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Abstract 

Renewable energy sources are increasing in order to provide power with minimal envi-
ronmental impact. The most commercially advanced of these at present is wind power. 
The production and use of wind energy opens new opportunities for Latin American coun-
tries to limit the emissions of carbon dioxide. It will provide a cleaner, sustainable, efficient 
and competitive energy matrix. According to the Latin American Wind Energy Association 
(LAWEA), Latin America has an installed capacity of only 1274 MW but more projects are 
under construction: Their combined development portfolio could reach in some countries 
like Mexico 2,600 MW in Oaxaca province and 1,000 MW in Baja California over the pe-
riod from 2008-2012. There is a capacity addition of an average of 1 GW per year for the 
next five years expected, bringing the total installed wind capacity up to 5.7 GW by 2013. 
The growth will mainly be driven by Brazil, Mexico and Chile. In order to provide optimal 
sitting of wind turbines, a reliable estimate of the wind resource over a given area is re-
quired. This thesis shows the performance of the models, WAsP and WindPRO in predict-
ing the power production of individual turbines. The prediction accuracy is determined as 
function of wind direction, terrain, roughness, turbine spacing and turbulence. A detailed 
comparison has been made for the predictions for wind speed, power density, turbine yield 
and wind farm performance for different representative sites in Brazil and Mexico. 

 

Key words:  wind farm, Latin America, simulation, wind resource. 
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Nomenclature 

0σ  Turbulence intensity [%] 

wv  Mean wind speed [m/s] 

vσ  Standard deviation of the wind speed 

φ  Distribution function 

e  Logarithmic base (the natural log, e = 2,781) 

A  Scaling factor 

k  Form parameter 

a Scaling factor 

a.s.l. Above see level 

AC Alternative Current 

AMDEE Asociación Mexicana De Energía Eólica 

ANEEL Agencia Nacional de Energia Eletrica (Brazil) 

AWEA American Wind Energy Association 

CEPEL Centro de Pesquisas de Energia Elétrica (Brazil) 

CFD Computational Fluid Dynamic 

CIRES Cooperative Institute for Research in Environmental Science 

Cp Power coefficient 

CRESESB 
Centro de Referência para as Energias Solar e Eólica Sérgio de 
Salvo Brito 

D Diameter 

DC Discontinue current 

e Logarithmic base 

FUNCEME Fundação Cearense de Meteorologia e Recursos Hídricos 

GE General Electric 

GH Garrad Hassan 

GW Gigawatt 
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GWEC Global Wind Energy Council 

HH Hub Height 

IBGE Instituto Brasileiro de Geografia e Estatística (Brazil) 

IEC International Electrotechnical  Commission 

INEGI Instituto Nacional de estatistica y geografia (Mexico) 

k Form Parameter 

kW Kilowatt 

LAWEA Latin American Wind Energy Association 

m Meter 

m/s Meter per second 

MCP Measure-Correlate-Predict tool 

MME Ministério de Minas e Energia (Brazil) 

MW Megawatt 

MWh/y Megawatt houres per year 

NARR North American Regional Reanalysis 

NCAR National Center for Atmospheric Research 

NCEP National Center for Environmental Prediction 

NREL National Renewable Energy Laboratory 

NSA noise sensitive areas 

PCD Plataforma de Coleta de Dados 

Pel Electrical power [xW] 

PROINFA 
Programa de Incentivo às Fontes Alternativas de Energia Elétrica 
(Brazil) 

RAM Revista del Aficionado a la Meteorologia 

RD Rotor Diameter 

SENER Secretaría de Energía (Mexico) 

SRTM Shuttle Radar Topography Mission 

t Time [s] 

W Watt 
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WF Wind Farm 

WTG Wind Turbine Generators 

WWEA World Wind Energy Association 

ZVI Zone of Visual Impact 
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1 Introduction 

When in 1973 important events took place on the world’s oil market, the preoccupations on 
the provision and future price of the energy resurged. As a consequence, the consuming 
countries faced the high costs of the oil and an almost en-tire dependency on this one en-
ergy. They had to modify customs and look for options to reduce their dependency on non 
renewable sources. 

Between the options to reduce the dependency on oil, like principal source of energy, they 
had to reconsider the best use of the solar energy and the diverse sources of energy like 
wind, hydraulic power, Geothermic and diverse forms of biomass. 

In the Eighties, appeared evidences of an increase in gas concentrations that are respon-
sible for the greenhouse effect in the terrestrial atmosphere, which have been attributed, to 
a great extent, to the fossil fuel burning fire. 

This brought a world-wide call to look for alternatives of reduction of the present concen-
trations of these gases. As a result of this call, many countries, particularly more devel-
oped, have established commitments to limit and to reduce the gas emissions responsible 
for the greenhouse effect. They have renewed their interest in applying policies of promo-
tion of the renewable energies. 

Nowadays, 30 years after the oil crisis, many of the technologies of use of renewable en-
ergies have matured and evolved, increasing their reliability and improving their profitability 
for many applications. 

Many Latin American countries count on a very high potential in question of renewable 
energy resources, whose development will allow this region to count on a greater diversifi-
cation of power plants, to extend the industrial base in an area that can have strategic 
value in the future, and to attenuate the environmental impacts caused by the production, 
distribution and final use of the conventional forms of energy. 

The technology of extracting electricity from wind has evolved enormously over the last 
decades. Wind turbines have been developed from a few kilowatt turbines in the 1980's to 
multi-megawatt turbines installed nowadays. Wind is one of the most economically promis-
ing renewable energy resources and has established itself as one of the most competitive 
forms of renewable energy available at the moment. 

In order to provide optimal sitting of wind turbines, a reliable estimate of the wind resource 
over a given area is required. This thesis shows the performance of the models, WAsP 
and WindPRO in predicting the power production of individual turbines. The prediction ac-
curacy is determined as function of wind direction, terrain, roughness, turbine spacing and 
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wind turbine class. A detailed comparison will be made for the predictions for wind speed, 
power density, turbine yield and wind farm performance for different representative sites in 
the countries of Brazil and Mexico. 

1.1 Objectives 

Performance analysis of resource assessment software for different type of wind sites tak-
ing in account the changes of elevation, roughness changes and the different wind turbine 
class. 

Comparison of the accuracy of the wind resource assessment software. 

Study of wind farms located in different wind site. 

1.2 Outlines 

The thesis consists mainly of four parts. The first part gives a basic knowledge of the wind 
energy technology and describes the actual wind power installed in the world. The second 
part describes the modelling software used in the wind energy industry. The third and main 
part explains all the input and output parameters which are necessary to analyse and vali-
date the results. Finally in the fourth part, the performance of the resource assessment 
software will be evaluated showing the accuracy of the wind energy production for different 
wind sites in Brazil and Mexico 
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2 The basics of wind turbine technology 

2.1 How does a Turbine work? 

A wind turbine actually does two things: 

1. It extracts energy from wind with a rotor; 

2. It converts this extracted mechanical energy into electrical energy using a generator 
and a drive train. 

All other components in a wind turbine are there to make sure that these two things are 
done as efficient as possible. This section is divided into two subsections that cover these 
two topics. 

2.1.1 Energy extraction 

A wind turbine extracts energy from the wind with its rotor. As wind speed increases, the 
energy that is extracted from the wind also increases. The theoretical maximum amount of 
energy that can be extracted from the wind is called the Betz Limit, which is 59% of the 
kinetic energy of the wind. The amount of power that a wind turbine actually extracts de-
pends on the rotor’s size and the power rating of the generator.[3] 

The maximum power maxP (Watt) which can be extracted from the wind is defined by the 

following equation: 

3
1maxmax 2

1 vSCP p ⋅⋅⋅⋅= ρ
 

maxpC is the maximum power coefficient. The power coefficient pC  is the ratio be-

tween the mechanical power extracted by the converter and that of the undisturbed air 

stream.( 59,0
27
16

max ==pC =59%) 

ρ is the air density (kg/m³) 

S is the swept area of the rotor (m²) 
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3
1v is the wind velocity (m/s) 

The following figure shows us the relation between the Power coefficient pC and the wind 

speed for various actual WTG. 

 
Figure 2.1 Power coefficient of actual WTG [3] 

Figure 2.2 shows a power curve of a wind turbine, which represents the mechanical power 
extraction as a function of wind speed. Two regions can be defined: 

1. Power Optimization - for these wind speed the rated generator power has not been 
reached yet: the goal is to extract as much power from the wind as possible. Rated wind 
speed depends on the proportion between rotor area and generator size. A typical value is 
12 m/s; 

2. Power Limitation - for these wind speed the maximum generator power has been 
reached, the power that is extracted from the wind has to be limited in order to avoid gen-
erator overloading.  

 



2 The basics of wind turbine technology  

 - 17 - 

 
Figure 2.2 Power extraction curve of a wind turbine [3] 

In the power optimization region, energy extraction should be maximized. This can be 
achieved with the following two principles: 

1. Variable speed operation - Making optimal use of wind gusts by allowing the rotor to 
speed up during wind gusts; 

2. Pitch regulation - Ensuring maximum power capture by pitching the blades at the op-
timal angle. There is an optimal blade angle for every wind speed. In the power limitation 
region, the blades are pitched to a different angle for lower energy capture. 

In practice variable speed operation and pitch regulation often go together in a wind tur-
bine concept. The main drawbacks of the extra energy capture are that the turbine needs 
two additional systems: a blade pitch system and a more costly energy conversion system. 
The alternative is to operate a wind turbine at fixed rotor speed and without pitch regula-
tion. This turbine concept is cheaper because it does not have costly extra systems, but 
has the drawback of less energy production [3]. The difference between fixed- versus vari-
able- speed operation will further be discussed in the next subsection.[4] 

2.1.2 Energy conversion 

The electricity that a wind turbine feeds into the power grid needs to be of the same volt-
age and frequency as the power grid’s voltage and frequency. The voltage can easily be 
adapted to the grid voltage using transformers. The frequency can be adapted to the grid 
frequency using AC-DC-AC converters. However, these converters are relatively expen-
sive components. There are two options that can be applied in a wind turbine to make sure 
that the frequency matches the grid frequency: 
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1. Without a converter - this means that the generator, and therefore the rotor, needs to 
be operated at a fixed speed that corresponds to the frequency of the power grid; 

2. With a converter - this means that the turbine’s output frequency can be adjusted to 
match the grid frequency and is therefore independent of the generator and rotor speed. 

As one can conclude from above, for each turbine design a trade off has to be made be-
tween variable- and fixed- speed operation. Variable speed operation requires more ex-
pensive components but allows a higher energy capture whereas fixed speed operation 
requires less expensive components but therefore captures less energy. 

At the present moment, almost all commercial wind turbines available in the market are 
variable speed operated. [2] 

2.1.3 Turbine components 

Figure 2.3 shows a schematic overview of a GE1.5 wind turbine, which are: 

1. Wind vane and anemometer - sensors that measure wind direction and wind speed 
respectively; 

2. Ground frame - frame that provides stiffness and strength to the complete nacelle 
(machine head), all components are mounted on this frame; 

3. Generator - converts the rotating energy of the drive train into electricity; 

4. Control box - contains computers that control the wind turbine; 

5. Hub - the iron structure to which the blades are bolted; 

6. Gearbox - the rotor rotates at low rotational speed while the generator requires high 
rotational speed: the gearbox converts the low rotational speed with high torque on the 
rotor side into high rotational speed with low torque on the generator side; 

7. Oil cooler - friction in the gearbox leads to increased temperature in the gearbox, by 
cooling the oil, overheating is prevented; 

8. Yaw system - the turbine needs to be kept facing the wind actively, this is done by the 
yaw system; 

9. Drive shaft - shaft that connects the rotor with the gearbox; 

10. Pitch system - system that rotates the blades over their longitudinal axis, to increase 
or decrease power capture; 

11. Blade flange - flange to connect the blades with the hub; 

12. Heat exchanger - to cool the generator during operation; 
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13. Rotor blade - structure to capture the energy from the wind flow and convert it into ro-
tation; 

14. Nacelle enclosure - enclosure of the machine head. 

 
Figure 2.3 Schematic overview of the GE1.5 wind turbine.[7] 

2.2 Enercon E-126 WTG 

Actually the biggest installed WTG is the E-126 with a Rated power of 7.5MW, from the 
manufacturer Enercon. The soil has to support the weight of 7000t which is composed of: 

• 3 Rotor blades of 63m and a hub with a total weight of 320t 

• Nacelle of 120t 

• Generator of 220t 

• The tower with a height of 130m, a diameter of 16.5m at the bottom and a weight of 
2800t 

• The foundation of 3500t and a volume of 14000m³ high strength armoured concrete 
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The E-126 WTG has been installed in Belgium and the total cost was 11 million Euro. It 
can produce 15000 -18000 MWh/y and can deliver 15000 till 18000 standard European 
households with electricity. [31] 

 
Figure 2.4 Enercon E-126 [34] 
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3 State of wind energy 

3.1 Worldwide 

In 2009, 37.466 MW of new wind energy capacity were added summing up to a global in-
stalled capacity of 157.899 MW by the end of December 2009. The added capacity equals 
a growth rate of 31,1 %, after 28,1 % in 2008. By the end of 2008, the installed wind power 
capacity generates 260 TWh per year, equalling 1,5 % of the global electricity consump-
tion – in some countries and regions, wind energy already contributes 40 % and more. The 
wind industry employs today 440.000 people worldwide, after 300.000 employees in 2006. 
[1] 

 
Figure 3.1 Global cumulative installed wind capacity (1996-2009) [1] 

 
Figure 3.2 Global annual installed wind capacity [1] 

Compared with 2008 when 26.282 MW were added, the year 2009 brought another new 
record in new installations. Mainly the booming wind markets in China with 13.000 MW of 
new capacity installed capacity doubled again – for the fourth year in a row, USA with 
9.922 MW and Spain with 2.459 MW contributed to this record. China with a growth rate of 
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107 % showed the greatest performance of the top five wind countries. Germany defended 
clearly its position as number 2 country in terms of overall capacity with 25.777 MW in-
stalled. With additional capacity of 1.917 MW, Germany as well as India (1.271 MW 
added) kept their positions as leading markets, however, both countries clearly decreased 
in new installations. Only two countries (after five in the year 2008) added between 500 
MW and 1.000 MW and showed strong growth rates: France (888 MW, 56,7 % growth) 
and Italy (603 MW, 28,4 %). The most dynamic market in 2007 was Turkey adding 142 
MW up to a total of 207 MW which equals a growth rate of more than 200 %.[1] 

Figure 3.3 Top 10 cumulative capacity 12.2009 [1] Figure 3.4 Top 10 new installed capacity 12.2009 
[1] 

The market for new wind turbines reached an overall size of 37.466 MW, after 26.282 MW 
in 2008 which shows an increase of 42 %. 

The Latin American market, despite the tremendous wind resources in the region, saw 
only slow growth in 2009. The only countries installing substantial new capacity were Bra-
zil, which added 264 MW of wind energy across wind farms, mostly located in Ceará in the 
north east of the country, followed by Mexico which added 117 MW and Chile with 148 
MW. [1] 
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Table 3.1 Installed capacity in Latin America, 12.2009 [1] 

 
Figure 3.5 Annual installed capacity by region 2003-2009 [1] 

3.2 Brazil 

Brazil has a total electrical generation capacity of 105,4 GW at the end of 2007. The part 
coming from renewable sources includes large and small hydro power, wind and biomass 
reached 73% in the year 2007. 
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The best wind resources in terms of wind speed and capacity factor are the 
North/Northeast region, in particular, in the states of Rio Grande do Norte, Ceara, Per-
nambuco and Bahia. The South/Southeast region also has good quality resources (Rio 
Grande do Sul and Santa Catarina).[1] and [11] 

 
Figure 3.6 Wind energy potential of Brazil at 50 heights [18] 

To increase the share of renewable energy in Brazil’s electricity supply, the brazilian gov-
ernment established the “Programa de Incentivo às Fontes Alternativas de Energia 
Elétrica” (PROINFA). In December 2009, the Brazilian energy regulator, Agencia Nacional 
de Energia Eletrica (ANEEL), hosted the first wind only auction. Through that auction, 71 
wind energy projects were contracted for a total capacity of 1,800 MW, awarded in the fol-
lowing regions [1]: 
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Rio Grande do Norte – 657 MW in 23 wind farms 

Ceará – 542 MW in 21 wind farms 

Bahia – 390 MW in 18 wind farms 

Rio Grande do Sul – 189 MW in eight wind farms 

Sergipe – 30 MW in one wind farm 

3.3 Mexico 

Mexico has around 50 GW of total installed electricity generation capacity, which is made 
up of 49% petroleum products, 21.6% hydro, 19% natural gas, 10% coal, 2.8% nuclear 
and 2% geothermal power. The installed and operational wind capacity was only 202 MW 
at the end of 2008 despite a technical potential of 40 GW. 

Oaxaca’s Isthmus of Tehuantepec zone has a world-class wind resource where average 
wind speed often exceeds 10 m/s, and the exploitable wind power potential exceeds 6,000 
MW. Other excellent sites are located in Baja California, Zacatecas, Hidalgo, Veracruz, 
Sinaloa and Yucatan. [1] and [10] 

 
Table 3.2 Wind energy projects in Mexico [36] 
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4 Methodology 

4.1 Evaluated software 

At the beginning of this work, the initial idea was to compare the different resource as-
sessment software, used actually in the market. Unfortunately it was just possible to get a 
student version of the software WindPRO and WAsP. It was not possible to work with the 
software WindFarm and WindSim due to the license restrictions. WindPRO is used in the 
preparation part and WAsP is used in the simulation part.  

4.1.1 WASP 

WAsP is a PC program for predicting wind climates, wind resources and power produc-
tions from wind turbines and wind farms. The predictions are based on wind data meas-
ured at stations in the same region. The program includes a complex terrain flow model, a 
roughness change model and a model for sheltering obstacles. WAsP can be used in the 
WindPRO interface to estimate and optimise the WF production and efficiency, for the 
wind resources mapping, generation of wind atlas and for digitalising information on maps 
like height contours or the mean wind speed.[12] 

This software uses the wind atlas model which is a linear model combining 2 models [34]: 

• The physical model, based on the atmospheric stability, roughness changes, shel-
ters and the landscape orography 

• The statistical model based on the Weibull distribution on the wind analysis 

WAsP is developed and distributed by the Wind Energy Division at Risø DTU, Denmark. 
There are currently more than 2900 users in over 110 countries and territories.[12] 

4.1.2 WindPRO 

WindPRO is a module-based software package suited for project design and planning of 
both single WTG and large wind farms. It consists of a number of modules organised in 
energy, environment, visualisation, grid & planning and Economy [19]. 

The software is used for different purposes like digitizing height contours or power density, 
energy estimation of single WTG and WF, calculation of noise and shadow generation, 
photo montages and video of the landscape with the WTGs.[19]  
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Figure 4.1 WindPRO modules [19] 

4.2 Method of Calculation 

4.2.1 Background map and Topography 

The background map is the first step for the implementation of a wind farm. It gives the 
user the possibility to visualize the surrounding area to collocate the right roughness and 
obstacles. The maps can be implemented from private maps or from the online source 
from WindPRO which are satellite images based on the US Geo-Cover database. 

The topographic map or height contour lines are essential for almost all the calculation of a 
wind farm. Orographic elements such as hills, valleys, cliffs, escarpments and ridges have 
an additional influence on the wind. Near the summit or crest of these features the wind 
will accelerate while near the foot and in valleys it will decelerate. The elevation data are 
downloaded via the online option in a Line Object with the purpose set to “Height contour 
lines”. The source is the SRTM Shuttle DTM Dataset which are digital terrain model, based 
on the Shuttle Radar Topography Mission (SRTM) data. It has a near global coverage with 
more than 80% of the land surface covered. All positions between 60 degrees north and 
56 degrees south are covered. [20], [21] 

Another way to access to the topographical maps is to download the maps from the Mexi-
can INEGI, Instituto Nacional de estatistica y geografia or from the Brazilian IBGE, Instituto 
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Brasileiro de Geografia e Estatística. In these sites it is sometimes also possible to 
download satellite images more actual than the Google Earth images. 

 
Figure 4.2 Elevation map Icapui [22] 

4.2.2 Roughness 

There are two ways of doing the roughness classification in WindPRO. The first method is 
to make manually a wind rose from the roughness classification, where the area around 
the wind turbine is divided into 12 sectors. The other way is to set a background rough-
ness and all landscapes types that differ from the background are delimited and set with a 
predetermined roughness class. The software produces a wind rose automatically from the 
background roughness and the area objects. 

The roughness classes are defined as roughness length in meter (z0), which results to the 
height above ground level where the wind speed is theoretical zero. 

 

 



4 Methodology  

 - 29 - 

Roughness 
Class 

Roughness Length, z0 

in m 
Energy Index 
(%) 

Landscape 

0 0.0002 100 Water surface 

0.5 0.0024 73 
Open terrain with smooth surface i.e. 
runways 

1 0.03 52 
Agricultural area, no fences or 
hedges, scattered buildings, 

1.5 0.055 45 
Agricultural area, some houses, 
hedges with min. 1250m distance 

2 0.1 39 
Agricultural area, couple of houses, 
hedges with min. 500m distance 

2.5 0.2 31 
Agricultural area with houses, 
shrubs, trees and hedges with min. 
250m distance 

3 0.4 24 
Villages, small towns forests or very 
rough and uneven terrain 

3.5 0.8 18 Lager cities with tall buildings 

4 1.6 13 Very large cities with tall buildings 

Table 4.1 Roughness classification [23] 

4.2.3 Wind Atlas 

The Wind Atlas is a set of wind statistics and regional wind climates based on the meas-
ured wind speed and direction. The data must be cleaned with respect to the local terrain 
conditions around the measure mast, like the surrounding obstacles, the roughness and 
the orography of the landscape. A regional Wind Atlas constitutes a complete description 
of the governing wind conditions for a region, and consists of a table that contains the fol-
lowing data: 
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  Roughness Class 

Height Parameter 0,00 m 0,03 m 0,10 m 0,40 m 1,50 m 

10,0 m 

Weibull A [m/s] 

Weibull k 

Mean speed [m/s] 

Power density [W/m²] 

8,4 

4,50 

7,70 

333 

5,8 

3,97 

5,26 

110 

5,0 

3,92 

4,53 

71 

3,9 

3,67 

3,52 

34 

2,6 

3,76 

2,34 

10 

25,0 m 

Weibull A [m/s] 

Weibull k 

Mean speed [m/s] 

Power density [W/m²] 

9,1 

4,57 

8,34 

421 

6,9 

4,21 

6,29 

185 

6,2 

4,14 

5,60 

131 

5,1 

3,86 

4,64 

77 

3,9 

3,93 

3,54 

34 

50,0 m 

Weibull A [m/s] 

Weibull k 

Mean speed [m/s] 

Power density [W/m²] 

9,6 

4,60 

8,82 

496 

8,0 

4,59 

7,28 

279 

7,2 

4,48 

6,57 

206 

6,2 

4,14 

5,61 

132 

5,0 

4,18 

4,55 

70 

100,0 m 

Weibull A [m/s] 

Weibull k 

Mean speed [m/s] 

Power density [W/m²] 

10,2 

4,37 

9,27 

584 

9,4 

4,80 

8,65 

462 

8,6 

4,79 

7,84 

345 

7,5 

4,54 

6,81 

230 

6,3 

4,63 

5,72 

135 

200,0 m 

Weibull A [m/s] 

Weibull k 

Mean speed [m/s] 

Power density [W/m²] 

10,7 

4,00 

9,68 

685 

11,8 

4,65 

10,75 

896 

10,6 

4,63 

9,72 

662 

9,3 

4,39 

8,47 

446 

7,9 

4,52 

7,24 

275 

Table 4.2 Wind Atlas of Icapui [24] 

The wind atlas table contain the mean wind speed and mean power density for 25 different 
standard classes, defined by the height above ground level and the roughness length [24]: 

• the Weibull wind distribution parameter A and k 

• the mean wind speed and the power density for 5 reference roughness lengths 
(0,000 m, 0,030 m, 0,100 m, 0,400 m, 1,500 m) and 5 reference heights (10 m, 25 
m, 50 m, 100 m, 200 m) above ground level. 
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4.2.4 Measure-Correlate-Predict tools (MCP) 

The MCP tool in Windpro enables the user to calculate long term corrected wind data. 
WindPRO has an access to NCEP/NCAR long-term reference data from the United States 
National Centers for Environmental Prediction and The National Center for Atmospheric 
Research. The data are saved as time series, tables or Weibull distribution parameters. To 
ensure a good correlation it is important to have two overlapping time series from a local 
site data measurements and a concurrent time series for long term reference data as we 
can see in the following charts [20]. 

Figure 4.3 NCAR and PCD Wind distributions [25]  

 

 

 

 

PCD Local site data measurements: 

 

 

NCAR Long term reference data: 
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Figure 4.4 MCP correlated wind data [25] 

The MCP analysis gives a result in form of a wind statistic generated with WASP or can be 
saved in Meteo-object located at the same position as the one holding the short-term site 
measurements. The Meteo-object is a data container and data analysis tool for meteoro-
logical data screening focused on wind speed and wind direction for wind energy calcula-
tion [20]. 

4.2.5 Resource grid 

A wind resource map is useful for planning wind energy projects. It helps to evaluate the 
wind energy potential in a specific region. The purpose is to support the wind farm layout 
to find the best sites within a very large area as well as small areas. With the software 
WindPRO, it is possible to handle very large areas with different map files, like roughness 
and orography and it can work with several wind statistics that are changed and weighted 
according to the sites characteristics. The calculation engine used is WAsP. To calculate a 
resource grid for a specific region, we need a site data with the wind statistic, a roughness 
map and the topographical map [20]. 
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Figure 4.5 AEP resource grid of Icapui at 67m height  [25] [26] 

4.2.6 Environmental calculation 

4.2.6.1 Noise calculation 

The sound emitted by wind turbines 
is caused by aerodynamic noises 
primarily emitted by the rotor. The 
flow around the rotor blades gener-
ates a sound similar to the flow 
around an aircraft wing. The second 
sound source is a mechanical noise 
emitted mainly by the meshing of 
individual teeth of the several gear-
box located in the top of the tower in 
the nacelle [27]. 

 
Figure 4.6 Decibel scale [27] 
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Figure 4.7 Decibel map [25] 

 

4.2.6.2 Shadow flicker 

Wind turbines can reach heights of 140m and the tendency is increasing and when the sun 
shines, they can cast their shadow over a very large surrounding area. To calculate the 
shadow flicker, it is important to have several input parameters like the coordinate of the 
wind turbines, a topographic map, the rotor diameter, the hub height, the wind speed and 
frequency distribution and the monthly sunshine hours of the specific area. The shadow 
impact on a house or farm near the wind farm are explained in hours per year or minutes 
per day of astronomical shadow captured by a shadow receptor placed on the critical 
places [20]. 
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Figure 4.8 Shadow flicker impact [17] 

 
Figure 4.9 Shadow projection [20] 

4.2.6.3 Visual impact 

Wind farms have a visual impact on the surrounding landscape. Depending of the wind 
turbines size and the topography of the environment, they can be seen from long dis-
tances until 30 km. 

The ZVI module calculate the theoretical visibility of wind turbine generators on the land-
scape and the generated maps are used as a background material for an environmental 
impact assessment project. 

The calculations are based on a digital 3D model of the landscape established from digital 
height contours. To calculate the visual impact, it is important to have several input pa-
rameters like the position, the hub height and rotor diameter of the wind turbines, a digital 
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height contour map, the local obstacles and the surface objects (forests, cities) with de-
fined elevations above the terrain [20]. 

 
Figure 4.10 Zone of visual impact of the Icapui WF in a radius of 20km 

4.2.7 Wind park energy calculation 

Calculating the energy production for a wind energy project is one of the most important 
tasks. The annual energy production for a specific turbine can vary by several hundred 
percent depending on the micrositing. 

WindPRO offers a range of options for calculating the energy production. It allows the user 
to combine any format of wind data with different type of wind turbines. 

The METEO module calculates the energy production based on measured wind data on a 
specific location. If the measurements are taken at a height other than the proposed WTG 
hub height, the data can be extrapolated. 

The ATLAS module permits the user to calculate the energy production based on the sim-
ple ATLAS model (Wind Atlas method), based on a terrain description (roughness, eleva-
tion and obstacles) and a Wind Statistic [20]. 
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5 Conceptual framework 

5.1 Input variables 

5.1.1 Site location 

To make a complete analysis, it is important to choose various sites with different topogra-
phy. Wind farms can be constructed in those following sites: 

Mountainous (very complex) 

Hilly (moderately complex) 

Flat-rough 

Flat-smooth 

Flat-coastal 

Mountainous-coastal 

Every site has different properties and the wind flow is different for each kind of this sites. 
The acceleration effects depend on the shape and the orientation of the ridge. Hilly terrain 
will lead to generally higher turbulence levels. 

 

5.1.2 Turbulence class 

The wind’s turbulence causes the fluctuating part of the wind speed. The characteristics of 
the turbulences depend on geographical and meteorological factors. 
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Figure 5.1 Measured time history of wind speed [3] 

To characterise the turbulence, the term of turbulence intensity is used which is occasion-
ally also called the degree of turbulence. The turbulence intensity 0σ  is defined as the ratio 

of the standard deviation vσ  of the wind speed to the mean wind speed wv  in a certain 

averaging time and is specified in percent: 

w

v

v
σσ =0  [%] 

The turbulence intensity changes with the mean wind speed, with the surface roughness, 
with the atmospheric stability and with the topographic features. The lowest values are 
measured over the open sea (5% and less) whereas the highest values (20% and more) 
occur over densely settled areas or forest areas. [3] 
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Figure 5.2 Measurements of the power curve and Power coefficient at different turbulence intensities on the 

example of an Enercon E-30 [3] 

5.1.3 Wind turbine class 

Wind turbines are divided into four classes defined by wind speed and turbulence data. 
The wind data is characterised by the mean annual wind speed wv  and the maximum wind 

speed to be expected as a mean value over 10 min, called reference wind speed veloc-

ity erefv . The next parameters for wind turbine design is the turbulence intensity, which is 

defined as the ratio of the standard deviation of wind speed fluctuations to the mean.(see 
9.1.2). The turbulence intensity is divided in 2 categories, the higher level A with 18% 
where 15I is the turbulence intensity at a mean wind speed of 15 m/s and the longitudinal 

wind velocity a equal 2. The level B is for a lower turbulence intensity by 15I equal 16% 

and a equal 3 [3]. 
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Table 5.1 Basic wind parameters at rotor hub height for wind type classes [3] 

5.1.4 Turbine spacing 

The turbine spacing is a very important factor for the future power production of a wind 
farm. This investigation is done in the micrositting process which is a resource assessment 
tool to determine the exact position of one or more wind turbines on a limited area to 
maximize the annual energy production. In the following figure we can see the influence of 
turbine spacing in the efficiency of a wind farm. 

 
Figure 5.3 Aerodynamic array efficiency as a function of rotor distance in the wind direction, calculated for an 

array of 16 turbines [3] 
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5.1.5 Wake model 

The wake effect depends on the turbine spacing in a wind park area and from the turbine 
characteristics. Behind a turbine, a wake effect is generated which is characterized by a 
reduced wind speeds and increased level of turbulence. The turbines operating in this 
wake will produce less energy and will be confronted to greater structural load than the 
turbines operating at the free stream. The prediction of the wake profiles downstream of a 
wind turbine can be calculated with means of different wake models: The N.O. Jensen 
model, the Ainslie model (Eddy Viscosity) and the G.C.Larsen model (Prandtl BL-
equations) [3] and [4]. 

The maximum deceleration in the rotor 
wake’s centre with respect to the sur-
rounding wind velocity can be seen in Fig. 
5.4, for example. It is: 

• approx. 60% at a distance from the 

rotor of 2 rotor diameters, 

• approx. 30% at a distance from the 

rotor of 4 diameters, and 

approx. 20% at a distance from the rotor of 
6 diameters. [3] 

 

Figure 5.4 Wake effect [9] 

 

Figure 5.5 Horizontal speed profile in the wake of 
a wind turbine of the Enercon E-16 type, referred 
to the surrounding wind speed [3] 
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5.1.6 Wind regime 

5.1.6.1 Very directional vs. relatively isotropic 

The wind regimes can be easily showed with help of a wind rose. 

Figure 5.6 Isotropic wind regime [5] Figure 5.7 Very directional wind regime [5] 

5.1.6.2 Weibull form parameter 

Mean Annual Wind Speed and Wind Speed Frequency Distribution are two important pa-
rameters for wind prediction. 

The frequency distribution of the annual wind speeds can be derived from data measured 
at a given elevation. The relative frequency distribution indicates the occurrence of the 
most frequent wind speeds. 

The mathematical approximation for the distribution curve will be provided by a Weibull 
function. See Fig. 5.8. The equation is defined as: 

k
w
A

v

e
⎟
⎠
⎞

⎜
⎝
⎛−

−=1φ  Where: φ  = Distribution function 

e = Logarithmic base (the natural log, e = 2,781) 

A  = Scaling factor 

k = form parameter 
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Figure 5.8 Approximation of the measured wind frequency distribution on the island of Sylt by a mathematical 

distribution function according to Weibull [3] 
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6 Case studies 

6.1 Vale de Rio Jaguaribe – Brazil 

The valley of jaguaribe river is situated in the North-East of Brazil in the state of Ceara 
which have a very high wind energy potential. A wind called Aracati, blows through this 
valley and reaches Ceara’s countryside. It was possible to get wind data from the PCDs 
(Plataforma de Coleta de Dados), which are meteorological weather stations installed by 
the FUNCEME (Fundação Cearense de Meteorologia e Recursos Hídricos). They collect 
data on air temperature, relative humidity, atmospheric pressure, rainfall, solar radiation, 
soil temperature, soil moisture, wind speed and direction at 10m height. 

A first investigation about the wind energy potential of the region has been made by the 
student Camylla Maria Narciso de Melo from the UECE (Universidade Estadual do 
CEará). She analyzed the wind potential at 50m and 80m height in Icapui, Jaguaribe and 
Morada Nova, three towns situated in the Jaguaribe river valley. Therefore she used the 
wind datas from the PCDs and the simulation results from RAMS, the Regional Atmos-
pheric Modeling System developed at Colorado State University for numerical simulations 
of atmospheric meteorology. 

An investigation will be made with the wind resource assessment software WASP, and 
WindPRO to calculate the wind energy potential of this region. 

The energy consumption of the main cities are listed in the following table 

City Energy consumption [MWh/y] 

Icapuí 42,049 

Jaguaruana 33,929 

Morada Nova 34,919 

Table 6.1 Energy consumption of the main cities in Vale do Jaguaribe [28] 
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6.1.1 Icapui 

The wind farm is located near the city of Icapui in a flat, coastal terrain type. The location is 
-4°43' latitude, -37°20' longitude, 20m above sea level. With a mean wind speed of 8.4m/s 
at a height of 67m, it is a strong wind site with very directional wind regime (see Fig.6.7). 
The wind farm contains 42 wind turbine generators from the company Vestas with 67 hub 
height, with 528m distance in the main wind direction; about 8RD and 264m distance in 
the lateral spacing; about 4RD. 

Figure 6.1 Background map with the Icapui wind 
farm [25] 

Figure 6.2 Icapui elevation map [22] 
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The roughness around the wind farm 
is dominated by a vegetation of can-
opy with a roughness class of 2,0. The 
main wind direction (E – ESE) comes 
from the ocean which has a roughness 
class of 0,2. 

 

 

 

Figure 6.3 Roughness class of the area 
around  Icapui [25] 

Figure 6.4 Roughness map of the region of Icapui, 
500m resolution [windpro] 

The next figures below illustrate the wind distribution of the region of Icapui. The results 
have been extracted from the wind Atlas generated from the correlation of the wind meas-
urements of the PCD Meteorological mast and from the NCAR satellite wind data located 
at -4,7° latitude, -37,3 longitude. 

 
Figure 6.5 Location of the Meteorological measurements site in Icapui [26] 
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Figure 6.6 MCP Correlation of PCD and NCAR wind data for Icapui [25] 

 
Figure 6.7 Icapui wind atlas [25] 
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At the following picture, we can see the AEP resource grid at 67 height: 

 
Figure 6.8 AEP resource grid of Icapui at 67m height [25] and [26] 

The directional analysis of the wind farm shows us that the main lost due to the Wake ef-
fect are predominated from the E – ESE and SSE sectors. The array losses of the WF 
reach a value of 9233 MWh/y. 

 
Table 6.2 Energy and wake lost distribution per sector [25] 
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Figure 6.9 Directional analysis of the WF in Icapui with array losses [25] 

In the three following pictures, we can see the environmental impact analysis of the wind 
farm on the surrounding area. 

The noise sensitive areas (NSA) like farms or small towns are symbolised by the following 

figure . According to the German ISO 9613-2 noise calculation model and the German 
TA Lärm, the NSA in this site are general residential areas and the noise can not exceed 
40dB. 

The area affected with the Shadow of the WTG is illustrated in the flicker map. The limit 
according to the German law is max. 30min shadow per day. 
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Figure 6.10 Noise map of Icapui wind farm [25] 
[26] 

 
Figure 6.11 Shadow map of Icapui wind farm [25] [26] 

The wind farm can be seen 
from a radius of 15 km due to 
the flat land of the region. 

 

Figure 6.12 Zone of visibility in Icapui [25] 
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Figure 6.13 Google earth view from the Icapui wind farm [26] 

6.1.1.1 Results of the Icapui wind farm 

The results of the wind farm energy production show us a high energy production with a 
mean WTG energy production of nearly 5000 MWh/y. The Park efficiency is by 95.8% and 
a Capacity factor of 28.3%. The WTG positioned on the coast have a better efficiency with 
a capacity factor of nearly 40%. 

 
Table 6.3 AEP for the Icapui wind farm [25] 

The energy production of the Icapui wind farm will be enough to cover the electricity con-
sumption of the main cities situated on the Vale de Jaguaribe. 

Before planning a wind project, various issues need to be considered. The WTG has to be 
placed in order to take advantage of the best wind resource but in the same way, the im-
pact on the surrounding region and on the environment must be minimized. 

It is also necessary to check the soil and underlying rock to see if they are capable to sup-
port the weight of a wind turbine which can varies from 500t until 7000t. 
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Actually there are more than 300 WTG in the market produced by more than 30 manufac-
turer’s world wide. [32] 

Three factors will contribute to the size of the WTG [33]: 

• The amount of energy needed 

• The amount of wind energy available 

• The investment costs 

6.1.2 Wind turbine class study in Icapui 

The wind turbine manufacturer General electric has 5 different types of wind turbines with 
a rated power of 1.5 MW. They were produced to fit the different wind sites with the differ-
ent wind classes. 9 wind turbines of each model will be tested in the wind site of Icapui to 
see which one will fit as best the wind conditions of this region. 

 

On the next two figures we can see the characteristics and the power curve of each tur-
bine model: 

 
Table 6.4 Technical data of the GE 1.5 model [7] 
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Figure 6.14 Power curve of the GE 1.5 model [7] 

According to the AEP results of the simulation (see figure below), the GE1.5xle model, 
with a 58.7 Hub Height tower, 82.5m RD (Rotor Diameter) and a RP (rated Power) by 
13m/s wind velocity would better fit in the region of Icapui. This WTG is a wind turbine 
class IIIb according to the IEC regulations. The capacity factor would reach by some WTG 
47% by an annual energy production of more than 6000 MWh/y.  It was not possible to 
choose the same HH (Hub Height) for the 5 WTG. The HH is varying from 58m till 64m. 
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Figure 6.15 AEP vs. Wind turbine class 
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6.1.3 Jaguaruana 

The WTG are situated in the east of the city of Jaguaruana at -4°84 latitude, -37,68 longi-
tude at the hill top where the mean wind speed is 7,1m/s at 67m height. The surroundings 
are flat with max 150 m elevation within 10 km radius of the wind farm. The wind regime is 
very directional and comes mainly from the direction E – ESE.  The surrounding area is 
dominated by canopy vegetation with a roughness class of 2,0.  

The wind farm contains 22 wind turbine generators from the company Vestas with 67 hub 
height and a 67m rotor diameter, with 528m distance in the main wind direction; about 
8RD and 264m distance in the lateral spacing; about 4RD. 

 
Figure 6.16 Jaguaruana background map and location of the WTG [25] 
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At the following picture, we can see the AEP resource grid at 67 height and the location of 
the WF: 

 
Figure 6.17 Jaguaruana ressource grid at 67m hub height [25] 

In the three following pictures, we can see the environmental impact analysis of the wind 
farm on the surrounding area. The populated areas like farms or small towns are symbol-

ised by the following figure . The WTG has been positioned on a small hill where their 
production would reach 4000 to 5000 MWh/y. The WTG would not affect the neighboured 
houses by the generated shadow, but unfortunately it would be to loud for the residential 
area on the left of the wind farm where the noise would exceed the allowed limit of 40dB. 
In this case we should choose smaller WTG or move the WTG which are near the popu-
lated area. 
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Figure 6.18 Jaguaruana noise map [25] 

 
Figure 6.19 Jaguaruana shadow map [25] 

 

 
Figure 6.20 Zone of visibility of Jaguaruanas widn farm [25] 
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The next figures below illustrate the wind distribution of the region of Jaguaruana. The re-
sults have been extracted from the wind Atlas generated from the correlation of the wind 
measurements of the PCD Meteorological mast and from the NCAR satellite wind data 
located at -4,8° latitude, -37,7 longitude. 

 
Figure 6.21 Jaguaruana wind atlas [25] 

The wind farm energy production shows lower results than the Icapui wind farm. The mean 
WTG energy production lies by 3300 MWh/y. This has to do with the mean wind speed of 
7,1 m/s which is less than the Icapui region. This has to do with the fact that the wind com-
ing from the coast is getting weaker by crossing the countryside. 

 
Table 6.5 Jaguaruana wind farm energy production [25] 
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6.1.4 Morada nova 

In the region surrounding the city of Morada Nova, the wind conditions are weaker than the 
other wind sites. It would not be efficient enough to build a Wind farm. The mean wind 
speed at 67 HH would be around 4 m/s according to the Wind atlas generated for this re-
gion. 

 
Figure 6.22 Wind farm energy production in morada Nova [25] 

6.2 Istmo de Tehuantepec – Mexico 

The narrowness of the Isthmus, and the gap in the Sierra Madre, allow the winds of the 
Gulf of Mexico to blow across the Pacific Ocean. These particularly strong winds, known 
as Tehuano, are caused by a wave of denser cold high pressure air from the gulf of Mex-
ico and a warmer low pressure air over the gulf of Tehuantepec which are accelerated 
through the Chivela pass [30]. (see the two figures below) 

 

 

Figure 6.23 Paso de chivela and surrounding tem-
perature [29] 

 
Figure 6.24 Acceleration of the wind through the 
chivela pass [29] 

6.2.1 La venta 

The best wind resource areas in Oaxaca are concentrated in the south-eastern region of 
the state in the southern part of the Isthmus of Tehuantepec. The windy Isthmus region 
extends from the coast northward approximately 60 km and approximately 60 km to 80 km 
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from east to west. The isthmus region has excellent wind resource near the ridges, coast 
and foothills like La venta. Strong winds coming from the North are frequent in this region, 
particularly from November through February [30]. 

In the region of La Venta, a study will be done to see the influence of the turbine spacing 
and the wake models on the AEP. 

The wind farm is made of nine 1.75 MW WTG from the Wind turbine manufacturer Vestas, 
with a 66m RD (Rotor Diameter) and a 66m HH (hub height). 

The wind atlas used for the calculations has been created from the wind data of the IIE 
meteorological mast and from the nearest NARR satellite wind data. As shown in the fol-
lowing figures, the wind distribution is dominated by winds coming from the NNW sector. 

Figure 6.25 Weibull data of la Venta [25] 

Figure 6.26 Weibull wind distribution of la Venta 
[25] 

Figure 6.27 Energy rose of the Venta wind farm 
[25] 

Figure 6.28 Frequency rose of the Venta wind farm 
[25] 
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6.2.2 Turbine spacing study 

In the following table we can see the results of the AEP in relation to the Turbine spacing. 

Turbine 
spacing 

Wind Farm annual energy production 

16x8 RD 

12x6 RD 

10x5 RD 

8x4 RD 

6x3 RD 

Table 6.6 AEP in relation to the turbine spacing [25] 

AEP vs WTG separation
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Figure 6.29 AEP vs. WTG separation 
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The AEP without loss would be 92676 MWh/y; even with a distance of 16 RD in the main 
wind direction the wind farm would produce 90927 MWh/y. This implies a Park efficiency 
of 98,1% with a main capacity factor of 39,5%. For the simulations, the used wake model 
is the N.O. Jensen (RISØ/EMD), which is recommended by the WindPRO software. Ac-
cording to the results of this study, we can see how important it is to plan a WF, depending 
on the available area, the RD and the HH of the WTG. 

Figure 6.30 Turbine spacing [26] 
 

6.2.3 Wake models study  

To see the influence of the different Wake models, the WF was created with a WTG sepa-
ration of 10x5 RD for all the models. The results are shown in the following table and fig-
ure: 

 

Wake model Wind Farm annual energy production 

N.O. Jensen 
(RISØ/EMD) 

 

N.O. Jensen 
(EMD) : 2005 

EWTS II 
(G.C.Larsen): 
2008 

EWTS II 
(G.C.Larsen) : 
1999  
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Eddy Viscos-
ity Model (J.F. 
Ainslie) : 1986  

Table 6.7 AEP in relation to the wake models [25] 

AEP vs Wake model
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Figure 6.31 AEP vs Wake model 

According to the result of the AEP, the (G.C. Larsen) 2008 and 1999 have the most opti-
mistic results regarding energy yield, efficiency and capacity factor. The wake model rec-
ommended by EMD, N.O. Jensen (RISO/EMD), has a prognostic of 89117 MWh/y which 
are 1353 MWh/y less than the EWTS II model from Larsen. 
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6.3 State of Tamaulipas – Mexico 

6.3.1 Francisco Villa 

In this wind site, a study will be done to see the Influence of the resolution and source of 
the topographic map and roughness data on the results of the wind farm energy produc-
tion. In the following figure, we can see the 3D elevation map of the area surrounding 
Francisco Villa. The topography is varying from 0m to 150m. 

 
Figure 6.32 Elevation map of Francisco Villa [22] 

Figure 6.33 Position of the Wind Turbines [25] 
 

Figure 6.34 Position of the Wind turbines with ele-
vation map [25] 
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For this study case, we used the wind data coming from the Meteorological mast of the IIE 
situated at +25,01, -98,01 at 20 and 40m height, 32m a.s.l.(above see level). 

The wind atlas generated for this region is for a height of 60m and is dominated by a wind 
coming from the SSE sector with a mean wind speed of 8,7m/s. 

 

 
Figure 6.35 Wind Atlas of Francisco Villa [25] 

6.3.2 Elevation and roughness study 

6.3.2.1 Influence of the elevation resolution on the AEP 

The first comparison will be done between the elevation map of the SRTM with a resolu-
tion of 2m and 10m resolution lines and the INEGI with a 2m contour line resolution. For all 
simulation, a roughness class of 2 has been chosen for the whole area. 

According to the results of the energy production, the WTG number 2 shows a great differ-
ence in the energy production. By using the SRTM map with a resolution of 2m, it has an 
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AEP of 6228 MWh and with the other 2 maps it produce just 3127 MWh. But regarding the 
other WTG, the tendency shows that the INEGI simulation gives a higher AEP if we keep 
apart the result of WTG 2. This can be seen in the second chart with the results of the AEP 
of the whole WF without WTG number 2. 
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Figure 6.36 AEP vs. Elevation source and resolution 

AEP vs. Elevation source and resolution without WTG 2
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Figure 6.37 AEP vs. Elevation source and resolution without WTG 2 
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6.3.2.2 Influence of the Roughness resolution on the AEP 

The second comparison will be done between the roughness with a resolution of 500m, 1 
km and the roughness class 2 chosen for the whole area. The simulation has been made 
for the three cases, with the SRTM elevation map with a resolution of 2 m contour lines 
and the same wind atlas used for the past simulation. Looking at the chart with the AEP of 
each WTG, we can see that the simulations done with the 1km roughness resolution have 
the lowest results, with an AEP of 44918 MWh/y. With the 500m roughness resolution we 
have an AEP of 45701 MWh/y which is a little bit higher then the last one. The highest 
AEP of 50193 comes from the simulation with the roughness class 2 for the whole study 
area. Even if the AEP of WTG 2 exceed again by far away the results of the other simula-
tions, the tendency shows a higher energy production by the scenario with roughness 
class 2, followed by roughness 500m and finally roughness 1km with the lowest values 
(see second chart). 
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Figure 6.38 WTG AEP vs. Roughness resolution 
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AEP vs. Roughness resolution

50193

44918

45701

42000

43000

44000

45000

46000

47000

48000

49000

50000

51000

SRTM_2m_roughness_2_file SRTM_2m_roughness_1km_file SRTM_2m_roughness_500m_file

A
EP

 [M
W

h/
y]

 
Figure 6.39 Wind farm AEP vs. Roughness resolution 
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Figure 6.40 Wind farm AEP vs. Roughness resolution without WTG 2 

6.3.2.3  Influence of the roughness source file on the AEP 

Influence of the source file used in the simulation on the AEP 

The elevation map used comes from SRTM with a resolution of 2m 

The 2 roughness source: file and rose has been compared for the 2 different roughness 
resolutions of 500m and 1km. In the configurations for the calculation of the Wind park en-
rgy production, the user can choose in the wind site data configuration, 3 different type of 
roughness: 

 



6 Case studies  

 - 68 - 

• Roughness rose 

• Roughness file 

• Roughness area 

 
Figure 6.41 Configuration of the wind site [25] 

By choosing the roughness rose or the roughness area, the results are equal. But there is 
a great difference when choosing the roughness rose or the roughness file as source file 
for the simulation, see chart below: 
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Figure 6.42 AEP vs. Roughness file type 

The AEP is much higher by choosing the roughness file in comparison to the results from 
the roughness rose. We have a difference of about 36% to 39% for this wind site. 

This shows us the importance of the way to configure the parameters for the simulation of 
the WF energy calculation.  
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6.3.3 Results of the elevation and roughness study in Francisco Villa 

A general comparison with all simulated scenarios shows us how big are the gaps be-
tween the different parameters we have chosen. To prove these results it is important to 
compare the simulated results with the observed results from real data coming from an 
existing WF. This is the only way to validate these results. 
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Figure 6.43 AEP vs. all parameters 

6.4 San Luis Potosi – Mexico 

6.4.1  Wind atlas of the Eastern Region of the State of SLP 

In this study, the objective is to generate a wind atlas of the state of SLP using NARR me-
teorological data, SRTM contour lines with a resolution of curves for each 15m and a 
roughness class of 1,5. 

The wind atlas has been created by dividing the state of SLP in 60km x 60km areas. The 
calculation is based on the meteorological data from the NARR satellites. 

For every NARR wind data, a wind statistic has been created with the module STATGEN. 
The calculation of each resource grid was done by using all surrounding wind statistics to 
have more suitable results. For every resource grid calculation, the wind statistics situated 
in the grid area have been used and weighted together. In the following picture we can see 
the different power density resource grid generated at a height of 60m with a resolution of 
2000m. 
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Figure 6.44 Wind energy potential of the state of SLP [25] [26] 

According to the results of the wind atlas, the most interesting regions are the one in the 
north of the city of San Luis Potosi and in the north part, in the region of Matehuala and 
Real de 14. The power density would be in some parts around 3500 till 5000 MWh/y, by 
using a WTG of 60m hub height and 66m RD. 
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7 Conclusion and recommendations 

This work shows us the performance of the software WindPRO and of course WAsP which 
is integrated in the energy yield calculations. Various studies have been done to see the 
performance of the resource assessment software, which shows how many possibilities 
exist to configure the various modules for the generation of wind statistics, wind atlas and 
AEP calculation. 

The major tools and source of information used for the simulation are: 

• The Meteo-Object, which analyses the measurement data and summarizes it in 
form of a Weibull distribution and frequency rose. 

• The MCP module which makes a correlation between short term and long term 
measurements in order to have a better prediction of the local wind. 

• With the Terrain data (elevation map, roughness and obstacles) and the correlated 
wind data, a wind statistic can be generated to be used afterwards in the creation of 
a wind Atlas with the ATLAS module. 

• A resource grid can be generated with the Wind atlas of the region, in order to give 
an overview about the wind energy potential of the studied region and to find the 
best emplacement of the WTG 

• Combined with the power curve of the WTG, the wake model and the Wind atlas, 
the annual energy yield can be calculated for each individual WTG and for the 
whole wind farm with the Park module. 

• Finally the environmental impact modules, which give an overview about the noise, 
shadow and visibility impact on the surrounding region where the Wind farm will be 
installed. 

To reduce the errors and uncertainties, it is important that the wind systems and orography 
are as close as possible to the reality. During the planning of a wind farm, the user needs 
current digital terrain maps of the region and has to visit the area of investigation which is 
part of the micrositing work. 
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7.1 Recommendations 

For further studies in the field of this master thesis, it is recommended to validate the re-
sults and to see the accuracy of the wind assessment software. To achieve this, a com-
parison must be made between the simulation result and the real data coming from exist-
ing wind farms located in the same region. This was unfortunately not possible to do dur-
ing the field work in Brazil and in Mexico, due to the secrecy and privacy of the companies 
operating the wind farms. Furthermore, it would be very interesting to work with Windsim, 
which is a CFD wind simulation software, and to compare the results with the software 
used during this work. 

Finally, it would be very interesting to see the economical and energy policy aspect of wind 
farm development in Brazil and Mexico which are the countries with the highest installed 
wind energy capacity and also the highest wind energy potential in Latin America. 
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8 Timetable Work plan 
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Analysis of 
Information

Thesis writing

Colloquium
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simulation

O N D J
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Brazil
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Germany
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Mexico

2009

Literature review

Master courses
Planning of field 
work
Field work and 
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Table 8.1 Work plan 
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9 Appendix 

9.1 Wind class turbine study 

Key results of the 5 simulations with the 5 different GE1.5 wind turbines in Icapui 

9.1.1 GE 1.5xle 
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9.1.2 GE 1.5s 
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9.1.3 GE 1.5se 
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9.1.4 GE 1.5sl 
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9.1.5 GE 1.5sle 
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9.2 Elevation and roughness study 

Key results for the simulation with different elevation and roughness sources in Tamauli-
pas 

9.2.1 SRTM 2m resolution 

 

9.2.2 INEGI 2m resolution 
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9.2.3 SRTM 10m resolution 

 

 

9.2.4 SRTM 2m resolution and roughness class 2 file 
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9.2.5 SRTM 2m resolution and roughness resolution 1km file 

 

 

9.2.6 SRTM 2m resolution and roughness resolution 500m file 
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9.2.7 SRTM 2m resolution and roughness rose resolution 1km 

 

SRTM 2m resolution and roughness rose resolution 500m 
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9.3 LA VENTA, WTG separation study 

Key results of the simulation with different turbine spacing 

9.3.1 3x6 RD 
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9.3.2 4x8 RD 

 

 

9.3.3 5x10 RD 
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9.3.4 6x12 RD 
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9.4 La Venta: Wake model Study 

Key results for the simulations with different wake models 

9.4.1 N.O. Jensen (RISØ/EMD) 
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9.4.2 Eddy Viscosity Model (J.F. Ainslie) : 1986 

 

 

 

9.4.3 EWTS II (G.C.Larsen) : 1999 

 



9 Appendix  

 - 88 - 

 

 

9.4.4 EWTS II (G.C.Larsen): 2008 
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9.4.5 N.O. Jensen (EMD) : 2005 
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