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Spatial interpolation and Orographic
Correction to Estimate Wind Energy
Resource 1n Venezuela

Francisco Gonzalez-Longatt *, Humberto Medina and Javier Serrano
Gonzalez

Abstract

This paper presents a wind resource assessment in Venezuela using an
efficient combination of spatial interpolation and orographic correction for
wind mapping. Mesoscale modelling offers a relatively accurate means to
model meteorological conditions by solving the continuity and momentum
equations. However, this approach is both time and computationally
demanding. The methodology used in this work offers a computationally
Inexpensive solution by combining both a simple geo-statistical Kriging
method to interpolate horizontal wind speed and an orographic correction
to account for changes on terrain elevation. Hourly observations of wind
speed and direction for 34 masts recorded during the period 2005-2009
have been analysed in order to define a statistical model of wind
resources. The resulting method, which includes an exploratory statistical
analysis of the wind data, is a computationally economical alternative to
mesoscale modelling . Simulations results include equivalent mean wind
speeds and wind power maps which have been created to a height of 50, 80
and 120 metres above the ground based on a horizontal resolution of
15x15 kilometres. Results show that the greatest wind energy resources
are located in the coastal area of Venezuela with a potential for offshore
applications. Preliminary findings provide a very positive evidence for
offshore exploitation of wind power. Results also suggest that wind energy
resources for commercial use (utility-scale) are available in northern
Venezuela, additionally, they suggest excellent conditions for wind power
production for micro-scale applications, both on- and off-grid.

Keywords: Wind Potential, Wind Power, Wind Resource Assessment,
Wind Speed.
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1. INTRODUCTION

The Bolivarian Republic of Venezuela is located at the northernmost end
of South America. It has a total surface area of 916,445 km2 and a land
area of 882,050 km2. The country has a 2,800-kilometre coastline, (for
more details see [1]). Venezuela is located within the latitude and
longitude of 8°00' N and 66°00' W. Figure 1 shows the internal political
boundaries of Venezuela’s 23 states. Four representative regions have
been defined in this work: the West—Occidental region, the Central region,
the South region (Los Llanos) and the East—Oriental region.

Figure 1. Geographical location of Venezuela and Political Division.

Venezuela has the largest electricity consumption in South America (4018
kWh/year per capita), and electrical power systems provide electricity to
95% of Venezuelan the population. Demand peak values vary between
16,500 MW and 18,200 MW depending on seasonal conditions. Electricity
consumption rises between 4% and 7% per year, and it is expected to
increase along similar lines during the next 10 years. Presently, the total
installed power generation capacity in Venezuela is 26,550 MW , from
which 65% extracted from hydropower, 32% from thermal power plants,
and 3% from distributed energy resources. Although oil reserves in
Venezuela are amongst the largest in the world, more aggressive policies
on the use of environmentally friendly electricity generation have begun in
recent years. Several academic projects have been reported to promote
renewable energy sources (RES) installations in several areas of Venezuela
[2-4], with a special focus on wind power exploitation. Gonzalez-Longatt et
al. [3, 4] have identified potential areas suitable for wind energy projects,
including the Margarita island [3], the Paraguana area [1], and the “La
Guajira” area [5]. Several small-scale and off-grid wind power projects has
been developed and two utility-scale wind farms are presently under
development in mainland Venezuela: La Guajira (25 MW) [2], and La
Peninsula de Paraguana (100 MW) [1].

A wind speed map of Venezuela has been publicly available since 1960’s,
but there is limited information regarding its origin, quality and other
relevant information to make this data reliable and/or useful. In last
decade, Others wind maps have been developed using reanalysis [4],
satellite data [6], and more recently, the Venezuelan Government has
contracted LNEG - Laboratério Nacional de Energia e Geologia [7] to
develop a full wind energy assessment and a wind map. However, this
work has not yet been completed. Additionally, this work aims to bridge
the gap between the limited on-site wind data (which is not publically
available) and the need for an assessment of wind energy resources in
Venezuela it can help stimulate and promote wind energy projects for the
the exploitation of wind resources for different applications, such as
electricity generation, water pumping for irrigation, etc.
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Wind data are generally recorded at weather station locations, this
information can be used for on-site wind energy assessments. However,
wind resource mapping provides an indication of the wind resource across
a very large area. Meso and micro wind assessments are used for national
and local/site coverage. Mesoscale modelling i1s typically applied to
describe wind resource with a horizontal resolution in the range of 1 km to
100 km. The methods used for mesoscale modelling typically resolve
meteorological conditions within the modelling domain by solving the
continuity and momentum equations to describe the atmosphere. There
are several mesoscale modelling techniques and simulation programs
dedicated to mesoscale modelling [8].

Wind resource assessment is a widely studied topic in the scientific
literature. The wind conditions at specific locations have been analysed in
several studies: Yaniktepe et al. [9] estimated the Weibull parameters in
Osmaniye, Turkey, by a graphical method taking into account hourly
time-series measured at the local meteorological station belonging to the
Turkish State Meteorological Service. Mostafaeipour et al. [10] studied the
wind energy feasibility for off-grid applications in the city of Shahrbabak,
Iran. The research is based in the wind resource assessment by local
measurements taken between 1997-2005. The wind resource in Port Said,
Egypt, was featured by Lashin and Shata [11] by considering wind speed
measurements performed in a mast of 19 m. Aman et al. [12] employed the
data collected by the Pakistan Meteorological Department during four
years in the city of Karachi, Pakistan, to assess the local resource. A
similar study was conducted by Mpholo et al. [13] by analysing the wind
resource in Masitise and Sani, Lesotho, taking into account the
measurements obtained in local meteorological masts. Ozgener [14]
presented the results acquired by the observations performed in Manisa,
Turkey. The quality of wind resource in Masdar Citi, Abu Dhabi, was
assessed by Janajreh et al. [15]. This study analysed the wind speed
behaviour and turbulence taking into account the measurements
performed at 50 m during 2010 with 10 min sample rate. Wu et al. [16]
modelled and compared the performance of the three statistical
distributions (Weibull, Lognormal and Logistic) used to model the wind
behaviour by considering the data registered in a meteorological station in
Inner Mongolia and Ben Amar et al [17] modelled the wind behaviour by
the Weibull and Rayleigh distributions at the location of the Sidi Daoud
wind farm in Tunisia.

The wind resource over a specific area or region has also been presented in
several scientific works: wind resource assessment was in the North coast
of Senegal was presented by Youm et al [18]. The authors evaluate the
Weibull distribution and density power by analysing the data collected in
five meteorological stations over a period of two years. A similar research
was presented by Tchinda et al. [19] for North Cameroon, wind speed
frequencies measured in two meteorological masts are presented. Himri et
al. [20], [21] presented the results obtained at four meteorological stations
located in Algeria. Wind speed and power density in Northern Mexico was
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presented by Hernandez et al. [22]. The authors used Kriging method from
ArcGIS v10 to interpolate the data collected in 221 meteorological
stations.

Spatial interpolation 1s a computationally economical alternative to
mesoscale modelling. This method was introduced by Palomino and
Martin [23]. The method has been widely employed to estimate climate
variables by the scientific community. Apaydin et al. [24] employed spatial
interpolation for analysing solar radiation, sunshine duration,
temperature, relative humidity, wind speed and rainfall in the region of
the Southeastern Anatolia Project. Carrera and Gaskin [25] studied the
distribution of climatological (rainfall and temperature) in the Basin of
Mexico. Ninyerola [26] et al. applied spatial interpolation techniques to
develop climatic cartography of precipitation in the Iberian Peninsula.

The estimation of wind energy resource by spatial interpolation has also
been a recurrent topic in the existing literature. It has been successfully
used to estimate wind energy resource in a wide range of coverage levels
e.g. in-situ [27] and country level (e.g. England and Wales [28]). Yonga et
al. [29] presented the wind map of Malaysia, Cellura et al. [30] analysed
the wind resource in Sicily, Xydis [31] et al. studied the wind resource in
Southern Greece, Liao et al. [32] conducted a similar study in China,
Hossain et al. [33] studied the wind resource in India, Ali et al. [34]
estimated the wind resource in Iran.

This paper presents a wind resource assessment in Venezuela based on
spatial-interpolation and orographic correction of ground wind
measurements. On-site observations from 34 meteorological stations have
been used to create two main wind resource atlases, which have been
generated at a height of 50, 80 and 120 metres above the ground and they
include both a traditional map of mean wind speeds (for each wind
direction) and power density estimations.

This paper is organized as follows: Section 2 briefly describes the analysis
method used to generate the wind resource map/s; Section 3 presents the
input data used to perform the presented study. Section 4 presents the
results obtained and their significance is discussed. Finally, in Section 5
conclusions of the analyses performed are provided.

The contributions of this paper are: (1) To demonstrate the potential for
using wind energy resources commercially (utility-scale) in Venezuela, (i1)
To identify wind electrical power and sites for commercial use onshore and
(i11) To provide very positive evidence for offshore exploitation of wind
power.

2. ANALYSIS METHOD

A regional assessment of wind and energy resources over a large area
must predict the mean wind speed (m/s) and the power density (kW/m?2)
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(extractable wind energy) within the area considered. An observational
wind resource mapping requires a model of the surface under
consideration and description of wind energy resource in-situ.

Several methods have been developed to comprehensive set of the model
for the horizontal and vertical extrapolation of wind data and the
estimation of wind climate and wind resources.

This paper presents an algorithm to calculate surface wind-speed and
direction considering changes in terrain high within the atmospheric
boundary layer (ABL). The mean wind speed (m/s) and power density
(kW/m2) maps have been created using this algorithm and, an
observational assessment of wind energy in Venezuela is presented.

The algorithm uses a two-step calculation procedure to estimate the wind
speed and direction at each cell data of a high resolution grid: (i) Step I:
spatial interpolation is used for horizontal extrapolation of the data,(ii)
Step 2 applies an orographic correction in order to correct horizontal wind
speeds due to terrain elevation changes. Figure 2 presents a flowchart
describing the calculation algorithm used in this paper. These steps are
described in detail in the following subsections.

Figure 2. Algorithmic framework used for the calculation of mean wind
speeds and power density maps.

2.1. Vertical Wind Speed Profile

The most widely used method for modelling the atmospheric boundary
layer and extrapolating the wind speed from the height of observation to
the height turbine hub is the Prandtl logarithmic law model under
equilibrium conditions [35]:

0o(@) =~ 1r{ij (1)

VK 20

where v 1s the friction velocity, Kvk is the Von Karman constant
(approximately 0.41), vo(2) is the mean wind speed at height z, and zo is
the aerodynamic roughness length, in meters, which can vary by several
orders of magnitude depending on whether smooth surfaces or cityscapes
are being modelled.

2.2. Wind Decomposition and Re-composition

Azimuth representation is the classical way used in wind vanes to describe
the physical direction of wind. Wind direction described by its azimuth is
measured clockwise from the north from 0° to 360°. A wind of azimuth
200° blows from the SW and a wind of azimuth 45° blows directly from the
NE.
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A wind vector is used to describe the actual wind as the air flow moves and
changes through both space and time. Consider a horizontal wind vector,
vH, shown in Figure 3.

Figure 3. Conventions used to represent the wind vector.

The wind vector can be expressed in terms of orthogonal velocity
components (see Figure 3).Where u is the component of the horizontal
wind towards East known as Zonal Velocity and v is the Meridional
Velocity which represents the component of the horizontal wind towards
the North. Figure 3 shows three different conventions commonly used for
wind direction:

—  ¢ect 18 the wind vector azimuth, and it represents the direction towards
which the wind is blowing. It increases clockwise from North when
viewed from above. Terms such as northward, eastward etc. imply
wind vector azimuths.

—  ¢met 1s the meteorological wind direction. This reference is used to
describe the direction from which the wind is blowing. It also increases
clockwise from North when viewed on Figure 3. Terms such as
northerly, easterly etc. imply meteorological wind directions.

—  ¢polar 18 the wind vector polar angle in two-dimensions. It increases
anticlockwise from the positive x-axis, i.e. from East; this in the
opposite sense to the wind vector azimuth and the meteorological wind
direction, and uses a different origin.

The direct de-composition of the horizontal wind vector into zonal and

meridional velocity is obtained using the following equations:
U= |VH| Cos ¢polar = |VH| Sin ¢vect
U= |VH| Sin ¢polar = |VH|COS ¢vect

2)

Figure 4 shows wind vector de-composition including correspondence
between the wind vector azimuth and wind vector polar angle.

Figure 4. Equivalence between vector azimuth and polar vector angle.

An inverse transformation is used to re-compose the wind components (v,
u) into the wind vector (vH). Using simple geometry, the magnitude of the
vector, the wind speed (| va|), is calculated as:

[V = (1) +(0)° (3)

The vector direction or wind direction is given by:

360° v
=90°- tan”'| — |+
¢polar 272_ ( uj 7/ (4)
where,
3 0° u<0
"Z180° w>0 (5)
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2.3. Spatial Interpolation

There are several methods used for numerical wind flow modelling [36]:
mass-consistent, Jackson—Hunt, computational fluid dynamics (CFD), and
mesoscale numerical weather prediction (NWP) models (e.g., MASS, WRF,
ARPS, MC2, KAMM, etc.).

The PSU/NCAR mesoscale model (known as MM5) is a well-known model
applied to numerical wind flow modelling. It is a limited-area, non-
hydrostatic, terrain-following sigma-coordinate model designed to
simulate or predict mesoscale atmospheric flows. MM5 uses the Cressman
scheme for spatial interpolation. However, the main disadvantage of the
MMS5 is its relatively high computational demands.

Spatial interpolation can be used to interpolate wind fields between
weather monitoring stations. This approach is not a common analysis
methodology within the area of atmospheric computer models.

Geostatistical methods use sample points taken at different locations in a
landscape and creates (interpolates) a continuous surface. They are based
on statistical models that include autocorrelation, as a consequence, these
techniques not only have the capability of producing a prediction surface
but also provide a measure of the certainty or accuracy of the predictions.
There are various geostatistical interpolation techniques from which the
Kriging methodo describes a range of least squares methods to provide
minimum variance linear unbiased predictions.

Kriging method assumes that the distance or direction between sample
points reflects a spatial correlation that can be used to explain surface
variations. The Kriging method is a multistep process which includes the
following steps: (1) an exploratory statistical analysis of the data, (i)
variogram modeling, (ii1) surface generation, and optionally, (@v)
exploration of a variance surface. Kriging is most appropriate when there
1s a spatially correlated distance or directional bias in the data.
Matheron’s ordinary Kriging original formulation [37] is the most popular
since it can be applied successfully in most situations and its assumptions
can be easily satisfied [38]. It is more realistic than most other
interpolation methods, and also more mathematically robust. The Kriging
method is expressed using the following equation:

2(X0) = ;&iz(xi) (6)

where z(xi) (for i = 1,2,..., N) are the observed values of variable z at points
X1,X2,...,XN, or in two dimensions xi = (xi1,xi2)T, Ai (for i = 1, 2,..., N) are the
weights chosen to minimize the prediction error variance. The objective is

to estimate/predict the wvalue Z (XO). For a detailed derivation and

discussion of the Kriging methodology see Cressie [39] or Journel and
Huijbregts [40].
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2.4. Orographic correction

The orographic correction is used to modify the horizontal wind velocity
components based on the elevation differences from the horizontally
interpolated terrain elevations. Several approaches can be adopted in
order to perform a correction due to terrain orography. For example,
mesoscale models [8], Computational Fluid Dynamics (CFD) [41], [42],
and methods using statistical-based corrections [43] have all been used
successfully (to an extent) to perform orographic corrections. However,
these techniques have not been adopted in this work, mainly, for two
reasons. Firstly, techniques such as mesoscale models and CFD are
computationally expensive, and secondly, statistics- or Bezier-based
methods, whilst being less computationally expensive, can be difficult to
implement and require user experience for the determination of model
coefficients. Since the Venezuelan territory also has a complex topography,
a method that is both computationally inexpensive and simple to
1mplement was favoured [44].

The orographic correction of both horizontal velocity components vic@c and
vyedle is determined by adding a correction calculated using the function f
to the initially estimated velocity components vx and vy, see equation (7)
and (8), which result from the initial spatial interpolation of the measured
wind speed datasets. It 1s known that even modest increases in terrain
slope Ah/Ax lead to increases in wind speed ([45]for a more recent review
see [46]). Therefore, the function fis consequently used in order to include
a correction due to terrain orography and it can be justified based on both
the conservation of mass and the conservation of momentum principles
applied to a streamline (see Figure 5) where an increase in height Ah
requires also an increase in velocity. The conservation of mass indicates
that as the density decreases, as it is the case in atmospheric flows where
all the state variables decrease with increasing altitude, the velocity must
increase in order to maintain mass flow constant. Alternatively, the form
adopted for the function f can be justified based on the conservation of
momentum equation where the term -0P/0Ox; acts as a momentum sink if
the pressure gradient increases in all spatial coordinates and as a source
term if the pressure spatial gradient decreases as it is the case when the
terrain altitude increases. However, for simplicity, the formulation of the
function f assumes that pressure changes are linearly related to changes
in height (Ah). Additionally, it is worth highlighting a favourable feature
of the correction function f, that is, it is inversely proportional to the grid
spacing (Ax and Ay). This has the effect of reducing the level of correction
introduced by equation (7) and (8) as the grid resolution is decreased
which serves to minimise potential errors in the corrected wind velocity
components for grids with insufficient or low density.
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Uy = Uy + f AhA—y (8)
Figure 5. Schematic showing the horizontal discretization around an
arbitrary grid point (i, j) at height A(i,j)) whose velocity components v«(i,j)
and vy(i,j) 1s calculated using the orographic correction.

Finally, the orographic correction 1s implemented using a central
difference calculation (see Figure 5) around the grid node for which the
velocity is to be corrected and the corrected velocity components (v«%c and
vycale) are calculated using the equations:

B +l{(h(i,j)h(il,j))(vx(il,j)vx(i,j))Jru_
2

s Ax
..+(h(i+1’j)h(i’j))(vx(i,j)vx(i+1,j))] ©)
Ax
| {(h(i,j)—h(i—l,j))(vy (1), ) o
T2 Ay

.

Ay

(R(i+13) =R (09) (v, () -v, <i+1,j>)}

2.5. Wind Power Density (WPD)

The wind power density (WPD) is calculated based on the following
equation [35]:

P 1
WPD == == pV?
[ =37 (11)

where P/A is the wind power density, or power per unit area (W.m2), pis
the air density (kg.m3) and V is the average wind speed within the time
span considered (m.s!). Observation timescale patterns (daily, weekly,
monthly, etc.) are included in the WPD estimation using the energy
pattern factor, Kg [47]:

total ammount of power available in the wind

power calculated by tje cubinh the mean wind speed

Given set of N hourly data Vi, Kk is defined as:
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The energy pattern factor Kz itself is used to indicate the wind potential of
a given site by means of its power density

WPD=§=KE%,0V3 (14)

K, =

3. SOURCE DATA

In this section, the data used to create the wind resource atlas of
Venezuela is presented. Data consists of two subsets used as inputs to the
calculation algorithm (described in Section 2 -see Figure 2) statistical
description of the wind data and topography data or elevation model. The
two primary model inputs are digital terrain data and wind data.

3.1. Wind Data

High-quality surface wind data from well-exposed locations can provide
the best statistical description of the wind resources available for the
region of interest. In this paper, quality ground measurement data is used
together with re-analysis data to fill the gap where ground measurements
are missing, and to augment areas where ground measurements do exist.
The long-term overall statistics based on the re-analysis dataset is used in
combination with nearly three years’ worth of surface station
observations. The following sections present a summary of the surface
data sets used.

3.1.1. Surface Station Observations

The single most important data sources for the calculation algorithm are
surface stations. Venezuela has a weather station network across the
whole Venezuelan territory. It has 5 radars and more than 300 weather
stations, the majority of meteorological stations belonging to the National
Institute of Meteorology and Hydrology[48] and 37 stations belonging to
Meteorology Service of the Venezuelan Air Force (MSVAF)[49] (see

Figure 6). The weather stations are located in both rural and urban sites,
mainly in airports and military bases. Table 1 shows a summary of
historical wind speed and direction data for 34 stations, consisting of mean
monthly wind speeds for each year of record.
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Table 1. Description and Geographical Coordinates of Weather Stations in
Venezuela coordinated by MSVAF.

Figure 6. Geographical location of weather stations (red triangle) and
radars (green squares). Location of 1°x 1° data obtained from the re-
analysis dataset.

These weather stations collect temperature, wind speed, wind direction,
humidity, rainfall, atmospheric pressure, solar isolation, and other
climatic variables. Although the distribution of stations is biased towards
valley locations, where main military installations and airports are
located, there is a sufficient number of mountain stations to construct
three-dimensional correction fields to the numerical wind flow model
output, based on observations.

The station density versus elevation roughly corresponds to the area-
height distribution of the topography up to about 666 m. At higher
elevations, the station density is lower than it ideally should be according
to the area-height distribution. There are only two stations over 1000
Metres above sea level (mamsl) located in the Andes Mountains i.e. Mérida
-80438 and Palmichal -80748.

3.1.2.Reanalysis Data

Reanalysis data has been obtained from the NASA Langley Research
Center of Atmospheric Science Data Center Surface meteorological and
Solar Energy (SSE) web portal supported by the NASA LaRC POWER
Project [50]. The SSE dataset is a continuous and consistent 10-year
meteorology dataset on a 1° latitude by 1° latitude equal-angle grid
system. SSE winds are based on the Version 1 GEOS (GEOS-1) re-
analysis dataset described in [51]. Although the SSE data within a
particular grid cell are not necessarily representative of a particular
microclimate, or point, within the cell, the data are considered to be the
average over the entire area of the cell. For this reason, the SSE data set
1s not intended to replace quality ground measurement data. Its purpose is
to fill the gap where ground measurements are missing, and to augment
areas where ground measurements do exist.

Figure 6 shows the geographical location of the 1°x1° wind data taken
from the SSE re-analysis dataset.

3.1.3. Digital Terrain Data
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The digital terrain data was used to provide information about terrain
elevation, and it consists of a Digital Elevation Model (DEM) for terrain
data which is used to divide the analysis region into individual grid cells,
each one having its own unique elevation value. This paper uses the
digital terrain data obtained from the ASTER Global Digital Elevation
Map [52]. The ASTER elevation map provides updated DEMs for most of
the world on 1° arc-second (30 m) grid of elevation postings.

4. RESULTS AND DISCUSSION

This section presents the results and discussions of wind resource
assessment in Venezuela using the methodology described in Section 2
and the input data presented in Section 3.

4.1. Model Domain

This paper uses two main model domains: horizontal and vertical. For the
horizontal domain, the standard spheroidal reference surface (the datum
or reference ellipsoid) is used based on the World Geodetic System (WGS).
For the vertical domain, a z-system is used where z i1s the elevation above
the sea level.

Table 2. Details of the Horizontal Model Domain and the Interpolation
Grid.

4.2. Digital Elevation Model

As already mentioned, the Digital terrain data for the model domain was
obtained from the ASTER Global Digital Elevation Map [52] and the
original resolution of elevation model is 1 arc-second grid i.e. it provides a
resolution of approximately 30x30 m. For the wind resource extrapolation
of the 3D terrain model, the original DEM dataset is re-gridded from the
original 46,524x60,157 elevation data resolution using Kriging’s spatial
interpolation method to a finer resolution of 15 km (leading to 13,056
nodes).

Figure 7. Model domain and topography of Venezuela. Horizontal
resolution is 15 km.

Figure 7 show the re-gridded DEM of Venezuela where four regions are
1dentified: the Maracaibo lowlands in the northwest, the northern
mountains extending in a broad east-west arc from the Colombian border
along the Caribbean Sea, the wide Orinoco plains (Los Llanos) in central
Venezuela, and the Guyana highlands in the southeast. It is worthwhile
to highlight the terrain elevation characteristics for the “Los Andes”
region, which includes a series of extremely high plateaus that are
surmounted by even higher peaks. Pico Bolivar is the highest mountain in
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Los Andes at 4,978 metres (8° 32" 30" N, 71° 2' 45" W). A slope terrain
dataset is calculated using the DEM in order to report the rise over run
(Az/Ax and Az/Ay). A very flat terrain with slopes between 0 to 10 percent
are found in the Maracaibo lowlands and Los Llanos regions. However,
Los Andes region exhibits a very complex orography with slopes as
pronounced as 160%. Very high mountains, hills, escarpments and valleys
located in Los Andes region are expected to give rise to significant local
variations for the near-surface wind speed.

4.3. Wind Resource Characteristics in Venezuela

Figure 6 shows the location of the monitoring sites belonging to the
Venezuelan Air Force, and Table 1 provides a description of each site.
Wind measurement equipment is installed at 37 sites. However this paper
uses wind observations from 34 stations (due to data availability).
Datasets consist of wind speed and direction hourly ground observations
at 10 mamsl from January 2005 to December 2009. The one-seventh-
power law (see Section 2.5) is used to adjust the wind speed and power
densities to a height of 50 m above ground. Wind data is processed to
produce estimates of monthly average power densities and wind speeds as
well as average wind direction. Annual average wind speed and power for
the sites are included in Table 1.

Figure 8. Ground Station Monthly Average Wind Speeds (m.s1) at 50
mamsl.

Figure 9. Ground Station Monthly Average Wind Power Density (W.m2)
at 50 mamsl.

Figure 8 shows monthly average wind speeds at 50 mamsl for each ground
stations ordered from yearly lower-(1.062 m.s'1) to higher- average (5.854
m.s1). The higher wind speeds are found mainly at coastal site in northern
Venezuela. Mean wind speeds over 4.00 m/s are found at San Tomé
(80472), Cumana (80427), Coro (80426), and Porlamar (80448). The
southern locations of Venezuela exhibits very low wind speeds, and the
lowest values (<1.25 m.s!) are found at: Valencia (80472), San Juan
(80462), and the El Vigia (80428). The average wind direction is mainly
from the True North, especially true in northern locations. For South-
eastern locations, wind directions are variable, but mainly point from 90°
to 180° (measured clockwise from true North, 90°. Yearly average wind
power density varies between 0.98 W.m2 and 83.02 W.m?2, with a
maximum monthly average of 122.92 W.m2 in Cumana (80427). The
monthly average wind power density at 50 mamsl for each ground station
is shown in Figure 9. The higher values of wind power density 107.61,
106.01 and 104.02 W.m2 are found in Cumana (80427), Coro (80426), and
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Porlamar (80448), respectively. On the other hand, very low wind power
densities (<2 W.m2) are found in San Juan de Los Morros (80435) and
Santo Domingo (80419).

4.4. Wind Mapping and Identification of Resource Areas

The calculation algorithm presented in Section 2 and the data discussed in
Section 3 have been used to carry out wind the mapping process. The
primary output of the mapping algorithm is a color-coded map showing
equivalent mean wind speeds in units of m.s!, and wind power map in
units of W.m2 for each individual grid cell. As indicated in Section 2.5, the
one-seventh-power law was used to adjust the wind speed and power
densities to a height of 50, 80 and 120 metres above ground. The use of a
height of 50 and 80 metres 1is appropriate because, typically, utility-scale
onshore wind turbines (greater than 1 MW) are installed at these heights
or above, while small-scale wind turbines (approximately 10 kW) are
installed on shorter towers. Higher wind turbines hub heights (up to 120
metres) are typical for offshore applications.

The wind resource is typically expressed in wind power classes ranging
from Class 1 (the lowest) to Class 7 (the highest). The wind power
classification scheme of wind energy density is presented in Table 3.

Table 3. Classes of Wind Power Density at 50 m and 80 m.

Figure 10 shows the results of the spatial interpolation of annual wind
speeds de-compositioned in two components: (a) Zonal (v) and (b)
Meridional (x). Wind speeds between -8 m.s! and +4 m.s'! are found on
both components. Zonal wind speed classified as superb are found on the
northern coastal area of Venezuela and very low values are located in
Amazonas state in southern Venezuela. The meridional component
exhibits an average wind speed of approximately 1.12 m.s! in the
majority of the Venezuelan territory, peculiar high values (<-2.0 m.s!) are
located on the South-West of the Amazonas state near the border with
Colombia and two more specific zones at Anzoategui and Tachira states.
Orographic correction is applied to wind the maps presented in

Figure 10 and results are shown in terms of the zonal and meridional
components on Figure 11.

Figure 10. Zonal (a) and Meridional (b) velocity components resulting from
the Spatial Interpolation of Annual Average Wind Speeds (m.s?!) at 50
mamsl.

Figure 11. . Zonal (a) and Meridional (b) velocity components resulting
from the Orographic Correction of Annual Average Wind Speeds (m.s'1) at
50 mamsl.
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Figure 12. Box plot of Annual Average Wind Speed components (v: Zonal,
u: Meridional). NO-C - No orographic correction, -C - Orographic
correction applied.

Figure 12 shows a convenient way of graphically presents changes on the
main global statistical descriptors resulting from the orographic correction
of the annual average wind speed (m.s!) components. Whiskers have been
included to indicate data variability outside the upper and lower quartiles.
The main effect resulting from applying the orographic correction is a
reduction on the standard deviation (Aov = -0.9280%, Aou = -0.4724%), a
reduction in the mean value of the zonal component (AU =-1.9216%) and
a very small increase on the meridional component (Az = +0.1620%).

Figure 13 shows that the application of the orography correction leads to
moderate changes in wind direction. The vectors in Figure 13 illustrate
direction and intensity changes to the velocity vector before and after
applying the orographic correction. The prevailing winds coming from
East/Northeast direction are predominantly the same across the majority
of the orography in Venezuela. However, small changes on the wind
direction are found after orographic correction. The digital elevation model
has been included in Figure 13 to show, however, a strong correlation
between changes to wind direction due to terrain elevation. Small changes
on wind direction (<2°) are mainly located at plain areas of Venezuela: Los
Llanos. The complex topography of Los Andes with high slopes and
heights up to 5,000 m produces, as expected, the more pronounced changes
to the resulting wind direction (<7°). Therefore, and due to the relative
simplicity of the orography correction method used, the resulting wind
speeds calculated within this region must be interpreted with caution.

Figure 13. Wind Vectors indicating the direction and intensity of the wind
before (red) and after orographic correction (yellow).

Global patterns and distributions of wind speeds are preserved after
applying the orographic correction in areas where there are no major
changes in terrain slopes However, increases and reductions on wind
speed components are evident in places like Los Andes where the spatial
distribution of zonal wind speeds are more realistically correlated with the
local topography. There are a couple areas where wind velocity i1s reduced
as a consequence of the orography, zonal wind speeds in the Amazonas
state near the Colombian border and the Anzoategui state for the
mediational component. A general reduction on the average speed of wind
vector (|vu]|) is linked to the smoothing effect originating from the
flatness of the terrain and its vegetation roughness in the Maracaibo
lowlands and Los Llanos regions (~92.7% of the Venezuelan surface).

The wind speed components when considering the orographic correction
(Figure 11)are combined in a single annual average wind speed map for

Page 15 of 26



Venezuela (Figure 14). One of the effects of applying spatial interpolation
is the generation of "bull's-eyes” surrounding the position of observations
within the gridded area. However, the use of the advanced geo-statistical
Kriging method and the orographic correction provided a better estimate
of wind resource in the investigated area from a dispersed set of
meteorological stations.

Figure 14. Mean Annual Average Wind Speeds (m.s'!) at 50 mamsl in
Venezuela.

Figure 14 shows results of the predicted Venezuelan wind speed map at 50
mamsl, and shows that the velocity inside the Venezuelan territory varies
from 0.216 to 6.740 m.s'l. Moderate to low deviations of individual
velocities from the mean value are found in the wind map, the standard
deviation of the horizontal component of the wind speed is 1.474 m.s!
which represents a moderate variability between regions in Venezuela.

The results shows that a potential onshore area of 13,298.7 km? is
available for wind power generation using utility-scale wind turbines or
smaller turbines. Wind resources within the class 1 band which are
suitable for utility-scale applications are found in 85.96% (11,432.2 km?)
of the Venezuelan territory and class 2 wind resources have been
predicted for an area of 1,866,48 km? (representing 14% of the Venezuelan
territory). Additionally, it must be noticed that superb wind resource
potential were not predicted in the territory, however, there are several
offshore areas where the wind speed is over 7.0 m/s (Figure 14).

The wind resource in Venezuela is strongly dependent on elevation and
proximity to the coastline, as it can be seen in Figure 14. In general, the
wind resource is best on hilltops, ridge crests, and coastal locations which
have excellent exposure to the prevailing winds that blow from the East.
The extreme North-eastern and North-western regions of the country are
estimated to have the greatest number of areas with good-to-excellent
wind resources for utility-scale applications due to the presence of upper-
air winds and ocean winds which are greatest within these regions.Error!
Reference source not found.

Wind speed maps at three different heights are presented on

Figure 15 on which shadows are used to identify areas where the wind
speed 1s greater than 4.4 m.s'l. The majority of the coastline areas in
Venezuela exhibit moderate wind speeds (approximately 4 m.s1): Zulia,
Falcon and Sucre State, Margarita Island, and a small part of the
Miranda State coastline. The northern part of the Lara state, almost all of
the Urdaneta district, exhibits relatively high horizontal wind speeds.
There is a small part in Los Llanos region (Barinas state and a small
portion in the Cojedes and Apure state) which exhibit moderate wind
speeds (approximately 4 m.s!). Wind speeds for the southern states in
Venezuela have very low wind speeds where the wind speed is lower than
4.4 m.s!, which is insufficient for utility-scale applications, however,
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small-scale off-grid applications might be possible and deserves further
study.

Figure 15. Annual Average Wind Speed (m.s'!) Map at 50, 80 and 120
mamsl.

The mean horizontal wind speed in Venezuela exhibits increases as the
height above ground level increases, leading to an increase in surface area
where high wind speeds are available. Table 4 shows the available surface
area classified using representative wind speed intervals at several
heights. Additionally, percentage figures expressed in relation to the total
onshore surface of Venezuela are given in parentheses in order to provide
a reference datum. As the height increases, the surface proportion covered
by high horizontal wind speeds is also shown to increase. The available
surface with wind speeds in the range 6.7 - 7.0 m/s increases from 3,499.3
km? to 5,132.8 km? when the reference height is changed from 50 to 80 m.
A special mention is deserved to the changes on the surface area in the
Falcon state covered by high winds. At 50 m, 87% of the Paraguana
Peninsula offers winds with moderate-high speeds (6.4-7.0 m.s1), but this
area 1s increased to 100% and part of onshore territory of the Falcon state
(Zamora and Colina districts) are covered with the same wind speed at a
height of 80 m. Wind speeds greater than 7.0 m/s are found at the north of
the peninsula of Paraguana at 120 m.

Table 4. Available surface (km?2) at 50, 80 and 100 mamsl classified for
various wind speed intervals.

Margarita Island is confirmed as a location with high wind speeds for all
heights evaluated in this paper, the entire surface offers wind speeds
above 6.0 m.s'1 at 50 mamsl. Winds speeds above 6.5 m.s'! at 120 m are
found in more than 73% of Margarita Island and the East shores and
Cubagua and Coche Islands, as consequence this area is highlighted for
future assessment in order to provide more information for potential
utility-scale onshore and offshore applications and deserves to be further
investigated.

4.4.1. Short Discussion: Offshore Wind Resources

Wind speeds for offshore applications at Venezuelan coast looks really
attractive. The Venezuelan coastline is 2,718 km long and provides
privileged access to an important area of Caribbean Sea. The United
Nations Convention on the Law of the Sea (UNCLOS) defines several
maritime claims: territorial sea (12 nm), contiguous zone (15 nm), exclusive
economic zone -EEZ (200 nm) and a continental shelf with a 200 m depth,
or to the depth of exploitation. When selecting a location for an offshore
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wind farm, the water depth and seafloor characteristics need to be
evaluated.

Figure 16 shows a seabed map including a main part of the Venezuelan
coast, until 500 km and the EEZ which represents a total surface area of
471,507 km?2. Seafloor characteristics determine how difficult it would be
to construct a wind farm at that location. Water depth has a strong
influence on the total cost of a wind turbine installation due to the cost of
building appropriate support structures. Offshore wind turbines are
installed using a variety of foundation structures depending on the depth
of the water: Shallow water, Medium water, and Deep water (50-200 m).

Figure 16. Venezuelan Seabed Map. The bathymetry is represented down
to 500 km in the sea and the red line identifies a limit for an Exclusively
Economical Area.

The deepest point at the seabed of the Venezuelan EEZ is z = -5,227.4 m
which is slightly higher than the deepest point in the Caribbean zone (-
6,946 m), but the average depth in this zone is around -2,400 m which is
beyond the acceptable water depth for offshore wind power applications.
Water depths between 0-200 m, suitable for offshore wind power, is found

in several areas where the wind resource has been identified excellent
(Figure 15).

The Gulf of Venezuela, Falcon and Carabobo states have depths of
approximately 200 m for distances up to 125 km from the shore. Locations
like Aragua and Vargas exhibit a seabed with high slopes, where within a
few kilometres the water depth reaches more than 2 km deep. Specially,
the Gulf of Cariaco on the north central coast of Venezuela which
separates (~1400 m depth) Margarita Island and the states of Anzoategui
and Sucre. Details of the bathymetry of Venezuelan littoral zone are
shown on Figure 17.

Figure 17. Water depth for the Venezuelan Littoral versus distance
measured from the shore.

A preliminary water depth assessment on the Venezuelan EEZ indicate
that 26.08% of the seabed surface is suitable to for offshore wind power
applications when considering actual trends to enable full exploitation of
offshore wind resources. Results shown on Table 5 indicate the seabed
conditions for medium depth water or transitional foundations are
available on 17.3% of the total surface usable for wind power, however, the
floating platform concept available for deep waters can be used in 45% of
the Venezuelan coatline.
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Table 5. Offshore area available per type of aggregated land and cover
class (km?2) at 80 m.

Wind mapping results show a sharp increase in yearly average wind
speeds as the distance from shore increases. Wind speeds of 7.0 m.s! and
above are found in all Venezuela EEZ. However, water depth increases as
distance from shore increases. The distance a wind project is from shore
determines a project’s viability because the distance affects the potential
development cost due to considerations such as the length of underwater
cables needed to connect the offshore wind project to the land-based
electricity distribution facilities.

The Venezuelan seabed is relatively flat in areas like the Venezuelan Gulf
and the west of the Falcon State which would allow using shallow water
and transition foundations for larger distances at the east coastal area of
Venezuela. The available seabed surface for the use of offshore wind
turbine foundations actually available (<200 m) is evaluated, this
assessment considers only wind speeds of 7.0 m.s! or greater to establish
suitable areas for offshore wind power exploitation (the results are shown
in column four and five of Table 5). The available areas for offshore wind
power exploitation in the Venezuelan cost using foundations down to a
depth of 50 m represent 54.4 % of the use of wind speed above 7.0 m.s 1.
More than half (45.96 %) of the surface available which exhibit a wind
resource with speeds greater than 7.0 m.s! requires the use of deep water
foundations. This simple and preliminary assessment of wind speed at the
Venezuelan littoral demonstrates there are enough wind resources for
utility production which are located in areas that allow the use of support
structures that are commercially available (up to 200 m water deep).

4.5. Wind Electric Potential

The wind electric potential is an estimated forecast of the amount of
energy that the winds at a given site or in a given area could provide if a
wind energy facility were established.

Several factors determine the amount of land area suitable for wind
energy development within a particular grid cell in a region of high wind
energy potential. The important factors to consider include (1) the
percentage of land exposed to the wind resource, (i1) land-use, and (iii)
any environmental restrictions. The wind electric potential per grid cell is
calculated in this paper using the available windy land area and the wind
power classification assigned to each cell. The amount of potential
electricity that can be generated is dependent on several factors, including
the spacing between wind turbines, the assumed efficiency of the
machines, the turbine hub height, and the estimated energy losses caused
by wind turbine wakes, blade soiling, etc. [53].
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The wind energy resource map of Venezuela shows that areas potentially
suitable for wind energy applications are dispersed throughout the
northern coastal area of Venezuela, and offshore wind power looks
attractive for utility-scale exploitation. Estimates of the wind resources in
this map are expressed in wind power densities ranging from 200 to 600
W.m2 for onshore wind power applications, and up to 800 W.m-2 for
offshore applications.

In this paper, areas designated with power densities between 200 W.m2 or
greater are suitable for advanced wind turbine technology for utility-scale
utilization and wind power densities of 200 W.m2 and below areas that
can be used for other applications.

Figure 18 shows the Venezuelan wind resource map for three different
hub heights (50, 80 and 120 mamsl), and a red line is included in each
map to separate areas considered high/low power density (> 200 W.m2).

Figure 18. Annual Average Wind Power Density (m.s-1) Map at 50, 80 and
120 mamsl.

The main areas of the coastline in Venezuela have very high wind power
density (>200 W.m-2): Zulia, Falcon and Sucre States, and Margarita
Island. Also, very high values are found in Lara state. There is small area
within the Guayana Highland which exhibits moderate wind power
densities (>200 W.m2 at 80 and 120 m) and requires further evaluations.

The wind power density is very low at the southern states of Venezuela
where the wind resource is insufficient for utility-scale usage but small-
scale off-grid application might be evaluated, however, such evaluation is
beyond the scope of this paper.

Table 6. Available surface (km2) classified per wind speed available at 50,
80 and 100 mamsl.

Table 6 shows the available surface in Venezuela which is classified per
wind power density at several heights and percentage figures expressed in
proportion of the total onshore surface of Venezuela are given in
parentheses for reference. As the height increases, the surface proportion
covered by high wind power density also increases.

The available surface with a wind power density between 200 — 400 W.m2
increases from 14,698.5 km?2 to 18,664.8 km?2 when the height increases
from 50 to 80 m. Special mention deserves the changes on the surface area
covered with high wind power density in the Falcon state. At 50 m, 100%
of the Paraguana Peninsula, 82.3% of Falcon state and 11% of Lara state
offer a wind power density above 300 m.s'1, but this area is increased to
93.4% and part of onshore territory of Falcon state (Zamora and Colina
districts) are covered with the same wind speed at a height of 80 m. Wind
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power density up to 403.5 W.m2 are found at the northern part of the
peninsula of Paraguana at 120 m.

In this paper, several assumptions are used to calculate the wind energy
potential per unit of windy land area. The main assumptions and methods
for converting the wind resource to wind energy potential are based in a
modified version of those presented in [54]. Wind turbine’s hub high is
assumed to be 80 m 120 m and the wind turbines are combined in a wind
farm with a regular array. Future technological development of wind
energy are assumed based on [55], considering an availability of 98%. A
10Dx5D spacing is used for the wind turbine array, where D is the wind
turbine diameter. These assumptions help define the main characteristics
to predict the wind electric potential per grid cell (details are presented in
Table 7).

Table 7. Assumptions used for calculating the wind energy potential per
unit of windy land area.

Each square kilometre on the map has an annual average wind power
density (in W.m2) at a height of 80 m and 120 m. An equation has been
developed to compute the total net annual energy delivery for each square
kilometre with an annual average wind power density of 200 W.m-2 or
greater. If the wind power density was less than 200 W.m-2, the net energy
potential is not considered for further calculation in this paper because
these grid cells have insufficient wind potential for the economic
development of utility-scale wind energy.

Although the areas with lower wind resources (100-200 W.m2) are not
economical for utility-scale wind, they have the potential for the isolated
use of small wind turbines for rural electrification projects. Under those
considerations, only grid cells with an annual average wind power density
of 200 W.m"2 or greater are considered.

The wind resource levels shown in Table 7 are consistent with those on the
wind resource maps for the Venezuelan territory (Figures 13 and 17). The
numbers in the table represent total net wind-energy potential, and they
have not been reduced by factors such as land-use exclusions. The
estimated net energy has been reduced by 15%—20% to account for
expected losses due to downtime, wake effects, and other factors.

Table 8. Wind ElectricPotential in Venezuela.

Results from this work demonstrate that there are approximately 15,000
km? of land-area with wind resource potential for utility-scale applications
at 80m. The proportion of windy lands and potential wind capacity in each
wind power category is listed in Table 8. This windy land represents less
than 1.98% of the total land area (916,445 km?2) of the Venezuelan
territory. Despite using conservative assumptions (7 MW per km?, this
windy land could support more than 23,000 MW of potential installed
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capacity, and could potentially deliver over 53 billion kilowatt-hours
(kWh) per year. Considering only the areas where wind power density is
above 200 W.m-2, there are 4 states (Sucre, Lara, Nueva Esparta and
Anzoategui) in Venezuela with at least 1,500 MW of wind potential and
main areas of the Falcon state and Venezuelan Guajira (Zulia state) with
at least 3,000 MW of wind potential.

However, additional studies are required in order to more accurately
assess the wind electrical potential, to include factors such as the existing
transmission grid and accessibility. Assessment of offshore wind electrical
potential requires further investigation.

The additional exploration of wind electrical potential at 120 m indicates
that the estimated total windy land area increases to more than 5400 km?2,
or slightly more than 2.15% of the total land area of Venezuela. This
windy land could support more than 65,000 MW of potential installed
capacity and potentially deliver over 54 billion kWh per year.

5. CONCLUSIONS

Mesoscale modelling for wind energy resource mapping is a well-
established method which has two important limitations: its input data
requirements and its computational cost. This paper presented a step
forward for rapid mesocale wind modelling. The calculation method uses a
simple geo-statistical Kriging method to interpolate horizontal wind speed
and then an orographic correction is applied in order to correct horizontal
wind speeds due to changes in terrain elevation. The resultant method is a
computationally economical alternative to mesoscale modelling and
includes exploratory statistical analysis of the wind data which has been
applied in order to provide a wind resource assessment in Venezuela.
Hourly observations of wind speed and direction from 34 anemometer
masts belonging to the meteorological network of the Venezuelan Air
Force (MSVAF) recorded during the period 2005-2009 have been analysed
in order to define a statistical model of wind resources for the entire
Venezuelan territory. Simulations results include color-coded maps of the
equivalent mean wind speeds and a wind power map have been created for
heights of 50, 80 and 120 m above ground at a horizontal resolution of
15x15 km.

The main effect of applying the orographic correction is a reduction on the
standard deviation, a reduction in the mean value of the zonal component,
and a very small increase on the meridional wind velocity component. The
prevailing winds coming from East/Northeast direction are predominantly
the same across almost all the orography in Venezuela. Small changes in
wind direction are mainly found within the plain areas of Venezuela (Los
Llanos) and the complex topography of Los Andes produces slightly more
pronounced changes.
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The results obtained in the performed analysis show average wind speeds
between 6.835 m.s! onshore and 8.573 m.s! for off-shore locations. The
higheest wind speeds are found in the northern area of Venezuela, mainly
in coastal sites. High mean wind speeds are also found in Zulia, Falcon,
Lara, Anzoategui, Sucre and Nueva Esparta. The southern locations of
Venezuela exhibit very low wind speeds, where the lowest values are
found in Valencia and San Juan de los Morros. Results also show that the
best wind energy resources are located in the coastal northern area of
Venezuela with an extraordinary potential for offshore applications.

There is approximately 15,000 km? of land with wind resource potential
for utility-scale applications at 80 m and additional exploration of wind
electrical potential at 120 m indicates that the estimated total windy land
area increases to slightly more than 2.15% of the total land area of
Venezuela. Using conservative assumptions for estimating windy lands,
the evaluation presented in this work indicates that they could support
more than 65,000 MW of potential installed capacity, and deliver over 54
billion kilowatt-hours (kWh) per year. Wind energy resources for
commercial use (utility-scale) is possible in Venezuela within a reasonable
area of northern Venezuela and there are also excellent conditions for
wind power production for micro-scale applications, on- and off-grid.
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