2.1 2.9
2 9.7 1.7 2.3
3 12.7 1.9 2.6
4 9.7 2.4 3.3
5 9.5 1.9 2.6
6 9.6 2 2.8
7 8.5 2.5 3.4
8 7.7 2.3 3.1
9 7.3 2.2 3
10 8.4 2.4 3.3
11 8.2 2.1 2.9
12 5.3 1.7 2.3

Annual energy production (MWh) 25.1 34.4

Table 9. Estimated annual energy production in MWh for the IIT station based on the two considered
wind turbines.

Month Mean Wind Speed (m/s)
MWh

C&F Green Energy CF11 C&F Energy CF15e

1 1.8 2.63 3.6
2 2.3 2.7 3.69
3 2.7 3.33 4.56
4 2.6 3.15 4.31
5 2.6 3.33 4.57
6 2.4 3.23 4.42
7 2.1 3.06 4.19
8 2.1 3.17 4.35
9 1.8 2.7 3.69
10 2 2.88 3.94
11 1.8 2.42 3.31
12 1.6 2.39 3.28

Annual energy production (MWh) 34.99 47.91

4.3. Assessing Wind Energy Production at Different Heights

With the aim of assessing the energy production at greater heights, it was considered to
extrapolate the collected data based on the log law presented in Section 3.5. The objective of this
extrapolation was to study the potential energy production with higher wind turbines, given
that the wind turbines studied in the previous section were only selected because they have the
same height of measurement. In this case, the first considered wind turbine was Endurance
X33, with the following characteristics: maximum power of 230 kW, a rotor diameter of 33.1 m,
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and a tower height of 40.2 m. The second wind turbine was Suzlon S88/2100, with a maximum
power of 2100 kW, a rotor diameter of 88 m, and a tower height of 79 m.

Thus, the collected wind speed data were extrapolated based on the log law in (7),
with zr = 15, z1 = 40.2, and z2 = 79 for the Endurance X33 and Suzlon S88/2100 wind
turbines, respectively. Furthermore, it was considered that z0 = 1500 for the Clínica,
Anapra, and IIT stations, respectively, which is the corresponding value for suburbs. It
should be noted that this value of z0 was defined based on the reference table given by [56],
considering the characteristics of the regions where the meteorological stations were located.
The two sets of extrapolated data defined as v(z1) and v(z2) were then studied based on the
flow chart from Figure 2. First, the distributions from Table 2 were fitted, and the best PDF
was selected based on information criteria for every station. Then, PCs were characterized
based on the CDFs of the best-fitting distributions and the power profiles from each wind
turbine. Finally, the annual energy production was estimated based on the respective PCs.

For the Anapra station, it was found that the best PDF for v(z1) was the exponenti-
ated Weibull with an AIC = 60, 1573.9 and estimated parameters (k = 2.2054, α = 24.5573,
h = 0.3969). Meanwhile, for v(z2), the mixture gamma–gamma resulted in the lowest AIC,
812,434.1, and estimated parameters (k1 = 1.6508, α1 = 0.1021, k2 = 0.0961, α2 = 1.4096,
ω = 0.8493). In the case of the Clínica station, the best distributions were the mixture
Weibull–Weibull and the exponentiated Weibull with AIC values of 567,645.3 and 601,573.9
and estimated parameters of (k1 = 0.9425, α1 = 3.1661, k2 = 0.8210, α2 = 5.6404, ω = −2.1187)
and (k = 2.1296, α = 26.3512, h = 0.1853) for v(z1) and v(z2), respectively. Lastly, for the
IIT station, the exponentiated Weibull distribution resulted in the lowest AIC value for
both turbines with AIC values of 2210484 and 2422697, and estimated parameters of
(k = 1.0441, α = 1.8995, h = 2.4489) and (k = 1.0435, α = 2.2869, h = 2.4532) for v(z1) and
v(z2), respectively. In Figure 8, the histograms for the extrapolated data, along with the
best-fitting distributions, are presented.
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Figure 8. Cont.
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(f)
Figure 8. Best-fitting distributions for the considered wind turbines at the three stations.
(a) Best-fitting distribution for the Clínica station–Endurance X33. (b) Best-fitting distribution for the
Clínica station–Suzlon S88/2100. (c) Best-fitting distribution for the Anapra station–Endurance X33.
(d) Best-fitting distribution for the Anapra station–Suzlon S88/2100. (e) Best-fitting distribution for
the IIT station–Endurance X33. (f) Best-fitting distribution for the IIT station–Suzlon S88/2100.

Once the best-fitting distributions for the extrapolated data were identified, the PCs
could be characterized based on the CDFs of these distributions and the power profile from
each wind turbine. Again, the power profiles were obtained from the database mentioned
in section 3.4 On the other hand, the CDF of the exponentiated Weibull distribution was
defined in (10), while the CDFs of the gamma–gamma and Weibull-Weibull mixtures are
as follows:

F(x) = ω

[
Γ(k1, x/α1)

Γ(k1)

]
+ (1 + ω)

[
Γ(k2, x/α2)

Γ(k2)

]
, (11)

F(x) = ω

[
1 − exp

{
−
(

x
α1

)k1
}]

+ (1 − ω)

[
1 − exp

{
−
(

x
α2

)k2
}]

. (12)

These CDFs, along with the power profiles for each wind turbine, characterize the
PCs presented in Figure 9. On the other hand, these characterized PCs are used to estimate
the corresponding annual energy production based on the model presented in Section 3.6,
and the results obtained are as follows. For the Clínica station with the Endurance X33
wind turbine, the estimated annual energy production was 725.2 Mwh, while for the
Suzlon S88/2100, it was 3320 Mwh. For the Anapra station, the estimated annual energy
production was 371.9 Mwh and 8364.4 Mwh for the Endurance X33 and Suzlon S88/2100
turbines, respectively. Lastly, the estimated annual energy production for the IIT station was
724.3 Mwh for the Endurance X33 turbine and 6619.1 Mwh for the Suzlon S88/2100 turbine.
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Figure 9. Power curves for the considered wind turbines at the three stations. (a) Power curve
for the Clínica station–Endurance X33. (b) Power curve for the Clínica station–SuzlonS88/2100.
(c) Power curve for the Anapra station–Endurance X33. (d) Power curve for the Anapra station–
SuzlonS88/2100. (e) Power curve for the IIT station–Endurance X33. (f) Power curve for the IIT
station–SuzlonS88/2100.

5. Conclusions

In this paper, an analysis of the wind energy potential was performed in the area of
Ciudad Juárez, México. The proposed analysis considered the first model and collected
wind speed data from three meteorological stations by taking into account different distri-
butions that have been proposed in the literature as adequate options. These distributions
included the Weibull distribution and some variations, such as the exponentiated Weibull
and inverse Weibull. Mixture distributions have also been deemed an important option
when dealing with wind speed data.

The mixture distributions along with the exponentiated Weibull for the three stations
that best-fitted the data according to information criteria were found. As the exponentiated
Weibull distribution has not been considered in the literature to describe wind speed data,
it may be an important option for further analysis of this type of data. In this sense, these
best-fitted distributions were used to characterize PCs under the consideration of two wind
turbines. Specifically, the PCs were defined based on the best-fitting CDFs and the power
profile of the considered turbines. These PCs allow us to obtain the perspective of the
energy production potential for the wind speed of the region.

Furthermore, based on these PCs, the annual energy production was estimated. Ac-
cording to the reported results, energy production is consistent in the three locations; for
the Clínica station, more energy can be produced (48.2 MWh). This is consistent with
the collected wind speed data, as the higher mean wind speed was collected from this
station. To complement the analysis, the log law was considered to extrapolate the collected
wind speed to assess the energy production by considering wind turbines with greater
heights. Two other prospective wind turbines were studied by defining their respective PCs
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and energy production based on the proposed method. This provides an opportunity to
consider further options for energy generation in different locations of the studied region.

The results reported in this study complement the efforts of assessing the wind energy
potential of any region. In addition to the proposed models, other approaches can be
considered for further analysis. Stochastic approaches and machine learning techniques
can be considered when modeling wind speed data. However, this will require the proposal
of different approaches for the characterization of PCs. On the other hand, four specific
wind turbines may be considered to illustrate the proposed approach. However, a thorough
technical analysis may be required to determine adequate wind turbines that can be
considered for energy production in the region of interest. Furthermore, other factors
should be analyzed that influence the adoption of wind energy production strategies, such
as geographical regions, financial investment, governmental initiatives, and fossil fuel
supply disruption [57].
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