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a b s t r a c t

Wind resources are increasingly being investigated as a clean alternative for generating energy. This
paper analyses the daily wind speed recorded at 46 automatic weather stations located in Navarre,
northern Spain, in 2005e2015. Key points are the surface density of stations and the range of time that
ensure a faithful depiction of wind speed together with surface calculations from image analysis and
correlation with height. Different statistics were used. Median wind speed at 10 m was low, about
3.3 m s�1 and its interquartile range was narrow, about 2.3 m s�1. Nearly half the surface shows a median
wind speed above 3.0 m s�1. The method of moments was employed to calculate the parameters of the
Weibull distribution. Around half of the surface presented a shape parameter above 2.25 and the scale
parameter was above 4 m s�1 for nearly 41% of the region. Although wind resources are not suitable for
wind turbine applications in most of the region, since the wind speed is low in low-lying areas, about 12%
of the region is suitable for stand-alone applications and, moreover, a substantial part of the region,
around 23%, presents satisfactory wind resources for the installation of wind turbines.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Global development depends strongly on both the production
and use of huge amounts of energy. Until a few years ago, this
energy was mainly obtained from fossil fuels. However, awareness
that such reserves are limited, coupled with the adverse conse-
quences of their use on air pollution and climate change associated
with carbon dioxide emissions, have intensified the search for
alternative sources [1]. In Spain, the share of renewable energy
sources in electricity generation was 40.8% in 2016 [2].

One prominent renewable energy source is wind power. A
search for the term “wind power” in Scopus in the period
2000e2016 provides nearly 50 000 documents. Although the
publication rate has increased considerably from 254 documents in
2000e5600 in 2016, this change was not evenly distributed over
the interval, since three periods may be established. The first ex-
tends from 2000 to 2006, when the publication grew at a rate of
around 145 documents per year. In the second period, the number
of documents published in 2009 was over twice the number pub-
lished in 2007. In the third period, 2010e2016, publication
increased at a rate of around 160 documents per year. In terms of
countries, China leads the way with nearly 12 000 documents,
followed by the USA with just under 8000. Although the publica-
tion rate was initially higher in the USA, China overtook the USA in
terms of the number of documents published in 2007. Since 2010,
the publication rate has remained constant in the USA, although it
increased in China until 2014.

By the end of 2014, the power from this source installed in Spain
was estimated at almost 23 000 MW, the second highest in the
European Union, behind Germany, which exceeded 39 000 MW.
Moreover, scenarios for 2030 estimate that the power installed in
Spain might reach between 35 000 and 52 500 MW. Almost all of
these facilities will be located onshore, with the contribution of
marine facilities to installed power being noticeably marginal since
the number of such facilities is only expected to grow in the high
2030 scenario. However, some countries, such as the United
Kingdom, Germany, France, the Netherlands, Denmark and Belgium
will have thousands of MW in offshore installations following the
central 2030 scenario [3].

This paper is divided into three sections. The first is devoted to a
detailed description of wind speed. A precise knowledge of the
daily and seasonal evolution of wind speed is required before a
given location is chosen to install a wind power generator [4,5].
Although wind speed measurements are desirable, such values are
sometimes not available due to a lack of measuring devices. In such

mailto:iaperez@fa1.uva.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2017.07.127&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
http://dx.doi.org/10.1016/j.energy.2017.07.127
http://dx.doi.org/10.1016/j.energy.2017.07.127
http://dx.doi.org/10.1016/j.energy.2017.07.127


Nomenclature

a slope of a linear regression
b intercept of a linear regression
c Weibull scale parameter
e number e
f probability density function
g gravity at the Earth's surface
h Height
hr reference height
k Weibull shape parameter
n number of observations
p air pressure
pr air pressure at sea level
R universal gas constant
r correlation coefficient
T absolute temperature
Tr absolute temperature at sea level

v wind speed
v mean wind speed
~v median wind speed
vi wind speed observation
vr wind speed measured at the reference height
v0.10 first decile of wind speed
v0.25 first quartile of wind speed
v0.75 third quartile of wind speed
v0.90 ninth decile of wind speed
WPD wind power density
y dependent variable in a linear regression

Greek symbols
a exponent of the power-law equation
G gamma function
g environmental lapse rate
r air density
s standard deviation of wind speed

C. Herrero-Novoa et al. / Energy 138 (2017) 967e976968
instances, computer simulations may help [6,7]. Indeed, not only
are models being developed to predict horizontal wind speeds [8]
but, in addition, the impact of climate change on the cost of wind
energy is also being analysed [9].

Most of the observations are available in the current study.
However, one direct way to simplify the vast amount of data is by
using certain statistics. Calculating mean wind speed is common-
place when analysing energy potential [10,11], and another
frequent statistic is the standard deviation [12]. However, both
quantities are highly sensitive to outliers. Although Mohammad-
pour Penchach et al. obtained quartiles of wind speed [13] which
are more resistant to “wild data”, one original contribution the
present study makes is to calculate robust statistics not only for
location but also for spread, symmetry and flatness, these latter two
scarcely having been investigated to date.

Distribution functions are another way to handle the vast
amount of observations needed for satisfactory wind description,
with the Weibull distribution often being used [14]. This distribu-
tion, which is sometimes deemed the best among distributions
with only one shape parameter [15], is an asymmetric function
described by two parameters. However, research into alternative
distributions remains active in an effort to overcome its in-
conveniences. The inverse Weibull distribution is suitable for long-
tailed right-skewed data [16]. In addition, gamma and lognormal
distributions are sometimes used [17], and the beta Sarhan-Zaindin
modified Weibull [18], as well as the Birnbaum-Saunders distri-
butions, have recently been introduced [19]. Varied probability
density functions have sometimes been compared [20], and adding
distributions was also considered, particularly for multimodal
behaviour [21,22].

The second section of the current research focuses on the
Weibull distribution parameters. Since various procedures may be
followed when calculating these, certain papers compare the
parameter values obtained by different methods [23]. The double
logarithmic transformation of the cumulative distribution function
is one of the simplest [24], while the maximum likelihood method
is a commonly used technique [25]. The procedure selected, the
method of moments, presents an intermediate level of complexity.

Finally, the calculation of wind power density is presented. This
section focuses on three variables; wind speed, hub height and air
density. High wind speed values are desirable for wind farm
installation. In particular, high altitude sites are very promising
locations for wind power generation [26], whereas regions with
moderate winds can be suitable for other applications such as local
consumption, water pumping and agricultural applications [27].
The present study establishes the areas appropriate for each
application in the region studied. Moreover, the height of the wind
turbine tower must be considered, since wind speed changes with
height and measurements are not usually taken at the height of
interest [28]. In this case, an intermediate height has been
considered. Lastly, the change in air density with height is some-
times ignored [29]. This paper goes one step further by considering
the relationship between wind density and height and also tem-
perature, which few studies have taken into account.

Spatial analysis has been used in the three sections, since the
topography may have a marked influence on wind speed [30].
However, one noticeable difference to previous studies is the
calculation and representation of the surface where certain vari-
ables peak. This treatment allows the relationship between the
orography and the variable considered, such as the wind statistic,
the Weibull parameter or the wind power density, to be investi-
gated. One important feature is that this calculation relies on
measurements frommeteorological stations and is not a GIS-based
approach [31].

Key points of this study are the high spatial density of the sta-
tions used, which implies a detailed description of the magnitudes
calculated, the wide temporal interval of the observations
employed, analysis of the influence of height on the variables ob-
tained, and the calculation of the surface area included in certain
ranges of the variables presented.

2. Materials and methods

2.1. Experimental description

The area of study is the Navarre region, which covers some
10 391 km2, and which is located in northern Spain, between the
western end of the Pyrenees to the north and the Ebro river to the
south, about 42� N 1� W, Fig. 1(a). Its relief and geographical fea-
tures evidence three clearly differentiated areas: firstly, the
northern part, “La Monta~na”, (The Mountain), has a pronounced
relief, since it is part of the Pyrenean and Cantabrian mountain
ranges; secondly, the southern part, “La Ribera”, with large plains
and soft reliefs located in the Ebro river depression; and finally,
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Fig. 1. (a) Location of the Navarre region in Spain. (b) Altitude map showing the dis-
tribution of automatic weather stations with dots. Discarded weather stations are
indicated by crosses.
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between these two areas lies the “Navarra Media”, which shares
features with the other two and is made up of plains, valleys and
foothills, although these are higher than “La Ribera”. Fig. 1(b) shows
the relief of the region, following the preceding comments,
although a noticeable low area is observed to the north.

Navarre has both manual and automatic weather stations.
However, wind speed observations are only available at 56 auto-
matic stations on the webpage of the regional government [32].
Information concerning certain features, such as altitude, longi-
tude, latitude (both in UTM coordinates), ownership (agency on
which it depends) and date of installation is presented for each
weather station and datasets appear in annual files from the sta-
tion start up. Different magnitudes are provided, although their
number depends on the station. Wind speed observations are
recorded daily at either 2 m or 10 m a.g.l. This study considers data
from 2005 to 2015. Four stations were discarded due to the short
recording time or the absence of wind data, and a further six
stations were also discarded since the number of available ob-
servations was below 85%. The remaining 46 automatic weather
stations are presented as dots in Fig. 1(b) where the discarded
stations are marked with a cross. Although station density is
noticeable, there is an area without stations to the north east.
Consequently, values in this area are extrapolated and the closest
stations will determine the values.
2.2. Statistics

Statistics are widely used in atmospheric observations. Some,
such as themean, standard deviation, and skewness or the kurtosis,
are widely used. Unlike these conventional statistics, which are
non-robust, since they are strongly influenced by outliers, other
kinds of statistics, robust statistics, are resistant to possible
anomalous data and less affected by outliers. Another advantage is
that robust statistics are less sensitive to the shape of the data
distribution than conventional statistics. This paper considers not
only conventional statistics, but also robust statistics, such as the
median, the interquartile range (i.e. the difference between the 3rd
and 1st quartiles) and robust estimations for the skewness and
kurtosis.

The robust skewness used in this study was Bowley's coefficient
[33,34], sometimes called the Yule Kendall index [35],

Robust skewness ¼ v0:75 þ v0:25 � 2~v
v0:75 � v0:25

; (1)

where ~v is the median wind and v0.25 and v0.75 are the 1st and 3rd
quartiles, respectively. Robust skewness lies between �1 and þ1,
and its value is equal to zero for symmetrical distributions. Wind
observations are typically right-skewed since the longest tail of the
distribution is on the right.

Sachs [36] provided the following simple expression for the
kurtosis

Robust Kurtosis ¼ v0:75 � v0:25
2ðv0:90 � v0:10Þ

; (2)

where v0.10 and v0.90 are the 1st and 9th deciles respectively, with
the value for the Gaussian distribution being 0.263.
2.3. Wind-speed variation with height

Extrapolation is necessary to obtain wind speed data at heights
where wind turbines are located, such as 40, 50 or 90 m, which are
above the typical measurement height. The equation usually
considered is the power law [37,38]

v ¼ vr

�
h
hr

�a

; (3)

where vr is the wind speed measured at hr, v the extrapolated wind
speed at height h and where the exponent a depends on surface
roughness as well as atmospheric stability, its values ranging be-
tween 0.05 and 0.5. In this study, a value of 0.145 was taken, which
is similar to the frequently considered value 1/7 and corresponds to
countryside areas, where the weather stations are located,
assuming neutral stability conditions, which are intermediate sta-
bility conditions. Under unstable conditions, a is low, 0.10 for sta-
bility class A, whereas the highest values are used under very stable
situations, a ¼ 0.30 for stability class F. Moreover, when roughness
increases such as at urban areas, a may be higher than 0.40 [39].
Since wind speed was recorded at 2 m in 20 stations, Eq. (3) was
used to analyse wind speed at 10 m in all the stations at an initial
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stage and at 50 m at a second stage in order to perform wind
density power calculations.

2.4. The Weibull probability density function

This is a two-parameter distribution function [40], which is
typically used in wind speed analyses. Noticeable recent applica-
tions include the wind study using LiDAR technology at a site
around Lake Erie [41], the description of wind resources in North-
ern Ethiopia for water pumping and electricity generation [42], and
determining optimal placements of wind farms in Turkey [43]. Its
mathematical expression is

f ðvÞ ¼
�
k
c

� �v
c

�k�1
e
�
�

v
c

�k

; (4)

where k and c are the shape and scale parameters, respectively. In
Eq. (4), both the wind speed and the scale parameter should be
positive [44]. When the probability of null wind is significant, the
three-parameter Weibull distribution is employed [45].

2.5. The method of moments

Different procedures have been suggested to calculate the shape
and scale parameters [46,47]. One of the simplest is the method of
moments, which needs the mean speed v and the standard devia-
tion of wind speed, s,

v ¼
Pn

i¼1vi
n

; (5)

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðvi � vÞ2
n� 1

s
; (6)

where n is the number of observations vi. Values of Eqs. (5) and (6)
are used to calculate the Weibull shape parameter using the
expression proposed by Justus et al. [48],

k ¼
� s

v

��1:086
ð1 � k � 10Þ: (7)

With the value of k proposed by Eq. (7), the scale parameter, c,
may easily be obtained by one of the following expressions

v ¼ c G
�
1þ 1

k

�
; (8)

s ¼ c
�
G

�
1þ 2

k

�
� G2

�
1þ 1

k

��1=2
; (9)

where G is the gamma function. Eq. (8) was considered in this paper
due to its greater simplicity when compared to Eq. (9). The main
advantage of this procedure is its simplicity, since the Weibull pa-
rameters are obtained directly. Although the maximum-likelihood
method is frequently used, its iterative solution makes it more
complex. Moreover, large datasets may slow down the calculation.
Another simple procedure is the cumulative probability method,
where the Weibull parameters are obtained by linear regression
[49], although outliers might impact on the result.

2.6. Wind power density

Once the Weibull parameters are calculated, the wind power
density, WPD, is obtained with
WPD ¼ 1
2
rc3 G

�
1þ 3

k

�
; (10)

where r is the air density. The scale parameter shows how “windy”
a site is. When it doubles, Eq. (10) indicates that WPD increases
eight fold. The shape parameter is related with the shape of the
wind distribution. A maximum away from the origin is observed
when k > 1. The Rayleigh distribution is obtained for k ¼ 2, and an
approximation to the Gaussian distribution is associated with
k ¼ 3.6. Moreover, k close to 1 indicates highly variable winds,
whereas k � 3 corresponds to more regular winds. When the shape
parameter increases from 1.5 to 3, the distribution function is more
symmetric, the wind is more regular and WPD decreases by half.

Although a typical value of 1.225 kg m�3 has sometimes been
used for air density [50], in this study it was calculated by

r ¼ p
RT

: (11)

In Eq. (11), R is the universal gas constant,
288.11 m3 Pa kg�1$K�1, and T and p are temperature and air pres-
sure, which depend on height by the expression

p ¼ pr

�
Tr � gh

Tr

�� g
Rg

�
; (12)

where g is gravity at the Earth's surface, g the environmental lapse
rate, 6.5 K km�1, Tr the sea level temperature and pr the pressure at
sea level, taken as 1013.25 hPa. This procedure has been followed
by Kruyt et al. [51].

2.7. Image analysis

Contour lines were traced to obtain a spatial representation of
the variables calculated. Since these graphs are pixelated, pixels
between consecutive lines may be counted to estimate the corre-
sponding surface area.

3. Results

Fig. 2 presents the wind speed observations at stations located
in the three differentiated areas of the region presented in Section
2.1. Trinidad de Iturgoien, Fig. 2(a), shows a noticeable medianwind
speed, 6.8 m s�1, and the skewness is also marked by the isolated
observations above 15 m s�1, which are mainly in winter and may
be explained by the low pressure systems that sweep the Iberian
Peninsula in this season. Carrascal, Fig. 2(b), presents a few obser-
vations above 15 m s�1 and no seasonal pattern may be seen when
observing the high wind speeds. However, said pattern does appear
at lowwind speeds, since certain observations are smaller inwinter
than in summer. This behaviour might be attributed to the orog-
raphy of the region, which determines thermally induced winds.
Finally, a low median wind speed, 3.7 m s�1, is observed in Tudela,
Fig. 2(c), where only a few observations are above 10 m s�1 and the
seasonal pattern of the low values is similar to that observed in
Carrascal.

3.1. Statistics

Table 1 presents the mean values for 2, 10 and 50 m height. One
noticeable feature is the increasing dependence with height for the
mean, median, standard deviation and interquartile range. More-
over, as the robust skewness, Eq. (1), is limited, it displays a lower
range (0.281 at 10 m) than the skewness (1.809), which is more



Fig. 2. Observations recorded in the period 2005e2015 together with their median
and interquartile range at Trinidad de Iturgoien, in the highest area of the region, “La
Monta~na” (a), Carrascal, in the middle-height part, “Navarra Media” (b), and Tudela, in
the lowest area, “La Ribera” (c).

Table 1
Mean values of different statistics for wind speed recorded at the weather stations
considered in this study.

Statistic Height (m)

2 10 50

Mean (m s�1) 2.80 3.59 4.43
Median (m s�1) 2.58 3.28 4.08
Standard deviation (m s�1) 1.41 1.74 2.28
Interquartile range (m s�1) 1.86 2.33 2.99
Skewness 0.81 0.90 0.76
Robust skewness 0.14 0.14 0.14
Kurtosis 1.03 1.14 1.00
Robust kurtosis 0.26 0.27 0.26
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sensitive to outliers, with both remaining positive, since distribu-
tions are right skewed. A consequence of this distribution shape is
that the mean wind speed is above its corresponding median. A
similar response is observed for the robust kurtosis, Eq. (2), whose
range (1.587 at 10 m) is smaller than that of the kurtosis (7.498).

Analysis of skewness and kurtosis is not common. However,
Torres et al. studied both statistics with 11 meteorological stations
in the same region over four years [52]. They considered two
groups of stations; those under the influence of the Ebro river
valley and stations under mountain influence. Eight directional
sectors were used and the fraction of the time in which the wind
blew in each sector was calculated. Different values were obtained
for the two parameters. Although a decreasing trend was marked,
these statistics fell when the time fraction increased, i.e. when the
wind direction moved to the most frequent direction.

Shoaib et al. analysed wind speed features at Baburband
(Pakistan) at 81.5, 80, 60 and 30 m during five periods [53]. Mean
values at the lowest levels were higher than obtained in this study
at 50 m, although the standard deviation is comparable in one of
the periods presented. Skewness is mainly positive, although two
small negative values are obtained at 81.5 and 80 m, revealing
nearly symmetrical or slightly left skewed distributions. Kurtosis is
close to zero, negative in four periods and positive in the remaining
one. Kantar et al. also presented descriptive statistics for wind
speed observations measured at 10 m at three sites in Turkey [54].
Mean and skewness are comparable to values in Table 1 for only
one site, with the remaining ones being higher.

Fig. 3 presents the spatial distribution of these robust statistics
at 10 m. Analysis of this figure is based on the scales presented and
is shown by two values, one for about half of the surface and the
second for a low percentile linked with a high value of the variable
studied. Fig. 3(a) reveals that around 49% of the surface area cor-
responds to wind speed medians above 3 m s�1, which is a low
value, and 9% above 5 m s�1. Nedaei et al. presented a similar
representation for meanwind speed at 40 m from 68 sites in Iran in
order to select which regions displayed the greatest potential for
wind turbine development [55]. The interquartile range, Fig. 3(b), is
above 2 m s�1 for about 57% of the area, similar to the wind speed
median, and above 3.2 m s�1 for 12%. Surface is around 60% of the
region for a robust skewness above 0.13 and around 8% for a value
above 0.21, Fig. 3(c). Finally, the robust kurtosis, Fig. 3(d), is above
0.26 for about 55% of the region and above 0.28 for 5%.

Comparing Fig. 3 with Fig. 1(b) reveals a noticeable relationship
with height for the median and interquartile range. The absence of
stations to the northeast determines the lack of agreement with the
relief in this area. However, that relationship is less pronounced for
the robust skewness and kurtosis, where the most marked values
are observed in the centre of the region.

Table 2 quantifies the correlation with height for the statistics
calculated. One noticeable result is that mean wind speed at 10 m
a.g.l. increases at a rate of nearly 0.5 m s�1 when ground surface
increases 100 m in height. Correlation with height may not be
concluded for the skewness and kurtosis due to the low values of
the correlation coefficient. For these variables, their values are
provided by the intercept of the linear equation, with the slope
determining a slight change.

3.2. The Weibull distribution parameters

Table 3 presents the mean values for all the weather stations
used at 2, 10 and 50 m. The k values are around 2, corresponding to
moderately gusty winds, and the c parameter, which is proportional
to the mean wind speed, increases with height.

Both parameters, corresponding to 10 m height, are plotted in
Fig. 4 and their correlation with height in Fig. 5. The k range is
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Fig. 3. Maps of the median (a), interquartile range (b), robust skewness (c) and robust kurtosis (d) of wind speed at 10 m.

Table 2
Linear regressions y¼ ahþ b, where y is the corresponding statistic, h (m) the height
of the station, and r the correlation coefficient.

Statistic a b r

Mean (m s�1) 4.5 10�3 1.134 0.692c

Median (m s�1) 4.3 10�3 0.957 0.701c

Standard deviation (m s�1) 1.4 10�3 0.951 0.537c

Interquartile range (m s�1) 2.0 10�3 1.261 0.508c

Skewness 3.0 10�5 0.884 0.022
Robust skewness �3.0 10�6 0.145 0.014
Kurtosis 1.0 10�6 1.144 0.000
Robust kurtosis �1.0 10�6 0.267 0.024

cThese correlations are statistically significant at a 95% significance level.

Table 3
Mean values of the parameters for the weather stations considered.

Parameter Height (m)

2 10 50

k 2.12 2.20 2.07
c (m s�1) 3.15 4.04 4.98
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narrow,1.67 at 10 m, and the surface is around 51% for k above 2.25,
and for 6% of the region is above 2.7. Its correlation with height is
satisfactory since r is equal to 0.473, which is higher than the critical
value of 0.291 for a 95% confidence level. The highest values, around
3, are near the north of the region, indicating a probability density
function with noticeable symmetry, close to the Gaussian one,
whereas the lowest values, near 1.5, appear close to the south and
are linked to skewed distributions. The c range is 8.20 m s�1 at
10 m, and around 41% of the region shows values above 4 m s�1.
These values exceed 7 m s�1 for about 4% of the area. Fig. 4(b) is
similar to Fig. 1(b) showing the close relationship between the scale
parameter and the relief. Consequently, correlation with height is
better for the c parameter (r ¼ 0.691) than for k. This result reveals
that the shapes of the probability density functions are similar in
most of the region, whose k are contained in a narrow interval,
whereas the scale parameter, linked to wind speed, increases when
height also grows.

Jovic et al. calculated both parameters for different heights at
the city of Nin in Serbia [56]. A similar value to that appearing in
Table 3 for c at 10 m emerged, although k was around 1.7,
revealing a skewed distribution. Benmemdejahed and Mouhadjer
considered five sites in the Algerian Sahara, where k values at
10 m lay between 2 and 2.5, and where c was around or above
6 m s�1 [57]. Most of the shape parameters calculated by Soltani
and Fazelpour in the city of Kahnuj in Iran for that height were
above 2, whereas the scale parameters were mainly below 8 m s�1

[58]. Sarkar et al. analysed hourly wind speed at 10 m for 40
stations in India and obtained k values between 1.3 and 2.3, and c
values from 1.4 to 6.5 m s�1 [59], in agreement with the values
calculated in this study. Allouhi et al. considered six coastal sites in
Morocco and reported values of both parameters for wind speeds
at 50 m where k was in the 2.0e4.4 range [60]. However, c values
were above 8 m s�1 at two sites. The lower c observed in Navarre
is due to the large number of sites used whose wind speeds are
mainly low.
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Fig. 4. Maps of k (a) and c (b) parameters for wind speeds at 10 m.

y = 0.0007x + 1.8135
r² = 0.22391

1.5

2

2.5

3

3.5

0 200 400 600 800 1000 1200 1400

k

Height (m)

y = 0.0051x + 1.2738
r² = 0.4777

0

2

4

6

8

10

0 200 400 600 800 1000 1200 1400

c
(m

s-
1 )

Height (m)

(a) (b)

Fig. 5. Correlation graphics of k (a) and c (b) with height.

 WPD 
(Wm-2)

C. Herrero-Novoa et al. / Energy 138 (2017) 967e976 973
3.3. Wind power density

Although the trend towards taller towers is evidently deter-
mined by larger rotor diameters [61], a low hub height of 50 m
corresponding to midsize and community-scale wind projects was
used in this paper. This height is uncommon in North America and
rare in Europe, although it is slightly more common in Asia and the
rest of the world [62]. Premono et al. presented turbines with hub
height from 30.5 to 75 m in their analysis of wind energy potential
assessment on the northern coast of central Java, Indonesia [63],
and Vasel-Be-Hagh and Archer calculated 5.4% more power when
rows of tall (100m) and short (57.5 m) wind turbines are alternated
[64].

Table 4 presents the average air density calculated with Eqs. (11)
and (12) for all the stations obtained for three Tr, 283, 288 and
293 K, which are suitable for the region and which were chosen to
investigate their influence on the average wind power density.
Baseer et al. calculated 1.17 kgm�3 as the overall mean air density at
one station in their study of wind power characteristics in Jubail,
Saudi Arabia [65]. A look at Table 4 shows that an increase of five
degrees in temperature leads to a reduction of around 1.7% for air
density and 1.6% for WPD.
Table 4
Average air density andwind power density at 50m height for three temperatures at
sea level.

T (K) Air density (kg m�3) WPD (W m�2)

283 1.17 171.39
288 1.15 168.68
293 1.13 166.05
The spatial distribution of the power density for 288 K is shown
in Fig. 6, and displays a noticeable contrast between the highest
values, close to 1000 W m�2, obtained at high altitudes, and the
smallest, mainly obtained at the stations with the lowest altitudes,
especially those located in valleys between mountains. Wide areas
in the centre north and south of the region with extremely low
Fig. 6. Map of WPD at 50 m height.
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values of WPD are a noticeable feature. The linear relationship be-
tween wind power density and height shown in Fig. 7 proves
satisfactory since the correlation coefficient is 0.713. However, this
quantity is marked by the four stations with large values of both
height and WPD.

Akpinar and Akpinar presented the seasonal evolution of wind
speed at four sites in Turkey and calculated the wind speed profiles
and WPD for the highest seasonal wind speed [66]. The WPD range
at 50 m was between around 400 W m�2 and nearly 25 W m�2.
Silva dos Santos et al. estimated WPD above 400 W m�2 at 60 and
50 m height at two locations in Brazil [67]. WPD at 50 m between
around 61 and 125 W m�2 were calculated by Islam et al. in
Bangladesh [68].

The WPD classification [60,69] and surface calculations pre-
sented in Table 5 reveal that most of the region (64.1%) is not
suitable for wind turbine applications, in agreement with Fig. 6.
However, 12.5% of the area is suitable for stand-alone applications,
and 23.4% of the surface presents adequatewind resources for wind
turbine applications.

Similarly, Li et al. analysed two sites in China following Table 5
and concluded that the first, Urumqi, was not suitable for large-
scale electric wind-power application, although wind-hybrid po-
wer systems or small scale wind turbines may be implemented for
lighting, chargers or electric fans [70]. The other site, Xining, was
suitable for medium scale wind turbines.
4. Conclusions

Analysis of daily wind speed recorded from 2005 to 2015 at 46
weather stations in the region of Navarre, northern Spain, revealed
low wind speed values, with a median of about 3.3 m s�1 at 10 m
and a narrow interquartile range of about 2.3 m s�1. Observations
were slightly right skewed, with a robust skewness of 0.14, and
were similarly peaked to the Gaussian distribution, since the robust
Table 5
Wind power density classification for wind speed at 50 m and surface fraction of the
region for each class.

Wind power
class

WPD (W m�2) Resource
potential

Fraction of
surface (%)

1 0e200 Not suitable 64.1
2 200e300 Suitable for

stand-alone
applications

12.5

3 300e400 Good 8.4
4 400e500 Good 7.3
5 500e600 Excellent 3.9
6 600e800 Outstanding 2.8
7 800e2000 Superb 1.0
kurtosis was 0.27. Image analysis showed the spatial extension of
the variables measured. Wind speed median at 10 m was above
5 m s�1 in around 9% of the region and the interquartile range was
3.2m s�1 on nearly 11% of the surface. Themedian and interquartile
ranges evidenced a noticeable link with height, with correlation
coefficients above 0.5, this relationship not proving significant for
robust skewness and kurtosis. The Weibull distribution parameters
were calculated, with the scale parameter being low, 4.04 m s�1 at
10 m, since it is proportional to wind speed. This parameter was
above 4 m s�1 in around 41% of the region. The shape parameter,
with a mean of 2.20 at 10 m, corresponded to moderately gusty
winds and was above 2.25 on more than half of the surface. The
relationship of the two parameters with the height of the stations
was satisfactory, especially for the scale parameter, r ¼ 0.691. Wind
power density at 50 m was obtained from the Weibull parameters
by considering the change of air density with height. Spatial anal-
ysis indicated that around 23% of the surface is suitable for wind
turbine applications. Finally, this study expands typical wind speed
analysis with surface area estimation, and correlation with height,
which have proved useful tools to determine locations suitable for
installing wind power generators.

Conflict of interests

The authors declare that there is no conflict of interests
regarding publication of this paper.

Acknowledgements

The authors wish to acknowledge the financial support of the
Ministry of Economy and Competitiveness and ERDF funds (project
numbers CGL2009-11979 and CGL2014-53948-P).

References

[1] Razavieh A, Sedaghat A, Ayodele R, Mostafaeipour A. Worldwide wind energy
status and the characteristics of wind energy in Iran, case study: the province
of Sistan and Baluchestan. Int J Sustain Energy 2017;36:103e23. http://
dx.doi.org/10.1080/14786451.2014.977288.

[2] El sistema el�ectrico espa~nol 2016. 2017 [Accessed 14 June 2017], http://www.
ree.es/es.

[3] EWEA. Wind energy scenarios for 2030. The European Wind Energy Associ-
ation; 2015 [Accessed 14 June 2017], https://windeurope.org/about-wind/
reports/wind-energy-scenarios-2030/.

[4] Ouammi A, Dagdougui H, Sacile R, Mimet A. Monthly and seasonal assessment
of wind energy characteristics at four monitored locations in Liguria region
(Italy). Renew Sust Energ Rev 2010;14:1959e68. http://dx.doi.org/10.1016/
j.rser.2010.04.015.

[5] Rehman S, Ahmad A. Assessment of wind energy potential for coastal loca-
tions of the Kingdom of Saudi Arabia. Energy 2004;29:1105e15. http://
dx.doi.org/10.1016/j.energy.2004.02.026.

[6] Giannaros TM, Melas D, Ziomas I. Performance evaluation of the Weather
Research and Forecasting (WRF) model for assessing wind resource in Greece.
Renew Energy 2017;102:190e8. http://dx.doi.org/10.1016/
j.renene.2016.10.033.

[7] Santos-Alamillos FJ, Thomaidis NS, Quesada-Ruiz S, Ruiz-Arias JA, Pozo-
V�azquez D. Do current wind farms in Spain take maximum advantage of
spatiotemporal balancing of the wind resource? Renew Energy 2016;96:
574e82. http://dx.doi.org/10.1016/j.renene.2016.05.019.

[8] Lawan SM, Abidin WAWZ, Masri T, Chai WY, Baharun A. Wind power gen-
eration via ground wind station and topographical feedforward neural
network (T-FFNN) model for small-scale applications. J Clean Prod 2017;143:
1246e59. http://dx.doi.org/10.1016/j.jclepro.2016.11.157.

[9] Hdidouan D, Staffell I. The impact of climate change on the levelised cost of
wind energy. Renew Energy 2017;101:575e92. http://dx.doi.org/10.1016/
j.renene.2016.09.003.

[10] Ganea D, Amortila V, Mereuta E, Rusu E. A joint evaluation of the wind and
wave energy resources close to the Greek Islands. Sustainability 2017;9, 1025.
http://dx.doi.org/10.3390/su9061025.

[11] Kutucu H, Almryad A. An application of artificial neural networks to assess-
ment of the wind energy potential in Libya. In: 7th international conference
on sciences of electronics, technologies of information and telecommunica-
tions (SETIT 2016) 2017; 2016. p. 405e9, 7939904. http://dx.doi.org/10.1109/
SETIT.2016.7939904.

http://dx.doi.org/10.1080/14786451.2014.977288
http://dx.doi.org/10.1080/14786451.2014.977288
http://www.ree.es/es
http://www.ree.es/es
https://windeurope.org/about-wind/reports/wind-energy-scenarios-2030/
https://windeurope.org/about-wind/reports/wind-energy-scenarios-2030/
http://dx.doi.org/10.1016/j.rser.2010.04.015
http://dx.doi.org/10.1016/j.rser.2010.04.015
http://dx.doi.org/10.1016/j.energy.2004.02.026
http://dx.doi.org/10.1016/j.energy.2004.02.026
http://dx.doi.org/10.1016/j.renene.2016.10.033
http://dx.doi.org/10.1016/j.renene.2016.10.033
http://dx.doi.org/10.1016/j.renene.2016.05.019
http://dx.doi.org/10.1016/j.jclepro.2016.11.157
http://dx.doi.org/10.1016/j.renene.2016.09.003
http://dx.doi.org/10.1016/j.renene.2016.09.003
http://dx.doi.org/10.3390/su9061025
http://dx.doi.org/10.1109/SETIT.2016.7939904
http://dx.doi.org/10.1109/SETIT.2016.7939904


C. Herrero-Novoa et al. / Energy 138 (2017) 967e976 975
[12] Fernandez-Bernal F, Alonso-Alonso J. Wind speed generation for dynamic
analysis. Wind Energy 2017;20:1049e68. http://dx.doi.org/10.1002/we.2079.

[13] Mohammadpour Penchah M, Malakooti H, Satkin M. Evaluation of planetary
boundary layer simulations for wind resource study in east of Iran. Renew
Energy 2017;111:1e10. http://dx.doi.org/10.1016/j.renene.2017.03.040.

[14] Alavi O, Mohammadi K, Mostafaeipour A. Evaluating the suitability of wind
speed probability distribution models: a case of study of east and southeast
parts of Iran. Energy Conv Manag 2016;119:101e8. http://dx.doi.org/10.1016/
j.enconman.2016.04.039.

[15] Ouarda TBMJ, Charron C, Chebana F. Review of criteria for the selection of
probability distributions for wind speed data and introduction of the moment
and L-moment ratio diagram methods, with a case study. Energy Conv Manag
2016;124:247e65. http://dx.doi.org/10.1016/j.enconman.2016.07.012.
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