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ABSTRACT 

Wind energy has become one of the most important and thriving renewable energy 

resources in the world. Transforming the kinetic energy of wind into electric power is more 

environmentally friendly than traditional processes such as the combustion of fossil fuels. It 

provides independence from the limited fossil fuels reserves by using an unlimited resource. In 

order to develop a wind power facility, it is important to develop an initial wind resource 

assessment to guarantee the selected site will be profitable in terms of electric energy output. 

Several countries lack developed wind atlases that indicate a rough estimate of wind resource in 

their territories, which is an obstacle for inexpensive wind resource evaluations. In order to 

perform site evaluations generally an anemometer must be put in place to take wind measurements. 

This process is costly and time consuming since at least a year of data must be observed. The 

quality of wind resource depends on several geographic and atmospheric characteristics such as: 

air density, site location, site topography, wind speed and direction. This study was conducted to 

provide an initial wind resource assessment on three locations in Venezuela which do not have 

previous evaluations: Cerro Copey, Punta de Piedras and Los Roques. The assessment was done 

remotely based on the national meteorological service meteorological observations; wind resource 

and turbine power output uncertainties were taken into account. The wind assessment was done 

through Monte Carlo simulations mathematically considering several uncertainties with emphasis 

on surface roughness for vertical extrapolation. The results exhibit wind energy potential of the 

three sites and a throughout wind resource characterization of the site with the most potential: 

Cerro Copey. 
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CHAPTER 1 

 INTRODUCTION 

 

1.1 Introduction 

Electric power has become a fundamental part of modern human life both socially and 

economically. The evolution of electricity has aided technological advancement in ways that have 

changed human society into what we know today. For instance, devices of mass product 

manufacturing, refrigeration devices, computers, laptops, and mobile phones, are now common in 

urban areas of most countries. Electric power has become necessary for the functionality of our 

residential, commercial and industrial environments. It has made more accessible: immediate 

health care, new inexpensive technologies for disease detection and drugs production, 

establishment of new population settlements that are independent from larger cities, and more 

commercial activities derived from new products, among many others. Consequently affecting 

longevity, population density, demographics and affluence. Energy has such impact on our day-

to-day lives that the fluctuation of energy-related raw materials has an immediate on 

macroeconomic performance, which inevitably influences the world economy [Hall et al, 2003]. 

 

1.2 Problem Statement 

The energy market has traditionally been based on non-renewable resources such as natural 

gas and petroleum, and other natural occurring fossil fuels. However, there is a current effort made 

by scientists and environmentalists to reduce the use of such sources and to foment renewable 

energy. In spite of the popularity of fossil fuels, they are predicted to reach exhaustion within the 

next century. Besides the finite fossil fuels reserves, there are environmental problems associated 

with generating electricity from this resource. In fossil fuel power stations, the fuels are incinerated 

generating thermal energy, which moves a steam turbine transforming into mechanical energy; 

eventually becoming electric energy. The quick use of fossil fuels has increased the carbon dioxide 

levels in the atmosphere, significantly worsening the greenhouse effect.  Carbon emissions also 

negatively affect air quality, which is imperative to human health [Meisen and Krumpel, 2009]. 

These are some of the reasons why as previously mentioned, scientists are currently working in 

drifting away from electricity generation from fossil-fuels combustion. Alternative electricity 
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generation processes have started to be identified; these transform renewable resources energy into 

electric power. Renewable sources include but are not limited to: solar, tidal and wind energy.  

Initial evaluations on the possibility of convert wind energy into electrical power, have 

already been done by researchers on worldwide locations. The assessments are done in order to 

estimate the likelihood of a location having favorable wind resource for a power station; said 

likelihood is fundamentally based in how much electric power can be generated using wind energy 

as a resource. Engineers and researchers have developed different methodologies and assumptions 

to make these evaluations more accurate and efficient. In these studies, primary assessments of 

wind energy potential in a given geographical area were mostly based on cost efficiency of the 

used methodology. They wanted to be able to analyze wind resource without the excessive 

expense, professional team and mobilization of a traditional on-site assessment; which includes 

the installation of a meteorological tower and further statistical analysis of observed data by skilled 

specialists. Traditional assessments have the possibility of resulting in an unfavorable outcome; 

after evaluating the wind resource, the results may not translate into a large electric power 

production that compensates investing financial assets on a wind power facility. If the rate of return 

is negligible at the given location, it is almost certain that a wind farm will be not put in place. The 

impracticability of building a wind power facility lead to economic losses of the capital spent in 

the wind resource assessment. Remote study of wind resource dissipates the risk, by providing a 

fair estimate of the wind energy quality and power output potential before capital investment.  

 

1.3 Research Objective 

The objective of the research presented in this thesis is the evaluation of wind energy 

potential in a specific area in Venezuela given existing meteorological data. As stated before, 

similar analyses have already been done for several sites around the world; with different 

approaches that researchers considered relevant for their analyses. A mathematical approach based 

on existing methodologies and data, intended to have an inexpensive yet reliable prediction of 

electric power generation from wind energy in a particular location. Another inexpensive 

estimation of wind resource can be done through existing wind maps also known wind atlases; a 

national wind atlas is a contour map which is a graphic representation of the historic average wind 

speeds in the territory. However, there have been locations more likely to be analyzed; especially 

in countries where there is governmental incentives to invest in renewable energy or wind resource 
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has been proven to be exceptional. In Figure 1-1, Landberg reports the countries which have wind 

resource studies. Countries in light grey represent the locations in which national wind atlases have 

been published. Countries in dark grey represent countries that have reported regional or local 

wind studies. Countries in white denote countries in which there are no wind studies reported as 

of 2003. 

 

Figure 1-1 Worldwide Status of the Wind Atlas Methodology [Landberg, 2003] 

 

The relevance of this study in particular is based on the site selection and specific 

methodology. As of 2003 Venezuela had no wind resource studies reported and in this research 

three insular locations in Venezuela were evaluated: Porlamar (Cerro Copey), Punta de Piedras 

and Los Roques. One of these locations has not been studied before (Los Roques), and the 

uncertainties of wind resource had not been considered in previous research for the other locations 

(Porlamar and Punta de Piedras). The ultimate aspiration of this research was to develop a wind 

resource characterization of the aforementioned territories in Venezuela.  

 

1.4 Research Scope 

The purpose of this research is to describe the potential of wind energy in the selected 

locations. Furthermore, it is the goal to provide valuable information on wind resource, which does 

not exist from said locations in the renewable energy field. The main goal of this evaluation is to 

identify a quantifiable estimate of power output from wind energy on the studied areas; using wind 

as resource for the aforementioned production. Meteorological data based MATLAB Monte Carlo 

style simulations were performed on the three sites. The sites possess diverse characteristics in 
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their wind resource; which are a result of their geographic location and topography. Different 

terrain roughness characteristics were assumed throughout the simulations; in order to address the 

existing uncertainty of the exact surface roughness due to the lack of direct measurement on the 

selected sites.  To make an accurate approximation, two terrain roughness classes from the 

Davenport Classification of Effective Terrain Roughness were selected for each site. This selection 

was done based on the most accurate landscape description. The uncertainty analysis did not 

include horizontal extrapolation; therefore, the results reflected the characteristics of the exact 

location of the meteorological towers. If the results of this research were to be expanded to a larger 

area, horizontal extrapolations would have to be performed to accommodate said expansion. For 

instance, despite two of the locations are on the same island (Punta de Piedras and Cerro Copey 

are both in Margarita Island); the results of these simulation reflected the wind energy potential of 

those two specific locations, but did not assess Margarita Island’s whole territory. To generate a 

better understanding of the simulation process, the characteristics and results of the most suitable 

site is thoroughly explained while the rest of the analyses are attached in the appendices.  

 

1.5 Thesis Structure 

In chapter 2, Literature Review, a throughout narrative of previous findings and 

contributions; which were taken into account for this thesis is presented. A background on the 

topic is provided to justify the importance of renewable energy as a whole. The Venezuelan energy 

sector and its limitations are described. Followed by a review on the significance of wind energy, 

previous work regarding initial wind energy assessments, important elements on wind resource 

analysis; and previous wind energy assessments done in Venezuela. This chapter is completed with 

a narrative on the justification for this research. A description of the process to select the sites, 

obtain the data, define uncertainties and design simulations were developed for chapter 3, 

Methods. In chapter 4, Results and Discussion, the wind resource characteristics and power output 

potential of the most outstanding site are presented; with representative figures that aid the 

comprehension of wind energy potential of the area. The conclusions of this research are provided 

in chapter 5, to present a summary of the research findings for potential private or public investors 

in the renewable energy field.  
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CHAPTER 2 

 LITERATURE REVIEW 

 

Prior to the development of the simulations on wind energy potential assessment, a literature 

review was required. This chapter contains valuable information on electricity in South America, 

power centrals in Venezuela, environmental effects of hydropower, Venezuela’s energy crisis, 

mitigation attempts, and wind energy as a resource, among others. The purpose of the review was 

to establish a historical and current description of the energy sector in the studied area. Problems 

and opportunities of energy generation in Venezuela were identified. On the other hand, literature 

also needed to be reviewed to better comprehend wind energy assessments. Previous wind energy 

potential methodologies were reviewed; providing a wider understanding of the characteristics of 

the design of the mathematical process for the mentioned estimation.  This review took into 

account both the existing theoretical and methodological approaches in the field. 

 

 Energy Generation in South America and Venezuela 

 Energy or electricity generation is known as the process of converting resources of primary 

energy such as fossil fuels, natural gas, or solar energy into electric power. Electricity became a 

basic commodity for most of the population in developed countries after it was possible to generate 

it at central power plants and distributed to large areas through power lines. Due to the relative 

simplicity of production and distribution, both electricity consumption and generation have 

increased over time. However, there have been several changes in the characteristics of the market 

through time. These changes depend both on technological advancement, available resources in 

the country, local politics and environmental responsibility, among others. 

 

2.1.1 Contemporary Energy Development: from Hydrocarbons to Sustainability 

Electricity generation is evolving and focusing towards feasibility and sustainability; 

attempting to prevent depletion of energy sources in the next generations and decelerate global 

warming. The interest in switching away from hydrocarbons is based on the electricity production 

process with these raw materials being directly related with the serious environmental 

consequences. Energy generation does not limit to the consequences previously exposed, there are 

additional pollution issues, acid deposition and release of diverse toxic materials into the 
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environment. The environmental impact is reflected in devastation of ecosystems, soils and water; 

which have become typical problems derived from the overdependence on abundant resources and 

technologies. Beyond the environmental issues there is more controversy regarding the use of oil 

as a raw material. Several of its features are still unknown such as the quality and quantity of the 

existing reserves, patterns of exploitation, and who truly benefits from the oil business [Hall et al, 

2003]. 

In this context, renewable energy is defined as the generation of electricity from resources 

that are continually replenished, also known as renewable sources, some examples of these sources 

are: biomass, municipal waste, charcoal, hydropower, wind, tidal and solar energy. Another 

benefit, besides the continuous renewable nature of these resources, is that carbon dioxide emission 

from electricity production from renewable sources is neutral [Meisen and Krumpel, 2009]. 

 Renewable energy power centrals based on solar or wind power generation seem to be the 

most viable technologies to achieve independence from fossil fuels. Several European and Asian 

countries, along with the United States are using incentives to stimulate the growth of the 

renewable energy sector. In spite of the efforts, by 2011 only 16% of the global energy production 

was based on renewable resources. It may appear as a small percentage but the field is already 

employing near to 4 million people and the market is thriving with an average 1.9% annual growth 

between 1990 and 2010. The early 2000s also implied an exceptional growth of the number of 

countries offering alternative energy resources policies [Luecke, 2011]. 

On the other hand, some countries are yet to start stimulating the development of renewable 

energy in their territories. This is the specific case of Latin America and the Caribbean. According 

to United Nations, the delay is caused by “poverty, lack of awareness, and lack of government 

support to mitigate climate change, stabilize energy supplies, or invest in innovation”. 

Independently of the stimulation of a certain energy field, the region is not exempt of population 

growth and the consequent increase in energy demand. The Inter-American Development Bank 

(IDB) has predicted a 75% increase in energy demand in the Latin America and Caribbean region. 

To satisfy the demand growth, production must show an increase of 145% by 2030 [Luecke, 2011]. 

 

2.1.2 Energy Sector Obstacles in South America  

According to the IDB, energy sector generalizations in the area are difficult to make.  

However, it is reflected that fossil fuels and hydropower are the most consistent sources of 
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electricity in the continent.  Renewable resources are used for 29% of South America’s energy 

generation; which as a matter of fact, is higher than the global average [Luecke, 2011]. 

Nevertheless, it is worth noting that most of the said renewable energy generation comes from 

hydropower. Although hydropower in theory uses a renewable resource (water); it has started to 

be doubted as a clean/green source of energy due to its negative environmental impact. For 

instance, the intergovernmental panel on climate change (IPCC) explains these effects in its 

renewable energy sources and climate change mitigation report. The report argues that unless 

properly mitigated from the design phase, dams could develop into several environmental issues 

such as: barrier for sediment transport and fish migration, modification of riverbed and shorelines, 

alteration of surrounding ecosystems and biodiversity, change of river flow and water temperature, 

and the most preoccupant, the generation of greenhouse gases, more specifically methane [Kumar 

et al., 2011]. 

 

2.1.3 Hydropower Environmental Damage  

The World Bank and the World Conservation Unit set up the World Commission on Dams 

(WCD). The purpose was to write a report on the environmental, social and economic impacts of 

hydropower. The WCD found the costs of hydropower unacceptable. The cost includes hurting 

communities with the forceful eviction of between 40-80 million people to develop the land for 

dams. Once they are removed from their land they have so much to lose such as their livelihood, 

access to resources, societal identity and cultural distinctiveness. Similarly to the IPCC, the WCD 

argues that the construction of dams has caused flood of wildlife habitat, flood of fertile soil, 

interrupted fish migration and altered river patterns. Hydropower is potentially responsible of the 

extinction, endangerment, and vulnerability of one third of the world’s freshwater fish species. 

There have been efforts to mitigate the effect on marine wildlife but they have not been successful. 

As previously discussed, greenhouse gases are also a serious concern. Dam’s reservoirs release a 

substantial amount of methane into the atmosphere. Emissions seem to be particularly higher in 

the lowland tropics.  There have been cases where the aforementioned reservoirs have been shown 

to emit more greenhouse gases than some fossil fuel power plants. Another complication of 

reservoirs within a hydropower facility is sedimentation. Basins lose their storage capacity and the 

generation capacity of the dam decreases. Approximately one percent of the reservoir storage 

capacity worldwide is lost every year [International, 2003].  
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In addition to the erroneous reputation of hydropower as an ecologically friendly energy 

production process; it has also been inaccurately proclaimed as an economic and reliable energy 

resource. The interpretation of hydropower being low-cost is related to the low operation 

expenditures in comparison to fossil fuel based plants. Nevertheless, the building costs of dams 

are excessively large and generally subjected to overruns; where in average, projects amount to 

over 50% more of the initial budget, making its low operation costs less attractive. Dams are highly 

dependent on local hydrological cycles. Hence, they are not reliable as a constant source of energy. 

The WCD reviews historical facts and argues that countries where the main energy source is 

hydropower are extremely exposed and have experienced severe power shortages.  Caused by the 

fluctuations of the natural hydrological cycle; and the inability of human interference in the dams 

to keep the water at a certain level during extreme droughts. The irregularity of water levels in the 

dams increases with global climate change, since it is predicted that rainfall will fluctuate more. 

The unpredictability of water levels leads to experts of the commission considering the worst-case 

scenario; events such as increased flooding, are now considered a significant threat to the safety 

of dams. All these elements form a compelling argument that there is a need of self-sufficiency 

regarding hydropower. Countries with a high percentage of energy generation coming from dams 

should diversify their energy sectors in order to lessen their exposure [International, 2003]. 

The commission’s conclusions included several alternatives to reduce vulnerability of 

countries, which are highly dependent on hydropower. Although very costly, upgrading existing 

hydropower plants and distribution networks for efficiency is a possibility. In the case of 

developing countries, smaller decentralized energy production projects appear to be the best 

approach. There is an added value to this type of ventures; and that is the possibility of offering 

power to remote rural areas, characteristic of developing nations. The offered alternative resources 

include wind turbines or mills, micro-hydro units and small-scale solar energy systems 

[International, 2003]. 

The aforementioned environmental issues related to hydropower centrals have emerged 

from being a possibility to being a reality in several dams of South America.  Fearnside, from the 

National Institute for Research in the Amazon, studied Tucurui Dam on the Tocantins River in 

Brazil. He argued that it is crucial that discussions about environmental issues and policies in 

Brazil include the negative effects of dams. The dam studied registered a larger amount of carbon 

dioxide emission than one of Brazil’s largest cities: Sao Paulo. His conclusion was that greenhouse 



9 

gases emissions must be considered when weighting hydropower as an alternative energy source. 

If at the time of design and construction this is not considered, hydropower may not be as 

environmentally clean as alleged [Fearnside, 2002]. 

Colonello and Medina also studied the environmental consequences of dam constructions 

in Venezuela. They used as a case study the Manamo River in the Orinoco Delta. In their research, 

they studied three sites along the river. Aerial photograph, field survey, soil samples and plant 

samples were used to study the effects of the dam built in 1965. It was determined that the dam 

lowered the discharge of the river; allowing salt water to intrude upriver, eventually originating 

salinization of the soil. A phenomenon that used to be exclusively seasonal has become continuous. 

The growth rate of mangroves has disproportionately increased upriver, altering the natural 

hydrological cycle, flood patterns and ecosystem of the area [Colonnello, 1998]. In further 

investigation, Colonnello kept analyzing the effects of the dam on the Manamo River. The location 

of Manamo in a delta with several rivers allowed the comparison of untouched rivers to the river 

that became a part of the hydropower system over three decades ago. He recognized additional 

problems such as the disruption of the hydrodynamics of the river. While adjacent river flows are 

rising around 7m seasonally, the dam restricts the flow of the Manamo River. The flow height does 

not surpass 1.2m. This is reflected in altered water levels, erosive process, hydrology and 

sedimentation in the channel surrounding a large part of the delta. This study also confirmed the 

initially suspected disruption to the population of the area. Changes in the environment and a lack 

of the typical subsistence resources have led to migration of native inhabitants away from the delta 

[Colonnello, 2001]. 

   

2.1.4 Venezuela’s Energy Production 

Venezuela is a representative case to study in South America. It exhibits the previously 

discussed typical characteristics and issues in the Latin energy sector. It is a country very rich in 

natural resources; so abundant that it possesses one of the largest proven reserves of crude oil in 

the world. The country has focused on achieving a high level of independence from oil in the 

electricity production sector; mostly focusing in renewable energy resources, a large part of energy 

production consists of hydropower. The Venezuelan electricity generation network includes one 

of the largest dams of the world, the Simon Bolivar Hydropower Station. Also known simply as 

the Guri Dam, with an energy production capacity of 8851MW. By the end of 2012, the total 
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capacity of energy generation of the electric national system was of 27,723.19MW. The 

Venezuelan Department of Energy (MPPEE, acronym in Spanish for Ministerio del Poder Popular 

para la Energia Electrica) reports that over 50% of the country’s total generation capacity comes 

from 72 hydropower units (14622MW). A lesser amount, 13022.38 MW of the capacity derives 

from 1240 thermal power units, which are fed by natural gas, diesel and fuel oil. And 0.28% of the 

energy generation capacity comes from alternative sources. There are 22 wind turbines with a 

generation capacity of 29,82MW, but they are yet to be connected to the national grid; as of 2012 

they did not generate any electricity. Photovoltaic systems in the country have a generation 

capacity of 2,267 MW. By 2012, the net electricity generation in the country was 130,473.11GWh. 

From the electricity generated 44,651.57 GWh came from thermal power stations, 81,735.54 GWh 

from hydroelectric power stations and 4,086GWh from alternative sources. Renewable electricity 

generation produced 3563GWh from solar power and 0GWh from wind turbines [Ministerio, 

2013]. 

 

2.1.5 Hydropower Collapse: Environmental Bill 

Taking into account the characteristics of the Venezuelan electric power system, it could 

be assumed that it is an effective energy generation system. Furthermore, if the environmental 

implications of hydropower are not considered, the network could also be described as an eco-

friendly system mostly based in renewable resources.  However, since 2010 Venezuela has 

experienced an extreme crisis in its electricity generation system. Presumably caused by the 

previously discussed unpredictability of dams mixed with climate changes. The country eventually 

became heavily reliant on the vulnerable hydropower stations [Molinski, 2010]. In 2010, the 

current president Hugo Chavez officially declared an electricity emergency. A mitigation plan was 

intended to address the situation: the government would invest one billion dollars in the energy 

sector, mainly to achieve some degree of independence from hydropower.  The nation experienced 

the worst drought of the century, decreasing the water level of the largest dam of the country (Guri 

Dam) 30ft below its normal level [BBC, 2010]. This crisis led to severe and sudden measurements 

from the government in order to assure the stability of the national grid. Both the residential and 

non-residential sectors have been regulated with electricity shutdowns. For instance, at the moment 

of this decree, malls were legally forced to open only from 11am to 9pm. Also, non-residential 

electric use was limited with higher prices if over used. The situation has become so severe that 
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scheduled daily regulatory rolling blackouts started being applied. Different areas of each state 

would have no electricity for a determined amount of time. These measures have been 

implemented as a national plan to allow reservoir levels to increase [Molinski, 2010].  

Over the years, the emergency status has evolved into severe energy cutback measurements 

and then into diverse environmental policies and investment. Between 2012 and 2015 the “Green 

Band Plan” has been put into effect. Its slogan is “Let’s stop climate change, let’s change the 

system”. According to the MPPEE, the plan is a measurement from the government that has been 

designed to decrease demand and at the same time cultivate an ecological culture in the country. 

A culture of efficient use of electricity; where the population in the residential area is included in 

the process of fighting the negative effects of climate change. The plan included guidance on how 

to save electricity, government subsidies to replace traditional light bulbs to LED light bulbs and 

awareness on the advantages of being green [Venezuela, 2014c]. 

The Green Band Plan has just been a part of the National Electricity Corporation’s (known 

CORPOELEC, its acronym in Spanish) extensive environmental reform. A new law regarding the 

rational and efficient use of electric energy has also been put in place. Its main objective is to 

execute policies and actions of educative, communicative and technological nature to promote 

awareness of the efficient use of electricity [Venezuela, 2015]. By 2012 CORPOELEC started 

investing in alternative energy sources, more specifically in wind energy. Two wind farms started 

being built: the Paraguana and the Guajira wind farms [Venezuela, 2012a]. A combined power of 

29.2MW through 16 wind turbines has been initially programmed with a projection of 5 more 

phases of the Guajira wind farm resulting in a generation capacity of 10,000MW [Venezuela, 

2012b]. However, as mentioned before, the MPPEE has not reported the connection to the grid of 

the wind farms and they have yet to start producing electricity. 

Considering the crisis and the actions the government has taken, it can be said the 

hydroelectric crisis has had two main consequences. Primarily, the country has realized they are 

highly vulnerable to the fluctuations of electricity production of its dams. In extreme situations 

such as droughts, the country electric system rather collapses. On the other hand, the public sector 

acknowledged the indisputable need of rethinking the national electric grid. This translated into 

legal enforcement of environmental awareness on the population; in order to allow demand 

reduction. This realization came with the government accepting the need of investment in 

alternative energy sources. This is essential to provide the country some autonomy from 
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hydroelectric power generation. The current situation makes Venezuela an ideal candidate to 

evaluate and develop if feasible its wind resource potential. The government already has policies 

and investment plans in place for renewable energy and possibly the private sector could benefit 

from investment. 

 

2.1.6 Ineffectiveness of the Environmental Bill 

A multidisciplinary team of the Ricardo Zuluoaga Group has committed to follow the 

electric power crisis in the country. As of February 2016, their worries about the Guri dam water 

levels have not ceased. The Guri dam is the power central currently responsible for about 75% of 

the country’s energy supply.  The optimum operative water level of the dam is of 271m above sea 

level; 238m is a critical level, and 240m is considered a safety limit that should not be surpassed. 

In February, the water level reached 252m, 3m under the month’s historic average. This water 

level is also the lowest registered since the 1980s. The group claims that although El Nino may 

have influenced the water levels; effective mitigating measures have yet to be implemented. They 

argue the crisis has not been controlled due to government decisions taken since 1999, which 

included over exploitation of hydropower. The current production state of the dam is about 40% 

of its capacity, with 17,220 MW available. The current demand of the dam is estimated to be 

18,300MW [Sojo, 2016]. 

In March 2016, government official minister of energy Luis Motta Dominguez confirmed 

the Group’s claims regarding the Guri dam water levels. He took a group of specialist in company 

of CORPOELEC, for a special inspection of the dam due to an extreme drought in the country. 

The dam’s reservoir registered a water level of 249m above sea level, 11m away from critical 

level.  He also announced several turbines were out of service, with a rough 6,500MW of 

production. The representative kept the government position of the crisis being a result of draughts 

caused by El Nino. Also, as future measures he described increase in thermoelectric power and 

possibility of even more severe countrywide electricity rationing. Nonetheless, there was no 

mention of implementing alternative energy resources such as wind or solar power [Bermudez, 

2016].  
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 Wind Energy 

The transformation of the kinetic energy of wind into electricity is known as wind energy. 

Through the rotation of blades of a wind turbine, this conversion is possible and fairly simple 

nowadays. The kinetic energy of wind transforms into rotational energy, which then transforms 

into electricity. Wind energy is one of the most economically attractive renewable energy sources. 

In some regions it has reached a status where it is favored in comparison to hydrocarbons and 

hydropower. For instance, the European Wind Energy Association has forecasted an installed 

capacity of 1.2 million MW by 2020; which would double the present-day world’s hydropower 

installed capacity [International, 2003]. The kinetic energy � of wind flow per unit time is given 

by equation 2-1, where � equals to air density, � represents the area of the turbine rotor disc, and 

wind speed is shown as  [Manwell, 2002]. 

 � = ��  
(2-1) 

 

Equation (2-1) is a direct and simple way of calculating wind energy, and it reflects how 

wind speed is the most important variables in the available kinetic energy. Therefore, wind speed 

is of main focus for assessing a location for a wind energy power central. Knowledge of the wind 

resource allows to calculate the electric output potential a turbine, or a group of turbines will have 

when located on a certain location.  

 

2.2.1 Wind Energy Potential Assessment 

Wind turbine systems are not able to store energy and save it for later use, the energy must 

be on demand at the time it is generated. The electricity that is produced is to be transmitted to the 

grid instantaneously. The production of a wind turbine fluctuates constantly and this variation is 

essential. Besides the non-dispatchability of the energy, wind cannot be transported as well. 

Turbine electricity generation is also dependent of the wind direction, quality and speed.  This 

must be taken into consideration to address the productivity of a single turbine or of a system, 

known as wind farms [Manwell, 2002].  National wind atlases are only suitable for a preliminary 

selection of sites at a macro scale; they can be used to identify regions with potential good wind 

resource. However, wind atlases do not include fine scale topographical variations which affect 

wind flow. Potential wind farm sites require a more comprehensive evaluation of the wind resource 
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that includes a micro-scale level analysis; which includes good quality on site monitoring and the 

incorporation of the effect of the terrain topography on the wind quality. The terrain influence on 

wind is caused by its shape and roughness, which are determined by vegetation and other obstacles 

such as buildings [Australia, 2010]. 

Wind directly interacts with the surface of earth and varies per location; all the factors that 

affect wind resource and the power output of a particular turbine are what we call uncertainties. 

They are what make fluctuations in output exist. A location may appear to have good wind resource 

but when it is assessed, it turns out energy generation is not viable. It is important to evaluate wind 

as an energy resource considering its uncertainties, to have a better comprehension of the wind 

quality in a given area. Considering uncertainties means that real life scenarios and variations are 

evaluated, not just the average power generation of a turbine given a high wind speed.  

 

2.2.2 Wind Uncertainty 

Power potential is ultimately estimated according to the local wind characteristics. Wind 

resource potential is a wide concept in which many aspects can be analyzed. Since 1993, due to 

the World Energy Council the wind energy field has accepted the following categories to assess 

regional wind resource potential [Manwell, 2002]: 

 Meteorological: this relates to the wind characteristics such as speed and direction. 

 Site: it refers to narrowing sites to locations that are viable to implement wind turbines. For 

instance: there may be excellent wind resource in the middle of the pacific; but 

implementation would be difficult. 

 Technical: after accounting for good wind resource and site availability; the production of 

specific turbines is studied and a prediction is defined. 

 Economic: after the scientific estimation of power potential is certain; it is important to 

account for economic feasibility. Analyzing the rate of return of an investment. 

 Implementation: this is an important part of the analysis, and it is also related to feasibility. 

There may be constraints in the area such as national parks, surrounding structures, public 

opinion, incentives policies, etc. This is an ample categories because depending on the 

specific location of a project; numberless factors could make a project unsuccessful. 
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 Wind Resource 

This section is dedicated to some of the factors that are involved in estimating wind’s 

potential as a resource. It is of main importance for the comprehension of this research; to 

understand the meaning and relevance of this terms of these terms. It was necessary to define them 

and their direct effect on wind; in order to recognize which of them have to be included in wind 

resource analysis and why. The quality of an energy production assessment is directly related to 

the inclusion of these components. It allows a semi-remote analysis; where limited on-site data is 

used, and it is statistically expanded to obtain an accurate prediction. This section is based on the 

second chapter of John Manwell’s book Wind Energy Explained Theory, Design and Application. 

 

2.3.1 Atmospheric Density 

The density of air affects the quality of wind resource because it is a part of the kinetic 

energy of wind calculation, as shown in equation 2-1. The density of air can be calculated by using 

the ideal gas law where density is a function of temperature  and pressure  as shown in equation 

2-2 [Manwell, 2002]. 

 

 � = .  (2-2) 

  

In real world applications, temperature fluctuations have an effect on air moisture; and 

therefore on air density. However, corrections for air moisture are seldom performed [Manwell, 

2002]. 

 

2.3.2 Site Location and Surface Roughness 

Wind depends highly on local terrain characteristics. It is feasible that near-by sites have 

different wind behavior. The flow of wind across earth must be analyzed taking into account the 

terrain characteristics of the observation site; because topography depends on geographic location. 

The variation on the surface characteristics has a direct effect on wind flow. It varies as a response 

to: pressure, absorption of solar radiation and moisture. Large water bodies also have an effect on 

the movement of air across earth [Manwell, 2002]. 
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2.3.3 Vertical Extrapolation 

Wind speed varies with height due to the effect of turbulence. Average wind speed 

increases with height, this phenomenon is called wind shear. Wind shear affects evaluation of wind 

resource because the data source height may be different from the turbine hub height. The projected 

power output is unclear until the data is adapted to the adequate height of a specific turbine. 

Therefore, to reflect a more accurate description of the power output potential a vertical 

extrapolation of the data must be performed; this is known as the correction of measured data to a 

common elevation with the turbine hub height. The wind energy at the turbine hub elevation 

represents the kinetic energy that the turbine is able to transform into electric power. There are two 

methods that are commonly used to adapt measured values to the turbine height: the logarithmic 

profile or log law, and the power law profile.  

The basic form of the power law is presented in equation 2-3. Where  represents wind 

speed, �  represents height, the subscript  means reference and �  is the power law exponent 

[Manwell, 2002]. Then, the wind speed at the target height is given by the wind speed at the 

reference (measurement) height, multiplied by the division of the target height by the reference 

height raised to the power law exponent.  A description of the power law exponent and its relevance 

will be given in the following subsection. 

 � = �� ( ���)�  
 

  (2-3)

2.3.4 Surface Roughness and Wind Shear Coefficient 

Early research showed that wind increased with height and that the power law exponent, also 

called wind shear coefficient (WSC), under certain characteristics was equal to 1/7 [Schlichting, 

1979]. This value has been widely use to perform vertical extrapolations of wind speed values 

independently of the site location. Nevertheless, modern research has shown that the WSC is 

affected by the site where wind observations were made; because several factors influence it such 

as the atmospheric stability, terrain type and surface roughness. Gualtieri explained that the value 

must be used with caution to extrapolate wind speed measurements taken at 10m; and topography 

characteristics must be observed to establish an accurate WSC. Land surfaces are never uniform, 

therefore zones with buildings or areas with many trees will exhibit different power law exponents. 

Thus the 1/7 value is meant to be a rough estimate of the WSC, and it is accurate only if certain 
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conditions are met: smooth grass-covered terrain. He argues that it is necessary for a more accurate 

wind resource assessment to use a WSC that reflects the terrain characteristics of the site through 

at least 1-year long wind speed measurements [Gualtieri, 2011].  

As mentioned above, the power law exponent (or WCS) � is a quantity that varies according 

to the site characteristics; for example: elevation, wind speed, topography of the terrain, and other 

thermal and mechanical constraints. Researchers have agreed that it is complicated to use 

mathematical methods to approximate � and these approximations, similarly to the 1/7 value, 

reduce the relevance of the power law. A better alternative is to accept the exponent as an empirical 

variable and choose one that reflects the specific wind data and the topography of the site. An 

example elaborated by Manwell exhibits the effect of WCS on vertical extrapolation of wind 

speeds. Table 2-1 shows power law calculations for a reference wind speed  of 5m/s; note at 

10m P/A = 75.6 W/m2. The wind speed observation is extrapolated with the power law to an 

equivalent value, at a height of 30m. In this example it can be appreciated how the power law 

exponent affects the vertical extrapolation of wind speed [Manwell, 2002]. 

 

Table 2-1 Effect of Power Law Exponent on Wind Speed Estimation at Higher Elevations [Manwell, 2002]. � 0.1 1/7 0.3 

 (m/s) 5.58 5.85 6.95 

P/A (W/m2) 106.4 122.6 205.6 

% increase over 20m 39.0 62.2 168.5 

 

Wieringa used the Davenport classification of effective terrain roughness [Davenport, 1960] 

as an estimate for terrain roughness in mesoscale analysis; as a tool to produce large scale wind 

resource evaluation from wind data from meteorological stations [Wieringa, 1986]. In further 

research, in 1992 Wieringa published his review on existing surface roughness research; he 

concluded that the Davenport classification was the research that was the most realistic in 

describing surface roughness of rough non-complex terrains [Wieringa, 1992]. The davenport 

classification has been widely used in horizontal extrapolation of wind speed measurements. The 

classification provides a value � , called surface roughness length. This value is what represents 

the physical effect of terrain roughness on the atmospheric boundary layer, affecting wind speed 

[American, 2010]. The surface roughness length has been used to adapt observations from one site 
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to a nearby site assessment; and be able to take into account the effect of the surface roughness 

effect in the wind speed value of the second location. The surface roughness length was used in a 

similar manner by Kushkin in his research; where he identified surface roughness length in two 

different crops of Iowa, as a tool to further evaluate wind energy potential in areas surrounded by 

said crops [Kushkin, 2014]. 

The Davenport classification of effective terrain roughness does not only provide 

information on the surface roughness length, it also provides estimation on the WSC depending 

on the wind flow and landscape description. As previously mentioned, the power law exponent or 

wind shear coefficient � is used in the power law for vertical extrapolation of the wind speed. 

Table 2-2 exhibits a section of the davenport classification; in which the assigned Davenport class 

and its corresponding power law exponent and landscape description are shown. It is important to 

mention that this table has been rewritten, the Davenport classification denotes  �  as the 

denominator of the power law exponent. Instead the use of �, he refers to the use of �.  Therefore, 

in Table 3-1 the Davenport notation of � has been altered to �− ; in order to keep the same notation 

used in the previous section for the power law.  

It can be said that due to the wind shear coefficient, surface roughness variations do not only 

affect horizontal extrapolation, but they also affect vertical extrapolation of wind speed 

observations. More so, the Davenport classification can be used as a tool to address uncertainties 

in the extrapolation of wind speeds in a vertical plane. By selecting a power law exponent that 

reflects the topographic characteristics of the site instead of a constant value; a remote wind 

resource assessment accurately reflects the singularities of a selected site and the changes of wind 

speed from the height of observation to turbine hub height. 

 

2.3.5 Season 

Wind is directly affected by seasons in most of the world. Generally winter and spring 

present the maximum wind speeds at northern locations. Tropical locations do not possess so 

severely defined seasons. Instead, annual weather patterns are defined in rain and dry seasons 

[Manwell. 2002]. These variations make necessary to have long term wind observations of a site. 

The period of readings should be of at least one year to comprehend seasonal changes on the 

behavior of wind. Ideally, several years of observations should be available in order to get a good 

idea of average seasonal behavior.  
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Table 2-2 Davenport Classification of Effective Terrain Roughness [American, 2010]. 

Class �−  Landscape Description 

1 12.9 “Sea”: Open sea or lake (irrespective of wave size), tidal flat, snow-

covered flat plain, featureless desert, tarmac and concrete, with a free fetch 

of several kilometers. 

2 11.4 “Smooth”: Featureless land surface without any noticeable obstacles and 
with negligible vegetation; e.g. beaches, pack ice without large ridges, 

marsh and snow-covered or fallow open country. 

3 9.8 “Open”: Level country with low vegetation (e.g. grass) and isolated 
obstacles with separations of at least 50 obstacle heights; e.g. grazing land 

without windbreaks, heather, moor and tundra, runway area of airports. 

Ice with ridges across-wind. 

4 7.7 “Roughly open”: Cultivated or natural area with low crops or plant covers, 
or moderately open country with occasional obstacles (e.g. low hedges, 

isolated low buildings or trees) at relative horizontal distances of at least 

20 obstacle heights 

5 6.8 “Rough”: Cultivated or natural area with high crops or crops of varying 
height, and scattered obstacles at relative distances of 12 to 15 obstacle 

heights for porous objects (e.g. shelterbelts) or 8 to 12 obstacle heights for 

low solid objects (e.g. buildings). 

6 6.2 “Very Rough”: Intensely cultivated landscape with many rather large 
obstacle groups (large farms, clumps of forest) separated by open spaces 

of about 8 obstacle heights. Low densely-planted major vegetation like 

bushland, orchards, young forest. Also, area moderately covered by low 

buildings with interspaces of 3 to 7 building heights and no high trees. 

7 5.7 “Skimming”: Landscape regularly covered with similar-size large 

obstacles, with open spaces of the same order of magnitude as obstacle 

heights; e.g. mature regular forests, densely built-up area without much 

building height variation. 

8 5.8 “Chaotic”: City centers with mixture of low-rise and high-rise buildings, 

or large forests of irregular height with many clearings. (Analysis by wind 

tunnel advised) 
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2.3.6 Time of Day 

It is important for wind resource assessments that wind observations are made on-site at 

least hourly. Earth has different heating conditions throughout the day; this is related to the daily 

radiation cycle. The cycle is also different depending on the geographic location of the site. 

Atmospheric conditions are affected by temperature changes throughout the day, and the speed of 

wind also varies at different times of the day due to this phenomenon. Hourly measurements for 

long periods of time allow to make more accurate predictions of wind behavior at a given site 

[Manwell, 2002]. Scientists evaluate the significance of these variations; and what wind speed 

fluctuations to expect from a specific geographic location.  

 

2.3.7 Direction 

The direction of wind may vary per month or per season. These variations may be as small 

as 30 degrees or could reach 180 degrees; and they are measured with a wind vane. The variation 

of the direction is important for turbine siting. Turbines have to yaw as the wind changes, and this 

may affect the loads affecting the structure [Manwell, 2002]. Therefore, this is an important factor 

to look at in initial assessments and what is the variation of wind. The least variations in the wind 

direction would mean that the turbine would yaw less during the day to obtain the optimum kinetic 

energy and transform it into electric power. 

 

2.3.8 Wind Speed 

As explained in section 2.2, wind speed is one of the most important factors in wind 

resource evaluation. Wind velocity is measured by anemometers that record wind speed values at 

selected intervals. In most countries, anemometers are a part of weather stations or meteorological 

towers. The kinetic energy of wind is what turbines transform into electric power. However, wind 

turbines are not able to harvest the full power of wind. Only a percentage that is taken by the device 

and converted into energy. Wind speed is directly related to the power potential available per unit 

area [Manwell, 2002]. In order to successfully assess wind resource quality of a given site it is 

fundamental to have wind speed observations.  
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 Wind Turbine 

There were early attempts to transform wind power, windmills were used to transform wind 

energy into mechanical energy. New transformation devices have been developed and now we are 

able to transform the energy of wind not only into mechanical energy, but into electrical power. 

As aforementioned in this report, the devices that transforms the kinetic energy of wind into 

electric power are wind turbines. Not all turbines have the same generation capacity, there are 

small and large turbines; and electricity generation capacity varies from 1kW to 5kW. Large 

turbines are generally used for large utility-scale projects [Manwell, 2002]. The selection of a 

turbine to evaluate wind resource capacity is important, because besides the fact that different 

turbines have different generating capacities; there are also several factors in the performance of a 

turbine that affect energy production.  

 

2.4.1 Turbine Parts 

The main parts of a turbine can be appreciated in Figure 2-1. Turbine foundation is located 

on 1, the foundation guarantees stability and depending on the conditions of the soil a pile or flat 

foundation is designed according to the turbine weight and wind loads of the area. Number 2 is the 

turbine tower which carries the weight of the upper parts of the turbine and the static loads of the 

wind; commonly towers are tubular and they are made of concrete or steel.  The location of the 

turbine nacelle is shown on 3, this part holds together all mechanical elements of the turbine. The 

nacelle rotates (also called yaw), to follow wind direction and have an optimum use of the energy 

of wind to convert it into electric power. The rotor is the part of the turbine that coverts wind 

energy into mechanical energy, this is done through the turbine blades; and its location is presented 

on 4.  The hub of the turbine is the cover of the pitch system, this system is what allows the blades 

to turn to an angle that allows better wind power absorption. The height of the hub is important 

because as stated before, it is the height at which the turbine processes the energy of wind. Hub 

height is measured from the platform to the rotor, it does not take into account the height of the 

turbine with the blades. The turbine hub is shown on 5. On the base of the turbine, on number 6, 

the transformer is shown. This is not a part of the turbine, but it is shown in the picture to illustrate 

where the transformer that allows the connection of wind turbines to the electric grid is located in 

respect to the turbine [German, 2009].  
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Figure 2-1 Parts of a Wind Turbine [German, 2009] 

 

2.4.2 Power Output 

Power output of turbines is generally identified by each manufacturer through a power 

performance curve. The curve is meant provide a rough estimate of what a specific turbine can 

produce in terms of electricity (Watts) at a given wind speed [Manwell, 2002]. A typical wind 

turbine power performance curve is shown on Figure 2-2. Having the power performance curve of 

a turbine is important because it considers the technical specifications of the turbine components. 

Power performance curves reflect power output transformed from the wind speed value at the hub 

height.  

 

 Cut-in Wind Speed 

This is a value that varies per wind turbine, it reflects the wind speed at which the turbine 

produces any electric power from the kinetic energy of wind [Manwell, 2002]. This value is shown 
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in Figure 2-2, and in the curve it can be observed that from this wind speed value and higher, the 

turbine presents power output. 

 

 Rated Wind Speed 

This wind is the value at which the turbine rated power is reached, the rated power is 

usually given by the output capacity of the electrical generator [Manwell, 2002]. For instance, if a 

turbine is sold with the premises that is has a 1.5kW energy generation capacity; this value will be 

reached at the rated wind speed. The location of the rated wind speed along the power performance 

curve can be observed in Figure 2-2. 

 

 Cut-Out Wind Speed 

Cut-out wind speed is the value at which the turbine stops producing electric power. It is 

the maximum speed that the turbine is able to take the power of wind and transform it into 

electricity. This number varies per turbine and it is determine by its designer according to the safety 

constraints of the turbine [Manwell, 2002]. This value is shown in Figure 2-2, it can be appreciated 

that when this wind speed is reached, the turbine power output production drops to zero. 

 

 

Figure 2-2 Typical Wind Turbine Performance Curve [Manwell, 2002]. 

 

2.4.3 Annual Energy Production 

The annual energy productivity of a wind turbine depends on both the technical 

specifications of the turbine, and the quality of the available wind resource. Although turbine 
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manufacturers cannot change wind resource, they consider how to best utilize it when designing a 

turbine [Manwell, 2002]. It is usually called AEP, and it affects the cost of electric energy coming 

from a wind turbine. AEP is an acronym generally used to express the overall performance of a 

wind turbine, or a wind power facility, on a specific site. It summarizes the wind resource 

evaluation and the turbine production into a number that specialists in the field understand as a 

description of wind energy at a specific site. AEP takes into account the electric energy that is 

produced in every moment of a year; taking into account site conditions, turbine specifications and 

wind resource fluctuations. It is expressed in watts per hour, and it is an important value because 

it is the final product that can be sold. For the owner of the turbine, AEP it is the production number 

that translates into earnings because it is what can be sold to the costumer and represents 

compensation for the investment.  

 

 Existing Research 

This section contains a review on previous research that relates to the overall topic of wind 

resource evaluation. Literature explained in this section includes: methods of wind resource 

assessment, alternative analysis methods and new wind energy research reported in Venezuela. 

 

2.5.1 Long and Short-Term Data Correlation 

The IDB has noted that the potential to accurately map and locate wind farms requires large 

public and/or private financing [Luecke, 2011]. These statements confirm the current concern with 

initial wind energy potential estimation. As previously stated, the already known inconvenient with 

wind energy as a resource is its uncertainty. The fact that wind energy potential is not so simple to 

estimate is an obstacle to find investment from either the public or the private sector. Kwon 

considers that it is of vital importance for risk minimization, and the overall success of a wind farm 

that the energy generation potential and its uncertainties are quantified before the actual 

construction of turbines. In his research, he aims to use “probability models for the related 

variables which are sources for assessment of the wind energy potential and then provides a Monte 

Carlo based simulation procedure utilizing the probability models”. He presents a numerical 

approach to the quantification of natural and power performances uncertainties of wind energy. 

The uncertainties addressed in this research include: air density, mean wind speed, wind shear 

profile, surface roughness, prediction of long-term velocities, Weibull parameters, turbine power 
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performance curve and turbine AEP. He concluded that these uncertainties could be addressed 

more specifically when considering individual sources from short-term data readings at the target 

site. The observed data is then compared to data from a nearby site; the correlation is done through 

their probability parameters [Kwon, 2010]. 

Further work has been developed regarding the uncertainty of wind potential assessment. 

Jung suggested in his research that it is possible to address uncertainty with limited data. The 

limitations regarding data length should be included in the assessment, because it possibly 

influences output. Two sets of data were used: long term wind speeds of a nearby station and short-

term observations at a target site. The length and characteristics of the data in the target data can 

contribute or harm the simplicity of the potential analysis. In this case, the method specifically 

addresses lack of good data at the target site. The author concluded with the proposal of a Bayesian 

approach to estimate the AEP of a potential site that allows using very short-term data [Jung et al., 

2012].  

While the mentioned methods include the use of long-term data in order to estimate the 

wind energy potential, other researchers have proposes alternatives to this type of data for the wind 

assessment. If there is no wind data available, measuring equipment can be installed in the potential 

site in order to obtain data, usually for at least one year or a nearby measuring station data is 

considered. Bechrakis developed an approach in which wind data for one year is enough to perform 

an estimation analysis. Topographic or geographical data is not used, but the wind data is 

extrapolated to a new location through an artificial neural network (ANN). Simulated wind speed 

values are used to make an estimation of the AEP in a new area. The research results indicated that 

this method might provide a satisfactory potential analysis. However, this method is recommended 

just for early calculations at a remote area. Its accuracy level depends mostly on the distance 

between the reference and target sites in which different weather conditions may exist [Bechrakis 

et al., 2004]. 

 

2.5.2 Alternative Analysis Methods 

On the other hand, Ritter assures that the problem with wind energy potential assessment 

is that there is need of a set index that simplifies the estimation. The cost of the wind potential 

analysis is attributed to the non-linear nature of the elements of energy production. The proposed 

approach by this author to assess wind energy generation potential is by developing and applying 
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an indicator. It consists of two stages, the first one consists of deriving wind speed data at location 

through meteorological reanalysis data. The second stage consists on using real production data 

for the estimation of an analytic production function, which uses the data developed on the first 

stage to provide production data. The index uses horizontal and vertical extrapolation, including 

the data of a met tower together with the use of MERRA data. This investigation hopes to provide 

a transparent approach to long-term energy estimation at a low cost, considered a pre assessment, 

before a large investment is made in order to assess the potential location more in detail. Ritter 

also desires to provide standards for the legality of potential estimation [Ritter et al., 2015].   

Besides the importance of scientific accuracy regarding uncertainties and economic 

potential in the estimation of wind power, Schallemberg provides an alternative perspective. In her 

research, she bases the energy potential assessment on the sensitive analysis of a region. Her 

methodology although based on GIS, includes other aspects of a site’s potential such as the 

territorial constraints, protected areas, natural parks or reservoirs, and population of the area. These 

social variables are evaluated together with what is called the techno-economical or more 

traditional variables such as wind speed and terrain topography. An economic assessment is then 

performed with the cost-resource curves showing differences between sites. Then hub heights are 

also analyzed to compare the benefits difference between the available options. The approach 

showed to be more effective in smaller and relatively flat areas, therefore, is intended to serve 

islands and small regions [Schallenberg-Rodriguez et al., 2014]. 

 In addition to uncertainty in wind energy potential analysis research, error estimation has 

also been discussed. Rodriguez proposes a method to complement the traditional analyses. His 

method uses untreated statistical wind speed data on 28 turbine power curves and then calculated 

error propagation. The measurements, fit of probabilities and the power functions were the sources 

of uncertainty and error propagation. He found that errors propagate into the power output 

estimation and there is an error yield of 5%. Also the possibility of a relationship between wind 

speed error and power output error.  The addition of this method to wind resource assessment aims 

to detect and reduce error in the early stage of the analysis [Rodriguez et al., 2015].  

 

2.5.3 Previous Wind Energy Assessments in Venezuela 

 Regarding alternative energy sources research, the last decade has represented a significant 

advancement for Venezuela. A wave of investigation on wind energy potential has been 
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established. Mainly under the electrical engineering PhD Francisco Gonzalez-Longatt. In his 

research Gonzalez-Longatt started filling an educational gap regarding wind energy in Venezuela. 

Possibly due to the recent aggressive environmental policies and the lack of resource assessment 

in the country he developed an initial assessment of wind energy potential in the country. Two sets 

of data directly measured from ground devices were analyzed. He identified three initial sites with 

good potential to install wind farms: the Venezuelan Guajira in Zulia, the Paraguana Peninsula in 

Falcon, and Margarita Island in Nueva Esparta. He determined these three sites were viable for 

utility scale wind farm location. However, at this point, his research recommended the inclusion 

of other factors such as: average wind speed, frequency distribution, roughness factor, distribution 

of wind speed, along with other [Gonzalez-Longatt et al., 2006]. 

 Dr. Gonzalez-Longatt’s next investigation went more in depth on Venezuela’s wind 

resource availability. Ending with the existing lack of wind quality analysis, the author developed 

a wind map of the country. He assessed the territory in regional divisions, in terms of average wind 

behavior and its potential (speed, direction, and AEP). The data used to develop the wind speed 

maps consisted of topography data, coefficient of roughness, and wind speed averages from 32 

meteorological stations from 2005 to 2007. He used the Mass-conservation Wind-Flow Model to 

estimate the wind resource, which implies the extrapolation of wind speed measurements at 

meteorological towers to diverse heights, and over the terrain through a numerical wind-flow 

model using on-site readings. The result was a set of graphs on wind speed at 80m. Wind direction 

and wind-power density was shown as a result for three different regions: west, central, and east 

zone of the country. The conclusions of his research presented the first wind-resource atlas of 

Venezuela in existence. This research most important finding was the identification of good wind 

resource in the country. States with exceptional wind-power density were recognized; in these 

states wind speeds above 6m/s were found. The identified states were: Anzoátegui, Falcon, Lara, 

Nueva Esparta, Sucre and Zulia. Also, this investigation provided a much better understanding of 

the wind quality in Venezuela. It exhibited the areas in the country with the most potential of using 

wind for energy generation, with clear indication of states worth of further detailed assessment. It 

was put in evidence that the country has potential for using wind as an energy resource, at micro-

scale, utility scale, on- and off-grid [Gonzalez-Longatt et al., 2014]. 

 Extending his research on wind energy potential in Venezuela, Gonzalez-Longatt 

developed additional simulations. As an alternative to mesoscale modeling, he proposes a 
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combination of geo-statistical Kriging interpolation and orographic correction for the mapping. 

The data used was wind-speed readings from 34 weather stations between 2005 and 2009. He 

mentions important characteristics of wind in Venezuela, such as the prevailing direction of the 

wind in most of the country’s orography. This work allowed him to corroborate the best locations 

for wind power he had proposed in his previous research. The states that showed the greatest 

potential to use wind as an alternative source for electricity generation were: Anzoátegui, Falcon, 

Lara, Nueva Esparta, Sucre and Zulia. Offshore potential was also discussed and is now found 

showing average speeds above 8 m/s. He estimates that the country counts with approximately 

65,000MW of potential capacity given the quality of the wind resource [Gonzalez-Longatt et al., 

2015]. 

 After identifying the areas of the country with the most potential for wind energy, there has 

been more research done on specific locations. The studied locations have been divided into 

smaller divisions such as: states, counties or general large areas. For instance, the Los Taques 

County, located in the Falcon state. This region was thoroughly analyzed by Gonzalez-Longatt. 

Through the use of hourly anemometry data, data validation, data recovery and data processing; 

an estimation of the wind energy potential based on a hypothetical wind farm with 100MW 

capacity was calculated. The conclusions of this report showed outstanding wind quality, and 

reflected seasonal production restrictions from September to January. Most importantly, this 

research kept consolidating his previous work, and concluded that the potential of Los Taques is 

sufficient to commercially produce energy from wind [Gonzalez-Longatt, 2015]. 

 

2.5.4 Previous Wind Energy Assessments in Nueva Esparta State 

 Sepulveda has also contributed to the study of specific locations in the country for wind 

farms. He studied a different aspect of wind energy potential, the integration of the produced 

electricity to the national grid. He elaborated in some of the guidelines to be followed in the country 

to connect wind farms to the grid.  He evaluated the connection stability in normal operations and 

during disturbance. The case of study was a theoretical wind farm of 24MW in the Margarita Island 

in Nueva Esparta. He justified the selection of this location to the predominant use of gas to 

generate electricity in the area. Different dynamic models were used: from the turbines, 

transmission lines and generators. This research concluded that based on the characteristics of the 

grid and the projected wind farm, the island grid would meet the criteria for a safe connection to 
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the grid. If the proposed farm were incorporated to the grid, it would aid the region independence 

from CORPOELEC. It would allow switching 45% of the energy exportation from the area to the 

national grid to be sourced from wind [Sepulveda et al., 2009]. 

 

 Identified Research Opportunity 

 By consulting the work of previous researchers, I have come to the realization of how 

unexplored the field of wind energy is in Venezuela. There is an excellent potential within the 

frame of the existing environmental policies, and the power system characteristics. Although the 

wind resource potential of the country has slowly started being identified, there are some areas still 

unexplored; and approaches that are to be used to compare outcomes. The implications of 

Gonzalez-Longatt’s research are extraordinary and the wind resource quality in several states is 

outstanding. However, to point at specific locations with more certainty implies further analysis. 

The initial step has already been taken: an overall assessment of the wind resource in 

Venezuela. There is still need of more in-depth research in two precise aspects. Initially, the 

geography of the evaluated area has to be narrowed down for a more conclusive analysis.  

Therefore, the next logical step is to start more meticulous resource assessments in the already 

identified high-wind speed states (Anzoátegui, Falcon, Lara, Nueva Esparta, Sucre and Zulia). For 

example this can be done at a more local level, counties or even specific locations within a state. 

Next, scientific diversity must be added to the study of this topic in Venezuela. The comparison 

between results obtained through different approaches (methodology, uncertainties considered, 

etc.) with similar conclusions would certainly help the community clearly identify areas with the 

most potential. This element is extremely important to stimulate investment in the alternative 

energy sector.  Public and private investors would then have the chance to have a reasonable 

indicator of the area’s production capacity in terms of energy. A forecast can be obtained 

effortlessly before investing capital and mobilizing the professional team.  
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CHAPTER 3 

 METHODS 

 

 Macro-siting 

At the beginning of this research it was of main importance the selection of a site that was 

coherent in terms of: need of alternative energy sources, sufficient wind resource and novelty of 

this type or research in the region. Under these initial guidelines the first restriction of the site 

selection was the Caribbean. For almost two decades, the region has been known to possess great 

potential fir wind energy. Due to the lower price of wind energy devices, the region has shown to 

be more willing to invest in them [Wright, 2001]. In an attempt of illustrating the exceptionality 

of wind resource in the Caribbean, Chadee embarked in a more profound research. She performed 

statistical analyses on 10m wind data throughout the Caribbean.  

The potential of wind resource in the Caribbean was assessed at a large scale in her 

research. The general findings of her work can be observed in Figure 3-1; where annual wind speed 

averages are illustrated in contour colors. There are wind velocities between 5 and 8m/s in most 

of the central parts of the map. There are several Caribbean islands in this area of high wind speed; 

for example: Cuba, Puerto Rico, the Dominican Republic, Haiti, Jamaica, etc. It is also observable 

that for the Caribbean area, wind comes mostly from the Atlantic Ocean on the east. In some areas 

the direction observed is northeast. 

Besides the quality of wind resource in terms of speed; Chadee also described the 

distribution of wind direction. Figure 3-2 exhibits the Caribbean and its wind roses per location. 

Wind roses allow to observe the dominant direction of wind per area. The area within the red 

square shows few variations in the wind direction. The wind roses in the area vary in skewness but 

show a statistical trend of wind coming from the east with a slight variation towards the north east. 

 With these macro characteristics, the region showed excellent potential as a subject for 

further analysis on specific areas. The next step was to find the wind data. The scope of this 

research did not include direct collection of the data by the author. Therefore, it was necessary to 

investigate the national organizations responsible for meteorological data collection; and also to 

learn about their collection system. In order to be able to perform an accurate wind resource 

evaluation the minimum requirements for good wind data were explained in section 2.3. Some of 
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the factors taken into account to find wind data were: availability of meteorological stations, length 

of data collection of at least a year, and hourly measurements. 

 

 

Figure 3-1: Wind Direction and Wind Speed (m/s) [Chadee, 2014]. 

 

 

Figure 3-2 Wind Direction Distribution [Chadee, 2014]. 
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 Several meteorological national services were contacted but it was difficult to obtain the 

requested information. The first successful contact was done with the National Meteorology Office 

from the Dominican Republic (ONAMET by its acronym in Spanish from Oficina Nacional de 

Meteorologia). Although the representative was willing to provide the requested data and was 

extremely helpful; the quality of the obtained data was insufficient. The data that ONAMET was 

able to provide consisted on historical monthly averages; due to the limitations of measurements 

in some stations. As stated before, for the purpose of more accuracy the data used for the simulation 

had to consist of hourly measurements. 

 Back to the early stage of site selection I kept searching for a good data source in the same 

region; not being able to get in touch with any other weather service from a Caribbean island. The 

next step was to pass on to the northern coast of South America. As we can observe in Figures 3-

1 and 3-2, the northern coast of Colombia and Venezuela possess similar characteristics of wind 

resource with the Caribbean; similar wind speed values on the coast and wind direction distribution 

patterns. Venezuela’s coastline along the Caribbean is larger than Colombia’s coastline. The 

country has a Caribbean coastline of approximately 2,800km; and an insular territory of around 

1,200km2. These factors allowed the continuation of the concept of wind resource belonging to the 

Caribbean area; and possibly an insular territory. 

 

 Data Availability and Micro-siting 

 Venezuela possesses an established meteorological service known as the National Institute 

of Meteorology and Hydrology (known as INAMEH by its acronym in Spanish for Instituto 

Nacional de Meteorologia e Hidrologia). The national meteorology service has evolved and has 

been renamed several times over the years; INAMEH corresponds to the current acronym. The 

institute claims its vision is to regulate and coordinate all hydro-meteorological activity 

information collection in the country; also it is the official organization in charge of releasing this 

information in a timely and reliable manner [Venezuela, 2016].  The public available data by 

INAMEH includes precipitation, air temperature, humidity, wind speed, wind direction, among 

others. The service possesses a large number of pluviometric and meteorological stations; and 

publishes daily updates on 342 meteorological stations. This made instantaneous download of data 

accessible and simple; eliminating the need of an intermediary, but rather using an online database. 

Resource quality and data availability allowed the selection of this country as the macro location 
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of this case study. However, not every station measures every meteorological factor. In fact, it 

depends on the station itself which measurements are taken and are publicly available. 

 The next phase of the site selection consisted in narrowing the area in order to get an 

accurate assessment. The initial concept of assessing an island on the Caribbean was maintained 

throughout this stage of the site selection. Although there are many islands In Venezuela, most of 

them are not populated; which would lessen the possibility of benefitting the community with a 

renewable energy generation facility. The most populated islands in the country are Margarita 

Island and Los Roques Archipelago [Venezuela, 2014a and 2014b]. These were the locations for 

the wind energy assessment presented in this thesis. The following subsections provide 

geographical and demographic characteristics of both insular territories. 

 

3.2.1 Margarita Island: Cerro Copey and Punta de Piedras 

Margarita is located on the northeast of Venezuela. It is the largest island of the country 

and the major island in Nueva Esparta state; which is the only state in the country conformed by 

islands. As of 2015, Nueva Esparta had a population of approximately 550,000 inhabitants. It has 

an area of 1,072km2. The island’s topography exhibits a small range of mountains, with a 

maximum height of 960m above sea level on Cerro San Juan. This range is located on the eastern 

sector of the island. Cerro Copey is the second highest hill with an altitude of 890m.  

La Asuncion is the state capital; but the largest city is Porlamar, where about 25% of the 

island’s population has settled. The first weather station with available data found in Margarita 

was the Cerro Copey weather station. Located at a latitude of 11.002°, and a longitude of -63.859°. 

The surface height at this location is 68m above sea level; and the meteorological tower measures 

wind speed at 10m above surface height. This is a meteorological weather station and it transmits 

data directly to the INAMEH; and then it is uploaded on their public website. Figure 3-3 provides 

more detail on the specific location of the meteorological tower; which can be appreciated on the 

east of the island near Pampatar and Porlamar. Although the station is named Cerro Copey, it must 

be clarified that it does not belong to the homonymous mountain, belonging to a national park; it 

is located at the base of the hill. The Cerro El Copey – Jovito Villalba National Park limits can be 

observed in Figure 3-4, along with the pointer showing the location of the Cerro Copey weather 

station. 
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Figure 3-3 Cerro Copey Weather Station Location [DigitalGlobe, 2016a]. 

 

 

Figure 3-4 Cerro Copey Weather Station and Cerro El Copey – Jovito Villalba National Park [DigitalGlobe, 2016a]. 

 

It is also of main importance in the location of the weather stations that there is close to no 

interference from surrounding buildings. This allows to have an accurate measurement of the wind 

speed and its characteristics. Buildings can alter the measurement and reflect incorrect values. In 

Figure 3-5 Cerro Copey weather station is shown at a better scale in which the surrounding details 



35 

are appreciated. This includes a few small buildings, a road and mostly empty lots and dense 

vegetation. 

 

Figure 3-5 Cerro Copey Weather Station Surroundings [DigitalGlobe, 2016a]. 

 

 The second available wind station in Margarita Island that transmits data to INAMEH, is 

the Punta de Piedra – La Salle weather station. A meteorological station located at a latitude of 

10.904° and a longitude of -64.108°. This site is has an elevation of 2.31m above sea level, and it 

is very close to the shore. Punta de Piedras is a small town in the central-south region of Margarita 

Island. Although it only has 10,000 inhabitants, it is of main importance for the island. It has three 

sea ports that allow maritime access to the island to visitors, and to importers bringing merchandise 

in ships. In Figure 3-6 the specific location of this weather station can be appreciated. 

In Figure 3-7, the neighboring community to Punta de Piedra weather station can be 

observed. The surroundings of the weather station present small buildings, roads, empty lots and 

exposure to the sea shore.  

 

3.2.2 Los Roques Archipelago 

Los Roques is an archipelago located approximately 130m northern of the Venezuelan 

central coast. It is a group of 350 islands and keys with a surface of 40.61m2. Los Roques belongs 

to a group of island territories called Federal Dependencies; which function under the Caracas, the 

capital of the country, rather than being an independent state. It is a scarcely populated territory, 
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with all of its habitants in one of the islands; Gran Roque counts with 3,100 inhabitants as of 2014. 

However, the archipelago has a high volume of national and international tourists.  

 

 

Figure 3-6 Punta de Piedra – La Salle Weather Station Location [DigitalGlobe, 2016b]. 

 

 

Figure 3-7 Punta de Piedra – La Salle Weather Station Surroundings [DigitalGlobe, 2016b]. 

 

The archipelago is a coral atoll, with two external coral barriers. The Los Roques weather 

station is located in Gran Roque. This island has a territory of 1.7km2. It is located on the northeast 
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of the archipelago and it has a small range of hills, with a maximum elevation of 124m above sea 

level. Los Roques presents a major inconvenient as a location for wind energy; it was declared a 

national park in 1972. However, its resource is evaluated in this research. If Los Roques were to 

have a significant wind resource, it would have the potential for a small scale wind energy project 

sufficient for the small population; and the concept of eco-tourism could be considered by the 

authorities. In Figure 3-8, several scales of Los Roques weather station location are shown, in order 

to appreciate its position in respect to Caracas and also the size of the archipelago in comparison 

to the country’s coast.  

Los Roques weather station also belongs to INAMEH and it is located at a latitude of 11.944° 

and a longitude of -66.675°. The weather station is located at an elevation of 2.23m above sea 

level, ant the meteorological tower measures wind at 10m. Also observable in Figure 3-8 the 

weather station is surrounded by empty lots, an airport and the sea shore. 

 

 Data Collection 

In this section the characteristics of the data collected through INAMEH are explained. As 

previously explained, INAMEH stands for the National Meteorology and Hydrology Institute of 

Venezuela. INAMEH counts with an online database in which the data collected by its stations 

network is available. This database is where the data described in the following subsections was 

collected. The database allow direct download in excel format with date and time of the 

measurements as well as the corresponding value. 

 

3.3.1 Cerro Copey Weather Station 

The Cerro Copey weather station collects hourly wind data. The information selected for 

further analysis consisted in two sets of data. The first of data was hourly measurements of wind 

speed, measured in knots. The second set of data was hourly measurements of wind direction, 

measured in conventional degrees (0° to 360° counterclockwise). The data selected for this 

research was collected at 10m height in the period from February 1st 2014 at 0:00, to January 31st 

2016 at 23:00. This translates into 24 months or two full years of data. Two sets of data, each of 

17,520 data points. Further treatment of the data is discussed in chapter 4 since it was considered 

a part of the analysis. 
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Figure 3-8 Los Roques Weather Station Location [DigitalGlobe, 2016c]. 
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3.3.2 Punta de Piedra – La Salle Weather Station 

The Punta de Piedra – La Salle Weather Station collects hourly wind data. The information 

selected for its research consisted in two sets of data. First, hourly measurements of wind speed at 

10m height, recorded in knots. Second, hourly measurements of wind direction measured in 

conventional degrees. The data period in which data from this station was extracted was from 

February 1st 2014 at 0:00, to January 1st 2016 at 23:00. Compiling 24 months of full data. Similarly 

to Cerro Copey, two sets of data of 17,520 data points each. Further data processing is assessed in 

chapter 4. 

 

3.3.3 Los Roques Weather Station 

The Los Roques meteorological station performs hourly data collection. The compiled data 

sets for further research were: wind speed and wind direction; respectively reported in knots and 

conventional degrees. The length of the data is 24 months, with 17,520 data points in each set. The 

data collection period was recorded at 10m height from January 1st 2013 at 00:00 to December 31st 

2014 at 23:00. In this case, INAMEH did not have the most recent data transmissions available; 

which explains the time of collection being earlier that the two first locations. 

 

 Wind Resource Evaluation and Uncertainties 

In order to fully comprehend the significance of the results of this research, it is relevant to 

identify the mathematical concepts previously explained in chapter 2, that were used to analyze 

wind resource quality and power output potential in the selected locations. The following 

subsections discuss these important concepts, their characteristics and why it was relevant to 

include them in the procedure of assessing wind energy potential in the sites.  

 

3.4.1 Data Processing 

The first aspect of processing the data was to take a closer look and identify any noteworthy 

discrepancies. It was decided that basic data statistics and discrepancy identification was to be 

done in excel. In this context and for both types of data sets: wind speed and wind direction; a 

discrepancy was defined as a value that could be considered an error. For wind speed negative 

values and excessive values (over 100m/s or 194 knots) were considered errors and the reading 

value for this date and time was left as an empty cell with no measurement. The justification to 
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select specifically 100m/s was that according the Saffir-Simpson hurricane wind scale, the most 

dangerous hurricane (category 5) presents winds of approximately 70m/s or higher [United, 2016]. 

Therefore, 100 m/s was set as a reasonable number to draw the error line.  

For wind direction a different approach was used, while negative numbers were also 

considered errors; the range of excessive numbers was any number over 360°. This is justified by 

the format of INAMEH’s data collection and recording which is conventional degrees, ranging 

from 0° to 360°; any measurement out of that range was considered incorrect.  

 

3.4.2 Wind Statistical Analysis 

In order to describe the wind behavior at the selected sites, it was important to provide some 

basic statistical values; because statistics show generalities of the data and its accuracy. A 

statistical study of wind data can reflect wind energy potential of a site and the power output of an 

installed turbine [Manwell, 2002]. Therefore, every data set was statistically analyzed. Numbers 

such as horizontal wind speed mean, annual mean, monthly averages, hourly averages, standard 

deviation, among others; had to be provided to describe the wind resource characteristics. Another 

important statistical analysis when it comes to describe the available wind resource was producing 

wind roses.  

 

 Long-Term Average Wind Speed 

Each data set consisted in a series of N (17,520) wind speed values Ui, over a time interval 

Δt (24 moths). The mean wind speed ̅  over the data collection period was calculated using 

equation 3-1 [Manwell, 2002]: 

 ̅ = ∑ ��=  

 

(3-1) 

 

 Standard Deviation 

Standard deviation of a data set describes how far from each other are the values in a data 

set; it is used to quantify the variation in a data set. The wind speed standard deviation �  for the 

data sets in this research was calculated with the following equation [Manwell, 2002]: 
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� =  √ − ∑ � − ̅�=  

 

(3-2) 

 

 Average Wind Power Density 

The average wind power density �̅/� is a value that describes the theoretical available 

wind power per unit area. It is said that this value is theoretical because it only takes into account 

the wind speed [Manwell, 2002]. Although it is a good initial statistic indicator of wind resource, 

it is not truthful to what a wind turbine would produce in the specific location; because of the 

several factors that influence turbine production besides the wind speed. The average wind power 

density is given by equation 3-3, where � is the average air density which is 1.225kg/m3. 

 �̅� = ∗ � ∗ ∑ ��=   
 

(3-3) 

 

 Wind Rose 

Wind roses are a circular histogram, which show the temporal distribution of the wind 

direction. Since it shows temporary conditions, wind roses are good to display annual or monthly 

data. They also show the azimuthal distribution of wind speed. This type of graph is a very 

common way to exhibit data observed with anemometers for wind energy potential assessment. It 

is a circle which is divided in equal parts across its 360°. The location of the bar indicates the 

direction of the wind, and the height from the center towards the outer circle shows the wind speed; 

therefore, the closest a bar in a wind rose is to the outer circle, the highest the average wind speed 

in that specific direction [Manwell, 2002]. Wind roses were produced for every data set. 

 

3.4.3 Wind Speed Probability Density Function 

The probability density function (PDF) of a set of data shows the likelihood that a point of 

the set has a certain value. In the case of wind speed, it was necessary to calculate and graph the 

PDF; because it shows the probability that wind speed in the site has a certain value. Also, 

empirical work has shown that wind speed values are more likely to be close to the data set average 

than far from it. A PDF curve then shows the frequency of occurrence of a certain value. The 
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calculated probability density function  for the wind speed data sets was given by equation 

3-4; which expresses the likelihood of a wind speed  between values of  and  occurring 

[Manwell, 2002].  

 

≤ ≤ = ∫   
 

 

(3-4)

3.4.4 Air Density 

Although atmospheric pressure varies during the day at a site, it does not vary significantly 

across earth [Jung et al., 2012]. In order to represent variations on air density, the normalized 

probability function empirically produced at Kwangyang Bay, Korea was used [Kwon, 2010]. The 

probability function of the uniform distribution was given by equation 3-5. 

 

� = { . − .          , ℎ ��   . ≤ � ≤ .  

 

(3-5) 

 

3.4.5 Wind Shear Coefficient 

In section 2.3 the importance of the wind shear coefficient was established. The selected 

sites have not had evaluation of the surface roughness. In order to address the variability of wind 

speed depending on the landscape; for this research, two Davenport classes were selected per site 

to assign a WCS. Evaluating two values of WCS will allow to have two scenarios per site; resulting 

power output depending on the conditions of a first set of landscape characteristics, and the 

resulting power output of a second set of landscape characteristics. It was possible to observe if 

the resultant power output presented large fluctuations depending on its surface characteristics. In 

table 3-1 the summary of the selected Davenport classes per site are presented.  

Cerro Copey exhibits characteristics of class 5 and class 7 from the Davenport 

Classification of Effective Terrain Roughness. It shows natural vegetation with scattered obstacles 

and presence of buildings, which fits the description of a rough terrain. However, if a closer look 

is taken to Figure 3-5, the vegetation near Cerro Copey weather station may be a mature forest, 

which fits the description of a skimming terrain. 
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The Punta de Piedra-La Salle weather station presents characteristics of the class 2 and 

class 4 terrains. The point of data observation is very close to the shore, which is considered a 

beach; matching the description of a smooth terrain. However, in Figure 3-7 it was observed that 

southwest of the weather station there is presence of buildings; then it is possible that the area 

presents the wind shear coefficient of a roughly open terrain with occasional isolated low buildings 

and trees. 

The location of Los Roques data observation fits a more defined landscape description. 

Features of class 2 and class 3 terrains can be observed. In figure 3-8 is exhibited that the location 

of the weather station is a beach, but there is an airport relatively close to the west; the terrain is a 

generally open topography with the some obstacle incidences northeast of the weather station. 

 

Table 3-1 Evaluated Wind Shear Coefficients per Site 

Site Davenport Class Landscape WSC (�−  

Cerro Copey 
Class 5 Rough 6.8 

Class 7 Skimming 5.7 

Punta de Piedras 
Class 2 Smooth 11.4 

Class 4 Roughly Open 7.7 

Los Roques 
Class 2 Smooth 11.4 

Class 3 Open 9.0 

 

 

3.4.6 Vertical Extrapolation 

As previously mentioned in section 3.1.2, the wind speed was measured at 10 m height in 

all the sites. The hub height of the selected turbine is 80 m. In order to make a better approximation 

on the power output of the turbine at the selected sites; the wind speed data was extrapolated to a 

turbine hub height of 80 m using the power law profile expressed in equation 2-3. The power law 

profile was performed twice per site with the wind shear coefficients expressed in section 3.1.5. 

In order to take into account the relationship between the wind speed and the reference Davenport 

classification roughness exponent, an adaptation of the Justus equation was used; to calculate a 

mean roughness coefficient given a wind speed . Equation 3-6 and 3-7 show the mean and 
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standard deviation of the wind shear coefficient respectively [Kwon, 2010]. In equation 3-6, �̃ 

represents the reference roughness coefficient taken from the Davenport classification. 

 �� = �̃[ . − . log� ] (3-6) 

 �� = . − . ��  (3-7)

3.4.7 Wind Turbine Characteristics 

For this research, the turbine selected was an existing 3MW. Based on its performance, 

empirical data from the turbine power output ��� was collected at Hangwon Windfarm in Jeju, 

Korea. The turbine had an average rated power output of 3 MW at an 80 m hub height, a cut-in 

wind speed � of 4 m/s, a rated wind speed � of 15 m/s and a cut-out speed  of 25 m/s [Jung et 

al., 2012].   

3.4.8 Turbine Power Output 

The turbine mean power output � � and standard deviation � � at a given 80 m wind 

speed  equations were developed based on empirical power performance [Jung et al., 2012]. The 

mean power output relationship for wind speeds larger than cut-in wind speed and smaller than 

rated wind speed ( � ≤  ≤ �) is shown on equation 3-8. The mean power output value for a 

wind speed observation  larger than the rated velocity � is shown on equation 3-9. And the 

standard deviation relationships are shown on equation 3-10. When the observed wind speed  is 

smaller than the cut-in velocity �, or larger than the cut-out speed  of the wind turbine; both the 

mean power output � � and its standard deviation � � equal to zero because the wind turbine 

hast not started producing electricity or it has shut down for safety and there is no power 

output[Jung et al., 2012].   

� � = . − .+ . − .+ . − .+ .  

 

(3-8) 

� � =   (3-9) 
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� � = {[− . − ��− � + . ] � � /√                   � ≤ ≤ �.  � � /√                                              � <                             (3-10) 

 

3.4.9 Annual Energy Production 

The annual energy production (AEP) of a turbine is given by the production of the turbine 

throughout the year, which already has taken into account the wind resource characteristics and 

variations. The power output of the turbine is multiplied by the normalized air density to reflect 

the percentage variation in power output caused by the air density changes at the time that the wind 

speed used to calculate power output occurred [Kwon, 2010]. This multiplication is done for every 

available wind speed observation; and the resultant is summed. The expression for this procedure 

is shown in equation 3-11. The notation on the equation is given by the inner multiplication based 

on a number of operations �, which is corresponds to power output calculations from hourly wind 

speed readings throughout the year (8,760). 

��� = ∑ ��� � ����
�=  

(3-11) 

 

 

 Data Simulation 

In the following section the simulation process is described. The purpose of perform a 

simulation on the available data was to extend the time frame of the wind resource assessment. In 

order to simulate one thousand years of wind resource data based on two years of observed data, 

certain statistical assumptions and calculations were performed. The procedures explained in this 

section were written and performed in a MATLAB code. 

  

3.5.1 Observed Wind Speed Weibull Distribution 

After compiling the wind speed data measured at 10 m on site over two years, the behavior 

of the wind resource can be emulated for a longer data period. Wind speed data has been 

empirically proven to correspond with a Weibull probability distribution [Jung et al., 2012]. The 

first step to expand the data was identify its Weibull distribution characteristics. A Weibull 
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distribution has two parameters: scale and shape. The mean shape parameter �̅ can be calculated 

from the data set through equation 3-12 [Kwon, 2010]. 

 �̅ = �̅ − . 9
 

(3-12) 

  

The scale parameter is denoted by , and the mean scale parameter of a data set can be 

calculated based on the mean shape parameter of the data set. The calculation of the mean scale 

parameter is based on equation 3-13 [Kwon, 2010]. 

 ̅ = ̅Γ + �̅  
(3-13) 

 

However, of one thousand Weibull distributions were produced with the same shape and 

scale parameters it would just be a reproduction of the wind speed data set. The reproduction would 

present exact statistical characteristics, and therefore could not be defined as an extension of the 

data set but merely a reproduction. In order to extend the wind speed data set, a new set of shape 

parameters was produced. The first step taken was to determine the standard deviation of the � 

parameter of the data. The standard deviation is given by equation 3-14, where  is the concurrent 

data in one month [Kwon, 2010]. 

 �� = �̅ ∗ . − .  (3-14) 

 

 After calculating the mean and standard deviation of the shape parameter, a normal 

distribution of � values with said mean and standard deviation was created. Maintaining the scale 

parameter, a random shape parameter was pulled out of the new � distribution. 

 A new �  value was generated, entirely based on the statistical characteristics of the 

observed site data. The next step was to use the shape and scale parameters to generate a wind 

speed Weibull distribution, which reflects the original characteristics of the wind speed of the site; 

yet has different values. From the created Weibull distribution of wind speeds, a random wind 

speed value  in m/s is pulled out. At this point, the first important value has been generated; brand 
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new wind speed value at 10 m height, which reflects the characteristics of a data set of 17,520 

values. 

 

3.5.2 Power Law Exponent (WSC) 

In section 3.4.6 it was described how a mean and standard deviation value is calculated to 

statistically describe the power law exponent. Both mean and standard deviation values were 

calculated based on wind speed  at 10 m generated with the process described in section 3.5.2.  

A new �  normal distribution was created, with mean and standard deviation based on the 

Davenport classification WSC and . From this distribution, a random WSC was extracted. A 

second value has been artificially generated, with the same characteristics of the starting data.  

 

3.5.3 Height Extrapolation 

After the wind speed value at 10 m and the belonging power law exponent were generated; 

the adaptation of the wind speed to 80 m was possible. The used method was the power law profile 

explained in section 2.3.2 of this report. A new extrapolated wind speed value  at a turbine hub 

height of 80 m has been created through this step. 

 

3.5.4 Power Output 

A condition was established for the 80 m wind speed, based on equations 3-8, 3-9, and 3-

10. Filtering the wind speed value to the adequate equation to estimate the mean and standard 

deviation of the power output of the wind turbine given said wind speed. Based on these statistical 

values a normal distribution for the turbine power output was created. A random number was 

extracted from the distribution. This step allows the generation of a ��� power output value in MW 

for the selected site. The power output value is based on the statistical data of the observed wind 

speed at 10m, the generated 10m wind speed, the generated WSC, and the extrapolated wind speed 

at 80m. 

 

3.5.5 Air Density 

The uniform distribution explained in section 3.4.4 was generated and a random � air 

density value is extracted from it. This distribution was normalized to the average air density 

value .  � / . Therefore, this number is not precisely air density, but instead it functions as 
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a modification factor; in which the power output is modified to reflect changes in the air density. 

This modification may increase or decrease the turbine power output. However, it reflects the 

changes that the atmospheric density may present at one given observation moment. 

 

3.5.6 Electric Energy 

Equation 3-11 for simulation purposes is divided in two steps; the first one is the inner 

multiplication of ��� ∗ � which is explained in this subsection. The power output of the turbine ���  times the air density modification factor �  represents the electric energy production; that 

resulted from all the data previously generated in the simulation. 

 

 Simulation Loops 

The process described through section 3.5.1 to section 3.5.6, represent the process to 

generate one data point at one given time period. In this case the time period is the same as the 

observed wind data: an hourly reading. In order to successfully expand the data, this process had 

to be repeated. To do this manually is extremely time consuming, therefore two loops were adapted 

in the code. 

  

3.6.1 Annual Loop (Inner i) 

The process had to be repeated 8,760 times in order to have generated one year data. This 

was the inner loop of the simulation. This loop represents � count shown in equation 3-11. This 

loop requires MATLAB to perform the data generation steps 8,760 times; and once there is a 

power output value for every hour, a full year of data was generated. The generated hourly power 

output was added and this is what the sum of equation 3-11 defines as annual energy production 

for one year. 

 

3.6.2 Extended Data Loop (Outer j) 

The role of this loop is to store the AEP information of every year loop, and then keep 

performing the calculations within the year loop until a desired length of data in terms of years has 

been generated. In the case of this research, 1000 years of data were generated for each site. 

 

 



49 

 Simulation Flow Chart 
 

 

Figure 3-9 Simulation Steps Flow Chart 
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CHAPTER 4 

 RESULTS AND DISCUSSION 

 

 Sites Characterization 

The initial results of the statistical characterization of the sites are shown on Table 4-1. The 

location of the Cerro Copey Weather Station in Nueva Esparta showed the best potential for wind 

energy. Exhibiting the highest average wind speed throughout the two years of interpreted data; 

and the best average wind power density out of the three evaluated locations. 

 

Table 4-1 Sites General Wind Statistics 

Site 
Average Wind 

Speed (m/s) 

Wind Speed Standard 

Deviation (m/s) 

Average Wind Power 

Density �̅/� �/�  

Cerro 

Copey 
5.75 1.65 143.71 

Punta de 

Piedras 
2.95 0.99 20.81 

Los Roques 3.04 0.75 20.24 

 

 Cerro Copey Wind Speed 

In accordance with the results of the statistical characterization of the sites, further statistical 

description of Cerro Copey is presented in this section. Figure 4-1 shows the monthly behavior of 

the collected data, from the bar graph it is observable that there are consecutive months of the year 

with higher and lower wind speeds. Months of higher wind speed are January, February, March, 

April and May; which all had a mean wind speed larger than 6.0 m/s in the two years of observed 

data. The months with the lowest average wind speeds are August, September and October; which 

had wind speeds lower than 5 m/s in the two years of wind speed observations. 

Cerro Copey showed a mean wind speed of 5.77 m/s between February 2014 and January 

2016. The variations on an average day are shown in Figure 4-2; where it can be seen that in 

average, between 00:00 and 14:00 the wind speed observations were above the average and 

between 14:00 and 23:00 wind speed on the site are below average. The lowest wind speed during 

the day is experienced at 19:00 with an average value of approximately 4.5 m/s. 
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Figure 4-1 Cerro Copey Monthly Wind Speed 

 

 

Figure 4-2 Hourly Wind Speed Cerro Copey 
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 Cerro Copey Wind Direction 

The wind direction observations at Cerro Copey showed that wind in the site is almost 

unidirectional. Wind roses for the whole data set, first year of data, and second year of data shown 

in Figure 4-3, 4-4 and 4-5 respectively. The wind roses display both low and high wind speeds at 

the location from the south northeast; more specifically wind at the location mostly comes from 

between 0º and 30º from the location of the weather station. Therefore, the location has 

predominant winds coming from the east. 

 

 

Figure 4-3 Cerro Copey Two Year Wind Rose 

 

 Cerro Copey Simulation Results 

This section and section presents the results from simulating 1000 years of data for Cerro 

Copey and consequently analyzing its potential for wind energy power output. Figure 4-6 is a 

graphical representation of the likelihood of the wind speed value that will occur at the site. It is 

shown that the wind speed values are more likely to be close to the mean of 5.77 m/s than away 

from it; with a probability of approximately 0.28 of a wind speed having the value of said mean. 
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Figure 4-4 Cerro Copey Month 1 – Month 12 Wind Rose 

 

 

 

Figure 4-5 Cerro Copey Month 13 – Month 24 Wind Rose 
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Figure 4-7 shows the comparison of the Weibull distribution of the observed data and the 

Weibull distribution of the extrapolation results. The extrapolation at 80m height assuming a Class 

5 Davenport terrain showed the likelihood of average wind speed values of 8.2 m/s occurring at 

the given site. On the other hand, the height extrapolation from the observed data assuming a Class 

7 Davenport terrain; showed the wind speed values would be more likely to have an average of 9 

m/s. Increase in height showed an increase in the expected average wind speed, independently of 

the terrain assumed. The assumption of a skimming terrain (Class 7) exhibited the likelihood of a 

higher mean wind speed at the given site than the assumption of a rough terrain (Class 5). 

 

 

Figure 4-6 PDF of Cerro Copey Observed Wind Speed 

4.4.1 Cerro Copey: Class 5 WSC 

This subsection discusses further results of simulations under the assumption that the 

terrain of the site presents characteristics corresponding a Class 5 davenport terrain. Figure 4-8 

exhibits the generated roughness coefficients per observed wind speed that were generated in the 

simulation and the reference Class 5 wind shear coefficient of 1/6.8; and then finally used to 

estimate power output. The generation of these values allowed for a wider consideration of 

roughness conditions, instead of one deterministic reference value at every wind speed. Lower 
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wind speeds reflect higher roughness exponents, while higher wind speeds reflect lower roughness 

exponents.  

 

Figure 4-7 Weibull PDF of Cerro Copey Observed and Extrapolated Wind Speeds 

 

 Figure 4-9 shows the results of the interpolation, it reflects the increase of an observed 10 

m wind speed value when it is extrapolated to a height of 80 m. In the case of a Class 5 Davenport 

terrain the increase is significantly proportional. A rough terrain observed wind speed increases 

exponentially at a higher height. The proportional increase reflects in the power output curve 

shown in Figure 4-10; the expected generation of the turbine throughout the year based on the 

extrapolated wind speeds at hub height. Figure 4-11 and 4-12 show final estimations on the average 

annual energy production of a turbine in Cerro Copey, Nueva Esparta. In Figure 4-11 it is 

observable that it is likely that based on the observed data and assuming a rough terrain, a 3MW 

turbine will have a yearly output between 8.95 and 9.10 GWh. Similarly, Figure 4-12 exhibits the 

expected turbine production for a thousand years based on the observed data; with a mean of 

9.03GWh/year. 
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Figure 4-8 Cerro Copey Comparison of Class 5 WSC and Wind Speed 

 

 

Figure 4-9 Cerro Copey Class 5 Wind Speed Height Relationship 
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Figure 4-10 Cerro Copey Class 5 Generated Power Curve 

 

 

Figure 4-11 Cerro Copey Class 5 PDF of Annual Energy Production 
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Figure 4-12 Cerro Copey Class 5 Generated Annual Energy Production 

 

4.4.2 Cerro Copey: Class 7 WSC 

This subsection discusses further results of simulations under the assumption that the 

terrain of the site presents characteristics corresponding a Class 7 davenport terrain.  

Figure 4-13 exhibits the generated roughness coefficients per observed wind speed 

simulated with the reference Class 7 wind shear coefficient of 1/5.7; and then finally used to 

estimate power output. Lower wind speeds reflect a higher roughness exponent, and higher wind 

speeds reflect a lower roughness exponent.  

 Figure 4-14 shows the results of the interpolation, it reflects the increase of an observed 10 

m wind speed value when it is extrapolated to a height of 80 m. In the case of a Class 7 Davenport 

terrain the increase is significantly proportional; even more than the previous results of the Class 

5 assumption simulation shown in figure 4-9. Similarly to the Class 5 simulation, skimming terrain 

observed wind speed increases exponentially at a higher height. The proportional increase reflects 

in the power output curve shown in Figure 4-15; the expected generation of the turbine throughout 

the year based on the extrapolated wind speeds at hub height. The turbine power output results 

present more values near the rated power of 3MW than the previous simulation power output 
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results. Figure 4-16 and 4-17 show final estimations on the average annual energy production of a 

turbine in Cerro Copey, Nueva Esparta given a skimming terrain with characteristics of the Class 

7 Davenport terrain. In Figure 4-16 it is observable that based on the observed data and the assumed 

terrain conditions, a 3MW turbine is likely to have a yearly output between 10.60 and 10.75 GWh. 

Similarly, Figure 4-17 exhibits the expected turbine production for a simulation of thousand years 

based on the observed data; with a mean of 10.67GWh/year. Over 1GWh annually greater than the 

Class 5 terrain simulation results.  

 

 

Figure 4-13 Cerro Copey Comparison of Class 7 WSC and Wind Speed 
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Figure 4-14 Cerro Copey Class 7 Wind Speed Height Relationship 

 

 

Figure 4-15 Cerro Copey Class 7 Generated Power Curve 
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Figure 4-16 Cerro Copey Class 7 PDF of Annual Energy Production 

 

 

Figure 4-17 Cerro Copey Class 7 Generated Annual Energy Production 
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CHAPTER 5 

 CONCLUSION 

 

 Most Fitting Site 

In section 4.1 the statistical characterization of the sites was summarized in a table and the 

most fitting site (Cerro Copey) simulations results were shown in the following sections. However 

it is noteworthy to mention that simulations were performed for both Punta de Piedras and Los 

Roques. The results of both site assessments are shown in Appendix A and B, respectively. Both 

showed very low AEP results, independently of terrain assumptions. Amongst the selected insular 

territories, Cerro Copey exhibited the best wind resource potential. 

 

 Cerro Copey Wind Characteristics 

Cerro Copey has a good wind resource that prevails for most of the year. In section 4.2 

several figures exhibit the monthly and daily variation of wind speed. Five months of the year are 

considered to have higher average wind speeds over 6 m/s (January, February, March, April and 

May), and three months of the year present lower wind speeds lower than 5 m/s (August, 

September and October). However, it is important to mention that in the two years of observed 

data, all 24 months exhibited an average wind speed higher than 4 m/s. Daily variations on Cerro 

Copey showed that higher wind speeds are observed from 00:00 to 14:00; and the lowest wind 

speed is experienced on average at 19:00. Wind characterizations for Punta de Piedras and Los 

Roques are presented on Appendix A and B respectively. 

The wind measured in Cerro Copey showed to be relatively unidirectional; with a range of 

approximately 30º. If wind turbines were to be installed in the area, the required yaw and blade 

rotation would be minimal due to this wind characteristic. 

 

 Surface Roughness 

The comparison of the 10m wind speed value to the 80m extrapolated value in both terrain 

assumptions is fairly similar. Comparable to previous research, the value of wind speed increased 

exponentially as height increased. This increase was higher under the assumption of a Class 7 

Davenport terrain. Therefore, the results of this research showed that the rougher the terrain, the 

higher is the difference between 10m and 80m wind speed values. 
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Speed increased 39% from 10m to 80m assuming a class 5 terrain; and it increases 48% 

assuming a class 7 terrain. Therefore, the rougher the terrain the higher the wind speed variations 

with height difference. 

Annual energy production (AEP) of Cerro Copey exhibited changes according to the terrain 

assumptions. AEP assuming a class 7 terrain averaged 10.67GWh, 18% higher than the average 

result of 9.03GWh assuming a class 5 terrain.  

The wind shear coefficient or power law exponent assumption has a direct effect in wind 

vertical extrapolation and in the estimation of annual energy production of a turbine at a given site. 

 

 Sites Wind Energy Potential 

The results of this research showed that based on the collected data and the assumed terrain 

conditions, Punta de Piedras and Los Roques are sites that do not have exceptional wind energy 

potential. On the other hand, Cerro Copey showed an exceptional wind energy potential. It presents 

an almost unidirectional high wind speed with small variations across the day and across the year. 

The assumptions made based on the terrain landscape did affect the level of power output. 

However, given the worst case scenario of the assumptions made in this research which was a 

Class 5 Davenport rough terrain; the site still exhibited great wind energy potential. 

 

 Future Research 

For researches who would like to expand the work completed on this research regarding 

wind energy on insular territories in Venezuela, the following adjustments and/or additions are 

recommended to increase the certainty of the wind energy potential of the given sites: 

 On-site measurements of the roughness coefficients and the corresponding wind 

speeds, to be able to have a more accurate estimation on the effect of surface 

roughness on the extrapolation of wind speed. 

 Installation of meteorological towers on different locations of Margarita Island, in 

order to be able to plot a wind atlas of the island and identify locations with the best 

potential that may not have a public weather station yet. 

 Analyze Cerro Copey wind data with a different methodology to corroborate the 

results of this research. 
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APPENDIX A  

PUNTA DE PIEDRAS ANALYSIS 
 

 

Figure A-1 Punta de Piedras Monthly Wind Speed 

 

 

Figure A-2 Punta de Piedras Hourly Wind Speed 
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Figure A-3 Punta de Piedras Month 1 – Month 12 Wind Rose 

 

 

Figure A-4 Punta de Piedras Month 13 – Month 42 Wind Rose 
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Figure A-5 Punta de Piedras Two Year Wind Rose 

 

 

Figure A-6 PDF of Punta de Piedras Observed Wind Speed 
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Figure A-7 Weibull PDF of Punta de Piedras Observed and Extrapolated Wind Speeds  

 

 

Figure A-8 Punta de Piedras Comparison Class 2 WSC and Wind Speed  
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Figure A-9 Punta de Piedras Comparison Class 2 Wind Speed Height Relationship  

 

 

Figure A-10 Punta de Piedras Class 2 Generated Power Curve  
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Figure A-11 Punta de Piedras Class 2 PDF of Annual Energy Production  

 

 

Figure A-12 Punta de Piedras Class 2 Generated Annual Energy Production  
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Figure A-13 Punta de Piedras Comparison Class 4 WSC and Wind Speed 

 

 

Figure A-14 Punta de Piedras Comparison Class 4 Wind Speed Height Relationship  
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Figure A-15 Punta de Piedras Class 4 Generated Power Curve  

 

 

Figure A-16 Punta de Piedras Class 4 PDF of Annual Energy Production  
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Figure A-17 Punta de Piedras Class 4 Generated Annual Energy Production  
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APPENDIX B  

LOS ROQUES ANALYSIS 
 

 

 

Figure B-2 Los Roques Monthly Wind Speed 
 

 

Figure B-2 Los Roques Hourly Wind Speed 
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Figure B-3 Los Roques Month 1 – Month 12 Wind Rose 

 

 

Figure B-4 Los Roques Month 13 – Month 42 Wind Rose 
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Figure B-5 Los Roques Two Year Wind Rose 

 

 

Figure B-6 PDF of Los Roques Observed Wind Speed 
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Figure B-7 Weibull PDF of Los Roques Observed and Extrapolated Wind Speeds  

 

 

Figure B-8 Los Roques Comparison Class 2 WSC and Wind Speed  
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Figure B-9 Los Roques Comparison Class 2 Wind Speed Height Relationship  

 

 

Figure B-10 Los Roques Class 2 Generated Power Curve  
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Figure B-11 Los Roques Class 2 PDF of Annual Energy Production  

 

 

Figure B-12 Los Roques Class 2 Generated Annual Energy Production  
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Figure B-13 Los Roques Comparison Class 3 WSC and Wind Speed 

 

 

Figure B-14 Los Roques Comparison Class 3 Wind Speed Height Relationship  
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Figure B-15 Los Roques Class 3 Generated Power Curve  

 

 

Figure B-16 Los Roques Class 3 PDF of Annual Energy Production  
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Figure B-17 Los Roques Class 3 Generated Annual Energy Production  
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