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ABSTRACT 

 

WIND RESOURCE ASSESSMENT AND DEVELOPMENT OF A WIND FARM IN 

COMPLEX TERRAIN AND HIGH ALTITUDE   

 (CASE STUDY PARARIN, ANDES MOUNTAIN REGION IN PERU). 

(June 2012) 

Konstantina Stamouli, MSc Renewable Energy Resources, Gotland University 

Supervisor: Dr. Bahri Uzunoglu 

 

 The aim of this thesis study is to evaluate and assess the wind potential in a 

remote high altitude area with complex terrain using CFD (Computational Fluid 

Dynamics) software. The site that was selected for this purpose was an area in the Andes 

mountain region in Peru.  A preliminary assessment of the site terrain was done with the 

use of WindPro software through the existing online database to obtain height contour 

and roughness data and evaluate the outcome. For this site, wind data of recent sixteen 

months from WindPro online sources have been used for the wind analysis.  Due to the  

terrain complexity of the site and the significant sloping angles  a CFD software has 

been employed to carry out the wind resource analysis.  Through this software the results 

regarding terrain, wind potential, turbulence and relevant parameters have been acquired. 

Finally the results have been evaluated for the possible development of a small wind 

farm in the area in regards to best location, and parameters affecting the wind turbine 

selection. 
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CHAPTER I 

INTRODUCTION  

 

    

 One of the main key parameters for Wind Power development is the assessment 

of the possible wind potential of the future site which will define an estimated expected 

production, the profitability and the size of the investment. 

 Traditionally the location and development of wind farms was expanding in areas 

close to the sea with flat terrain good wind resources, easy access to road connection and 

sufficient infrastructure. Several issues linked to the site assessment parameters such as 

meteorological data, size of the site, climate, environmental and land use issues, [1] as 

well as restrictions to the possible exploitable sites are pushing wind power development 

to move higher and higher in altitude, moving the future sites on mountains with more 

complex terrain. 

 One such example, is a country new in wind power development, which is Peru 

that has sites with sufficient wind potential along its coast as well as some potentially 

good areas with adequate wind resources on its high mountain ranges. 

 Peru is a potential developing new market when it comes to wind power. By 

2007 only 0,7MW of the installed capacity came from wind power [2]. Most of the areas 

with good wind potential are located on the coast and these sites have been already 

occupied and going through the permission process by developing companies taking 
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action leaving only areas located such as in the Andes mountain range available for 

future development. 

 This defining factor in combination with the lack of an existing wind map for 

Peru and additional parameters such as the rural electrification rate, existing wind 

potential, growing energy demands that will be analyzed in this thesis have made Peru 

an interesting case study for this thesis project. 
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I.I BACKGROUND 

  

The Republic of Peru is a country in western South America bordering with 

Ecuador, Colombia, Brazil, Bolivia and Chile while on the west is the Pacific Ocean 

which extends for nearly 2,414 km. The country is divided by the Andes Mountains 

which have peaks that reach up to 6,096 m and to the east end in heavily forested slope 

that lead to the Amazonian plains. The capital is Lima and it is considered to be a 

developing country with a poverty rate of 31% [2]. Some of the basic data for Peru are 

given in the table below: 

 

Information Peru 

Capital Lima 

Area 1.285.216 km² 

Population 29.496.000 (2010) 

GPR,PPP 277.318.296.282,- current international $ (2010) 

Total installed electricity capacity (2006) 6,7 GW 

Hydro – electricity  48% 

Thermal 52% 

Wind Power 0,7 MW (2006) 

Energy imports 13,8% 

National electrification rate (2006) 79% 

Rural electrification rate (2006) 

Urban electrification rate (2006) 

30% 

95% 

Growth rate  
Table 1: Basic data for Peru [2]. 

 

 With growing energy demands and increased energy imports from neighboring 

countries, Peru is in seek for a future energy solution to cover its energy gap and 
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diversify its energy mix [2]. Due to its geographic complexity, it has one of the lowest 

rural electrification rates in Latin America a situation that could possibly be addressed 

by the installation of wind farms in areas where the energy consumption does not meet 

the energy demands or in no grid access areas. 

 

I.II WIND POTENTIAL IN PERU 

 There is a lack of an official wind Atlas for Peru even though there have been 

studies by the Ministry of Energy and Mines (MINEM) for the wind resources of the 

country. According to the primary assessment, the onshore wind potential in the 

favorable areas of the country has been officially assessed to be 22GW. The offshore 

wind potential has not yet been evaluated, a fact that if added could possibly add up to 

the existing wind potential by a significant more amount [3].  

For this assessment data taken from 30 measuring stations were used as input in a 

Mesoscale Atmospheric Simulation System (MASS) to obtain the results [3]. The 

resolution for the Wind Map was 5 kilometers and 1 kilometer and data also from 

National Center for Atmospheric Research with 6 hours intervals were used. 

Unfortunately the data given in an Atlas form have not been publicly available, but 

locations with the best wind potential have been pointed out. Such areas are Piura, Lima, 

Lambayeque, Ancash, Arequipa, Libertad and in Ica there have been calculated wind 

speeds of about 8 m/s [3]. 
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The best regions for wind projects as shown in the map below exist in the North 

coast, the Andes and around the city of Ica on the south of Peru. Some rough wind maps 

shown below are available and both of them indicate approximately the same locations 

for existing good wind potential.  

 

 

Figure 1: Wind Map of Peru [4].   Figure 2: Wind Atlas for Peru [3]. 

 

 

 

 In both maps the best locations are obviously located along the coast. Also 

several high wind speed areas, up to 9 m/s according to the second map, are located in 

the Andes Mountains.  As shown on the table below from the 25 regions of Peru, there 

are nine with a sufficient wind potential. Several regions have been excluded due to a 
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number of reasons such as high altitude (above 3.000 meters height), protected natural 

areas and population density. The remaining are with a total wind power of 1000MW or 

more and on the second column the utilizable power is mentioned [3]. 

 

 

 Wind Power Potential per Region  
Region Potential 

Wind Power (MW) 
Utilizable  
Wind Power (MW) 

Amazonas 1380 6 
Ancash 8526 138 
Arequipa 1992 1158 
Cajamarca 18360 3450 
Ica 18360 9144 
La Libertad 4596 282 
Lamabayeque 2880 564 
Lima 1434 156 
Piura 17628 7554 

Table 2 : Regions in Peru with available wind resources [2]. 

 

 

  From the above mentioned regions Amazonas, La Libertad and Ancash were 

located in the Andes Mountains. For the scope of this project originally the area near 

Ancash was selected. As explained in the following paragraphs a more specific location 

close to Ancash region, was chosen to be evaluated for the development of a wind farm.  

  

 

I.III SITE SELECTION 

 

 In the Andes Mountains close to Ancash region and due to its proximity to 

NCAR (National Center for Atmospheric Research) wind data point, the site close to 
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city Pararin was chosen for this project as shown in the map below. For accuracy reasons 

this site has been selected since it was the closest area with populated villages near. The 

site had proximity to the existing data, not further than 20 kilometers that could possibly 

jeopardize the outcome of the study. 

 Certain additional factors contributed to this location the main of them being that 

this site is very close to two villages and could serve their energy demands in the future. 

The site was still being close to road access while maintaining the complexity of the 

terrain needed for the scope of this study.  

 The altitude in the area varies from 2.600m to 3.400m with very steep slopes that 

makes this location quite interesting to investigate, by employing CFD software in order 

to research the wind resources in the area.  Following the initial wind resource 

evaluation the prospective of a possible future wind farm project will be assessed. 
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Figure 3: Map of the site location from Google earth. 
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CHAPTER II 

TERRAIN ASSESSMENT 

 

 In order to be able to carry out the study with accuracy, main parameters, 

concerning the terrain are chosen as: 

 

1. the height which is defined by existing maps of height contours,  

2. the roughness classification of the terrain which is defined by data of roughness 

areas 

3. the inclination or slope of the area which is crucial and affects  the flow and 

turbulence in the area. 

All of the above mentioned parameters are analyzed in the following paragraphs and 

the data that will be used will be explained. 

 

  

II.I INCLINATION 

 

One of the defining parameters for wind resource assessment linked directly to the 

terrain is the inclination or slope of the terrain. One of the main differences between 

linear and CFD method is that CFD captures the speed up of the wind over a ridge 

increasing with increasing inclination angles until the flow separates, as is illustrated in 

the figure (4) below. For smaller inclinations angles, even when the flow doesn’t 
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separate there exists a countable difference in the speed up effect between linear and 

CFD methods.  

When the inclination angle is above 20 degrees, the flow separates and the 

recirculation behaves as an extension of the terrain creating a plateau and eventually 

reducing the speed up effect [6].  Very steep slopes, above 17% create uneven wind 

distribution, speed up effects over hills and separation of the flow with subsequent 

turbulence effects.  

 

Figure 4: Actual flow over the hill with the effect of speed up and separation of flow over a more complex terrain [6].  

 

  A more detailed steepness map calculated for the existing height contours in 

WindPro software is given in the following figure. The areas highlighted in red color 

indicate inclination of 15
0
 to 20

0
 which is equivalent to 27 - 37 % of inclination and the 
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green highlighted areas indicate a steepness equal to 10
0
 - 15

0
 which is equivalent to 

average 23%  inclination and the remaining blue areas have an angle of 5
0
 - 10

0
 which is 

equivalent to 10 -20 % of inclination.  

As it can be observed from the figure the terrain has varying inclinations and 

sloping angles which make the terrain assessment challenging. 

 

 

Figure 5: Steepness calculation for the height contours of the site from WindPro. 

 

 

II.II HEIGHT CONTOURS  

 

 To obtain the height contours the online data base of WindPro software was 

used. The resolution selected was every for 500m and the separation between every 
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contour was set to ten meters. The total area covered was 60.000m by 60.000m large 

map so as to incorporate all the surrounding height variations that might affect the wind 

flow. 

 The initial results from this map are shown below. These data were then 

converted into Wasp format in order to be used as input for the CFD software WindSim. 

 

 

Figure 6: Height contours data within WindPro software for the site. 
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II.III ROUGHNESS AREAS 

 

 Roughness is one of the most crucial parameters affecting the estimated wind 

resources, through friction and defining the boundary layer of the wind profile and 

directly influencing the estimated annual production. It has to be defined either by 

existing data or by on site roughness classification. Since in this case the latter was not 

possible existing online roughness data bases were employed. 

For the same area used in the height contours data (60.000m by 60.000m) the 

online data base in WindPro software was used to obtain the roughness areas and 

roughness lines. The data where then converted into Wasp format to be used in WindSim 

software.  

 

Figure 7: Roughness areas for the site from online data base in WindPro.  
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CHAPTER III 

WIND RESOURCE ANALYSIS 

 FOR ON SITE DATA 

 

 This study focuses on the wind resource assessment of a new potential site 

located in high altitude. It is a hypothetical scenario with no existing wind 

measurements. For this reason the source of the wind data was sought in online data 

bases. The closest one being an NCAR point (National Center for Atmospheric 

Research) with coordinates 225928, 95E / 8893548, 72 N located nearly 20 kilometers 

away from the site.  

 

Figure 8: NCAR point selection within WindPro software. 

The existing data are from 1981 until 2012 over a period of more than 20 years 

with six hour intervals giving 4 measurements for every day. Since they are not on site 

measurements but reanalyzed results the accuracy of the data and of the overall results of 

the project need to be treated with caution.  
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III.I ONLINE NCAR WIND DATA 

 

 The wind data base is available at NCAR in WindPro in time series form in six 

hour intervals with wind speed, direction and time parameters calculated. Frequency 

table data are also available as shown in the following figures and the Weibull 

distribution can be generated.  

 For these measurements the measuring height was 42 meters and the mean wind 

speed was 3,6 m/s with a power density of 55,4 W/m
2
. The period that was selected to be 

imported in WindSim was the entire year 2011 and the first four months of 2012.  For 

the time series data some profiles of the measurements in 2011 for wind speed and wind 

direction are illustrated in the below figure and the monthly wind profile is presented as 

well.  

 

Figure 9: Monthly wind profile for the site data. 
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 As it can be seen from the monthly wind profile the seasonal variations of the 

wind give increased wind speeds during April and May but the highest winds are during 

the summer months particularly June and July and during September and October. 

Similar wind speeds are observed as in April and May. The lowest wind speeds are 

observed during late autumn (November) and the winter months. 

 

 From the profiles it can be seen that even though the mean wind speed is quite 

low there are periods when measured wind speed reaches 8 m/s and even above 9 m/s. 

Given the nature of the calculated measurements and that they are a crude source to 

begin with it would be interesting to look into more detail the actual estimation of the 

wind resources of the site and see if there are indeed wind resources worth investing in. 

 

 

Figure 10: Daily wind variations during August from NCAR data. 
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III.IIWIND ROSE 

  

From the wind rose of the wind measurements, it is shown in the graph below 

that it is obvious the prevailing wind direction is in the East North East (ENE) and the 

second direction is on the South South West (SSW) and the South. The measurements to 

extract the wind profile were taken from 10 m and 42 meters and as it can be seen from 

the profile on the right side of the graph the wind speed is expected to reach maximum 6 

m/s at 120 meters height.  

The profile drawn by these wind data will be checked with the calculations in 

WindSim to validate the results at the same height. 

 

 

Figure 11: Wind Profile and wind rose as extracted from the existing wind data. 
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III.III WIND SHEAR 

 

 The average wind shear exponent for this profile and wind data is 0,301 and the 

detailed wind shear exponent for all sectors is shown in the figure below. 

 The shear exponent has increased values for the sectors ESE, SSE, S which has 

the bigger value 0,570 and SSW which is also the direction with the second highest 

shear for the wind measurements. 

 

 

Figure 12: Data from WindPro for the wind shear exponent. 
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CHAPTER IV 

WIND RESOURCE SITE ASSESSMENT 

 FOR WIND FARM 

 

 For the selected site due to its complexity and its steep slope the CFD software 

WindSim was used to run the calculations to assess the wind resources and flow 

parameters of the area defined by the terrain.   A number of different parameters had to 

be set and the results were evaluated and compared for different calculations that are 

described in the following paragraphs. 

 

IV.I METHODOLOGY 

 

 The data used as input in WindSim for the terrain and the wind measurements 

were taken from the online NCAR database and they were converted into Wasp format 

readable from WindSim. The wind measurements especially taken from an NCAR point 

were modified in a tab file that could be indentified from WindSim. The time period 

chosen for the measurements was from 31-12-2010 until 07-04-2012.  The methodology 

followed is described in steps below: 

 For the terrain module the entire area (60.000m by 60.000m) around the site 

including height contours and roughness data was inserted into WindSim and 

then converted to terrain file.  
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 A larger area and a smaller area to decrease the grid spacing and attempt to 

increase accuracy to obtain a more detailed wind resource map was chosen. 

 The bigger area with dimensions 33,4km by 38,34km was run for 500.000 

numbers of cells, 1.000.000 and 2.000.000 number of cells with a value for 

density equal to 0,765 kg/m
3
. 

 The smaller area with dimensions 11,84km by 22,0km was also run for 500.000, 

1.000.000 and 2.000.000 number of cells and with a more accurate value for 

density equal to 0,900 kg/m
3
. 

 In addition for an alternative value of density equal to 0,86 kg/m
3
 for the bigger 

map again two different resolutions of  500.000 and 1.000.000 number of cells 

were run. 

 For the 500.000 number of cells simulations were run 3 different sizes of maps to 

compare how the grid spacing altered. 

 In the wind fields module the number of iterations was set to 300 and the field 

value to monitor was set to none in order to follow the results and check when 

the spot values stabilized – converged so the calculation could be stopped.  

 The turbulence model used was the standard k-epsilon. The standard k-epsilon 

model is a two equation model for predicting the behavior of turbulent flows 

where k=k(x,t) is the turbulent kinetic energy and ε=ε(x,t) is the rate of 

dissipation of the turbulent kinetic energy. Parameter  x was the space value and 

parameter t was the time value. This model can be used both for low and high 

Reynolds number and is consistent for highly turbulent flow [7]. 
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 The height of the boundary layer was set to 1200 due to the complexity of the 

terrain. 

 After convergence was reached, as shown in the below figure 13, for all sectors 

and the speed vectors, turbulent kinetic energy and its dissipation rate, the rest of 

the calculations followed. 

 

Figure 13:  Residual values for speed, turbulent kinetic energy and its dissipation rate for sector 030. 

 In the objects module initially a wind turbine was inserted in the same position 

for all results and the coordinates were kept the same. The wind turbine inserted 

was a Vestas V52 with 850 KW capacity. 

 In the results module the speed scalar parameter was selected to check for what 

resolution the results converged. The same process was done for both different 

sizes of areas. 

 For the converged resolution the final simulation was run. 
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 The density selected for one set of simulations, based on the formula 

incorporating the height and temperature values was 0,765 kg/m
3
. For the other 

set of calculations based on mean temperature values (15 
0
C) from the NCAR 

observations and measurements and calculating an average height of 3000 meters 

a density value of 0,86 kg/m
3
  was inserted. In the final simulation the corrected 

density value was taken for average height of 3.200 meters as 0,900 kg/m
3
 [3]. 

 The height of the boundary layer due to the complexity of the terrain was set to 

1200 meters and the ug (geostrophic wind speed above boundary layer) was set 

equal to 10m/s. 

 The Wind Resources module was also run for all sets of resolution and maps for 

50, 80, 100, 120 and 150 meters to spot the differences in the outcome. 

 Following the convergence study the climatology file was inserted in the Objects 

module and one wind turbine was inserted to check the annual energy 

production. 

In the results presented in the following paragraphs the convergence study is 

presented for the different terrain areas.The results for the wind resources and the 

turbulence observed in different sectors are simulated. 

 

IV.II RESULTS FOR TERRAIN WITH INCREASING RESOLUTION 

 For the map with the dimensions 33,4 km x 38,34 km the grid spacing with 

increasing number of cells altered as indicated by the below results while retaining the 

same number of cells in z –direction (30) :  
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1. For 500.000 number of cells grid spacing was 300m by 300 m 

2. For 1.000.000 number of cells the grid spacing was reduced to 200m by 200m 

3. And for 2.000.000 resolution grid spacing dropped to 160m by 160m. 

The terrain maps for 500.000 and 2.000.000 number of cells are presented in the 

following figures 14, 15.  

 

Figure 14: Terrain file for 500.000 cells resolution in WindSim. 
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Figure 15: Terrain file for 2.000.000 number of cells in WindSim. 

 

 With the increasing resolution the terrain file becomes more detailed and 

incorporates the height and roughness changes more accurately which can be 

transformed into more accurate results in the wind resources module.  
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The smaller map used for the final simulations with dimensions 11,84 km by 

22,0 km had a grid spacing of  60m by 60m  for 3.000.000 number of cells and 35 

number of cells in z direction and is presented in the below figure 16. 

 

Figure 16: Terrain file for 3.000.000 number of cells in WindSim 
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IV.III CONVERGENCE STUDY FOR ANNUAL ENERGY PRODUCTION 

  

To validate if the results for the Wind Fields module were converging when the 

number of cells was increasing a convergence study was carried out for the three 

different resolution 500.000, 1.000.0000 and 2.000.000 for the bigger map simulations. 

A Vestas V52 with 850 KW capacity was inserted in the Objects Module in the 

same coordinates for the three different resolutions and the Annual Energy Production 

was selected to check the values for all results. 

 

Figure 17: Graph display for annual energy production change with increasing resolution. 

 

The same procedure was carried out also for the smaller domain map adding 

extra simulation results for 3.000.000 cells but using a Vestas V80 with 2 KW capacity, 

and the results are presented in figure 18 below. 
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Figure 18: Graph display annual energy production change with increasing resolution for the smaller map. 

 

As it can be derived from the first graph the annual energy production appears to 

be increasing with the increasing resolution which implies that the results do not appear 

to converge. What would be expected was that with the increasing resolution for the 

same domain size the results would stabilize after a certain point. 

 The same check was run for the smaller dimension map as well and the results 

are presented in the graph below.  When reducing the map domain size and increase the 

number of cells the expected annual energy production results appears to stabilize for 

1.000.000 number of cells and above.  

Based on the above results the smaller domain size map was selected  to 

calculate the wind resources and assess the site. The resolution selected was the 

maximum number of cell used in the calculations 3.000.0000. 
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The existing climatology file was used and a number of different heights were 

selected for which the wind resources were calculated. 

After analyzing the  site parameters of: 

1. Size of terrain map 

2. Number of cells in the horizontal and z- direction and the subsequent  

3. Grid spacing of the terrain file  

The wind resources were calculated for the terrain map with dimension 11,84km 

by 22,00km with 3.000.000 number of cells and 35 cells in the z direction. The grid 

spacing of the terrain was 60m by 60 m which is quite close to the rotor diameter of the 

future possible wind turbines. Some of the main settings selected to run all the modules 

for the set resolution are mentioned below: 

 Height of boundary layer →1200m 

 Field value to monitor set to none 

 Number of iterations → 300 

 Height of  reduced wind database →250 m 

 Turbulence model →standard k – ε 

 Air density →0,900kg/m
3
 

 No wake model was chosen  

 

The results are presented in the following paragraph and observations for all the 

relevant parameters are documented. 
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IV.IV RESULTS FOR WIND RESOURCES 

  

The Wind Resource Module was run for five different heights to compare the 

results and observe the change in the wind profile. The climatology file had wind 

measurements in 42 meters. The heights selected were 50, 80, 100, 120, 150 meters.  

Some additional observations were made regarding resolution and calculated 

wind speed from the software. The results are presented in the graph below comparing 

the maximum calculated wind speed in the wind resource map as the number of cells 

increases. 

 

Figure 19: Graph displaying maximum wind speed change with increasing resolution for the smaller map. 
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As it can be observed from figure 19 the maximum wind speed decreases with 

the increasing resolution which might suggest that for lower resolution the software 

might be overestimating the calculated wind speeds. As an addition to the previous 

observations this contributes to selecting the highest resolution for the wind resource 

assessment of the site. The results to observe the change in the wind resource map 

between 50, 80 and 150 meters are presented in the following figures 20, 21 and the 

remaining wind resource maps are given in the appendices. 

Even though the scale changes a common pattern is observed for all three 

different heights and it indicates that the higher wind speeds are either on the sides of the 

mountains or on the slopes of the mountains and the highest wind speeds are observed 

on the top of the mountains. In addition as the height increases so do the areas with 

better wind resources. 
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Figure 20: Wind Resource results for 50 meters height from WindSim for 1.000.000 and 2.000.000 cells. 

 

A final observation to be taken into consideration is that the scale of the wind 

resource map also changes with increasing resolution specifically between 1.000.000 

and 2.000.000 cells as shown by the maps above the maximum wind speed for 50 meters 

height drops from 8,0198 m/s to 7,8096 m/s. 
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Figure 21: Wind Resource results for 50 meters height from WindSim for 3.000.000 cells. 



 41 

 

Figure 22: Wind Resource results for different heights from WindSim for 3.000.000 cells. 

 

 

From the results it can be observed that as the height increases the scale of the 

wind changes and the maximum values of the wind speed in the scale drop from 7,7 m/s 

maximum wind speed in 50 meters to 6,882 m/s maximum wind speed in 150 meters 

height. These wind speeds are the maximum values for the wind speed observed in the 

location with the best wind resources and are compared for the same areas. 

This is in contradiction with the expected wind profile that suggests wind speed 

normally increases with height but due to the complexity of the terrain and the fact that 

the higher wind speeds are observed on the top of the hills it could be caused by the 

speed – up effect that causes wind to accelerate on the top of the mountain. 
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Figure 23: Wind Resource results for 80 meters height and 3.000.000 cells from WindSim. 

In figure 23 some suggested areas with the arrows are pointed out for possible 

future wind turbine placement in the areas with the best wind speeds. 
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Figure 24: Wind Resource results for 150 meters height and 3.000.000 cells from WindSim. 

The pattern of the wind map alters and changes depending on the height but an 

initial suggestion is that the placement of the wind turbines should be either on the 

sloping sides of the mountain with suggested good wind speeds and depending on the 

hub height of the wind turbines the relevant wind resource map should be taken into 

consideration for the placement.  

From an initial evaluation the higher wind speed exists for 50 meters height with 

a value of 7,7 m/s much higher different from the  initial wind profile of the NCAR wind 
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data  for a particular point , so the selection of the possible wind turbines should have a 

hub height of around 50 meters. 

 

IV.IV RESULTS FOR TURBULENCE INTENSITY 

 

 The wind rose for the site is shown in the figure below for all twelve sectors with 

the frequency representation. For this data and for 3.000.000 cells resolution in the 

results module in WindSim turbulence intensity was calculated for all sectors. 

 

 

Figure 25: Wind Rose for 3.000.000 cells from WindSim. 

  

The results for turbulence Intensity are presented in the three following figures 

for sectors 30, 270 and 300 for 50 meters height. These three sectors are the ones with 

the highest turbulence intensity that could possibly have an impact on the loads imposed 



 45 

on the wind turbines and should be taken into consideration for the placement and 

direction of the wind turbines.  

The sector with the most areas affected by turbulence is sector 300 even though 

the highest values for turbulence intensity are for sector 30. 

 

Figure 26: Results for turbulence Intensity in 50 meters height for sector 30. 
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The areas that appear to be most affected by turbulence are the areas on the base 

of the mountain in lower heights and in the areas between the elevated mountain slopes 

but not on the top of the hills where the favorable areas for the wind turbine position are.  

 

Figure 27: Results for turbulence intensity in 50 meters height for sector 270 for 3.000.000 cells. 

 

  Based on these results the site can be classified using the table in figure 

29. Sector 30 which is very much affected by turbulence intensity is the sector with the 
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prevailing wind direction also but sectors 270 and 300 are not within the areas with 

increased wind speed frequencies.  

 

Figure 28: Results for turbulence Intensity in 50 meters height for sector 300. 

 

Based on the above IEC classification and on the results generated by WindSim 

there can be different turbulence classifications depending on the area and the sectors 
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involved. Sectors with high turbulence intensity for this site can be classified even for 

class A.  

 

 

Figure 29: Turbulence classes for wind turbine classification [5]. 

 

 

Figure 30: Results for Turbulent Kinetic Energy for sector 300 in 50 meters height from WindSim. 
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 Turbulent Kinetic Energy for sector 300 appears to be more intense and with 

increased values in the high altitude areas with the best wind speeds and also in some 

low altitude areas.  

 

IV.V TURBINE DEFINED PARAMETERS  

 

 Based on the calculated results from this study there are at least three defining 

parameters that can be identified as important when selecting the type and model of the 

wind turbines: 

Hub height: The wind turbines should have a hub height of 50 meters or as close to that 

heights as possible since the best wind speeds are on that height. 

Power curve: The power curve of the wind turbines should have a range of nominal 

power for 7 m/s or 7,5 m/s. From the production point of view even though, this might 

not be a site with excellent wind resources still it can be considered for developing a 

wind farm with sufficient production. 

Turbulence classification: Results for the selection of the wind turbines have to based on 

the IEC standards and the results calculated for the turbulence intensity of the site. This 

is a factor that needs to be taken into account also for the placement of the wind turbines 

to avoid mechanical loads imposed on the blades by turbulence. Sectors with increased 

turbulence such as sectors 30, 270 and 300 must be considered with caution or even if 

possible avoided. 
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A small wind farm of five to six wind turbines located on the top of the hill 

adjacent to each other to avoid wake effects could be developed. The direction should be 

towards the prevailing wind direction to the ENE, sector 30.  For the latter sector the 

parameter of turbulence intensity has to be taken into account for the wind turbine 

selection because it has increased values in certain areas. 
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CHAPTER V 

CONCLUSIONS 

 

V.I SUMMARY 

  

For the selected location with demanding parameters to be taken into account 

such as the complexity of the terrain in terms of slope, roughness and altitude a CFD 

software was chosen to assess the wind resources of the site and the expected annual 

energy production.  

As input to the software a terrain and climatology file were used that were 

obtained from an online database within WindPro software.  

Limitations that had to be taken into account were the domain size of the map 

and the resolution used within the software as well as the accuracy of the initial wind 

data which were not of very good quality.  

Two different domain sizes were tested and the smaller one was chosen with the 

maximum possible number of cells for which the results reached convergence. Once 

these parameters were defined the expected wind speed and crucial factors such as 

turbulence were calculated. 

After analyzing the results and comparing it with the initial wind data the site 

was found to have better wind resources on the top of the mountains and the sloping 



 52 

sides of the hills and in some areas the estimated average wind speed was found to be 

more than twice the closest NCAR point profile. 

 In addition areas which required consideration in terms of turbulence were 

identified and based on the estimated wind profile of the site the hub height  for the best 

wind speed was also verified as well as other parameters linked to the possible selection 

of the wind turbines.  

 

 

V.II RECOMMENDATIONS 

  

Concluding this study for the selected site, recommendations based on the 

assessment method employed as well as to the quality of the wind data used could be 

made as outlined below: 

 

1. For the quality of the wind data, one suggestion is that based on the outcome 

of the study, if a future developer should consider the results sufficient for 

investment, on site actual wind measurements should be taken and the 

assessment of the site should be done a second time to validate the actual 

results. 

2. As far as the software limitations and results are concerned the wind resource 

map for the terrain needs to have increased resolution calculations to reach 
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convergence and achieve sufficient accuracy. This was not possible for the 

larger area because of computational limitations. 

3. Parameters that need to be taken into consideration in terms of turbine 

specifications and sitting are the best wind locations, the hub height of wind 

speed based on altitude, and sectors or entire areas of increased turbulence in 

the classification of the spots. 

4. For the overall project, proximity to road access and logistics costs linked to 

the difficulty of the high altitude and complexity of the terrain cannot be 

neglected in the overall investment regardless of the wind resource 

assessment which was carried out. 

The size of the possible wind farm will be determined based on all the above mentioned 

parameters. 
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