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Abstract 

 

An accurate wind resource assessment (WRA) is crucial in energy prediction as the 

power is directly proportional to the wind speed cubed. This thesis analyses the discrepancy 

between operational assessment and WRA for a wind farm located on a moderately complex 

terrain in Ireland. As part of this research, a WRA was undertaken and the results were input 

to two wind farm design tools, WindPro and WindSim, to estimate the annual energy 

production. 

Two and a half years of data was available from a 50m met mast. The data was 

analysed and filtered to ascertain and limit the usage of erroneous data. The dataset was then 

correlated with an available online dataset utilising the Measure Correlate Predict (MCP) 

module in WindPro in order to estimate the long term wind resource at the site. 

The wind resource was then used to determine the annual energy produced at the site 

using both WindPro and WindSim. A loss of 8% was applied to the energy calculations for 

comparison with the original WRA. 

The results demonstrate the energy production from the original energy prediction, 

undertaken by a leading wind consultancy prior to construction, was overestimated by an 

average 10.19% over the three years of operation. The averaged wind speed at hub height in 

the original WRA was 8.2m/s. However, the prediction undertaken using WindPro in this 

study estimated an average hub height wind speed of 8.0m/s while WindSim estimated an 

average of 7.36m/s. These differing results had a significant contribution to the difference in 

Annual Energy Production (AEP). 

The calculated annual energy results were an overestimation of energy production by 

an average of 8.10% utilising WindPro, while WindSim underestimated the energy output 

by just 0.11%. 
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Chapter 1. Introduction  

Chapter 1 will provide the foundation for the current thesis. In this chapter, research problems 

will be presented together with the justification for the research. The methodology will be 

briefly described along with the forthcoming chapters and the limitations of the research. 

1.1 Background and Justification of the research 

This research has been carried out on a wind farm in the Republic of Ireland which has been 

in operation for three years. Operational data was available for 2011, 2012 and 2013, results 

indicate there is a discrepancy between the original Wind Resource Assessment (WRA) and 

the operational output of the wind farm. The original WRA was carried out by an 

independent company using the Wind Atlas Analysis and Application Program (WAsP) 

software. The main objective of the thesis is to assess the long term wind speed at the site and 

model the wind farm using both WAsP and WindSim software, the latter being a 

computational fluid dynamics (CFD) wind simulation software. Due to the nature of wind 

energy, losses are impossible to avoid; minimising and accounting for errors prior to 

construction is standard and results in a more financially viable project. The aim of the study 

is to evaluate possible factors which may account for the discrepancy, both for future 

reference and present needs. The table below shows the discrepancy between the WRA and 

actual production of the site under investigation in Ireland. The predicted power was 66.3 

GWh/annum which includes the 3% electrical losses at the distribution system. The 

discrepancy per year can be seen to range from -16.77% up to -5.39% with an average 

discrepancy of 10.19%. The WRA was based on estimated and calculated losses of 8% for 

factors such as those shown in table 5. A calculated loss using software for topographic 

effects and wake effects was 8.5% in the original WRA. 

Table 1 Discrepancy between wind resource assessment and operational output. 
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1.2 Research problem and hypotheses 

This study aims to investigate possible explanations for the discrepancy between the WRA 

and the operational output of the wind farm. Several possibilities could account for this 

discrepancy such as wake effects, topography conditions, errors with the WRA, issues with 

the turbines themselves or even a lack of wind during this period. 

This study will analyse two possible causes which may account for this discrepancy - an 

inaccurate long term wind speed prediction and/or an inadequate modelling of the wind farm 

using WAsP software (as the site is moderately complex in nature). A WRA utilising 

WindPro will be generated based on the met mast data recorded on-site and the appropriate 

long term wind data currently available. The results of this assessment will be used to predict 

the long term wind resource and will serve as an input to WindSim. The site is moderately 

complex with a mixture of open peat land and forestry with slopes of moderate gradient, 

although some slopes in excess of 17° are present. The nature of the site may be a cause for 

the discrepancy and as research indicates, WAsP can produce inaccuracies due to the 

software assuming attached flow and hence over-predicts the hill shape speed-up effect. 

An accurate estimate of the energy production of a large wind project depends on much more 

than being able to estimate the wind speed at a certain time and particular place. The power in 

the wind is proportional to the cube of the wind speed; hence the power availability is 

extremely sensitive to wind speed. Even a small variation in wind speed converts to a 

substantial difference in power output hence the expected financial profits can be severely 

reduced (Brower et al. 2012). The single met mast used in the WRA was 50 meters in height, 

17 meters shorter than the hub height of the turbines. It is clear from the complex nature of 

the site that the prediction of the variation in wind speed over the site is challenging and 

errors can be expected. 

1.3 Methodology 

The literature review and relevant research methods are described in detail in chapters 2 and 

3. A mixed approach of quantitative and qualitative research has been carried out in this 

study. Qualitative research adds rich detail and nuance, it primarily consists of the review of 

literature to ascertain the existing knowledge in this area. Quantitative research focuses on 

quantifying the problem by way of generating numerical data or data which may be 

transformed into practical information. It is important to try and give an accurate, reliable 

explanation of the resulting data in order to evaluate the discrepancy under examination.  
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1.4 Outline of the thesis 

Chapter 2 presents the review of literature for the scope of the thesis. This review enables the 

author to learn about various aspects of the topic and to develop a knowledge base of the 

subject matter based on works of scholars and other researchers.  

Chapter 3 presents the methodology used for this thesis; both qualitative and quantitative 

approaches are used, while chapter 4 focuses on the application of the methodology and the 

results.  

Chapter 5 discusses and analyses the results and chapter 6 presents the conclusions and 

implications of the research. 

1.5 Delimitations of scope and key assumptions 

Due to time constraints, all possible reasons for the discrepancy cannot be analysed. It is 

outside the scope of the thesis to study possible environmental issues, plant performance 

issues and power performance testing which may be contributing to this discrepancy. 

Forestry is located in close proximity to the wind farm, online mapping may not accurately 

represent the existing forestry on-site but as no alternative is available, the online sources 

were used for this thesis. A number of wind farms operate in the vicinity and it is beyond the 

scope of this thesis to consider the consequence they have on the wind farm under 

investigation. 

In order to address the research objective, a WRA using WindPro will be undertaken and the 

wind farm will also be modelled in WindSim to gain an annual energy production (AEP). The 

proficient and competent use of a CFD software requires a great deal of experience in a 

variety of backgrounds. Trustworthy results from CFD software’s should ideally come from a 

user with at least 3-5 years of experience working in this field and who has a thorough 

background in fluid dynamics, turbulence modelling, mechanical engineering and 

information technology (Wallbank, 2010). 

1.6 Conclusion 

Chapter 1 details the foundation of the thesis. The research problem has been presented 

together with the research justification. The limitations have been outlined, together with the 

proposed methodology which will be examined more comprehensively in chapter 3.  
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Chapter 2. Literature review 

In order to analyse and determine potential discrepancies between operational assessment and 

WRA for a wind farm, a thorough investigation of previous work in related fields needs to be 

undertaken to identify the potential errors and losses which could lead to this discrepancy. 

2.1 Introduction 

For any power plant to generate electricity, fuel is vital. For a wind farm, this fuel is wind. 

Initially a WRA is undertaken to estimate how much fuel will be available for a wind farm 

over the course of its lifetime. A number of characteristics affect the wind resource. Although 

wind speed is the dominant characteristic, tower effects, shadow, icing and wind direction 

also need to be taken into account for an accurate energy production estimate. Knowledge of 

frequency distributions can aid the optimisation of the farm layout and certain characteristics, 

such as air density, determine the amount of energy available in the wind at a particular wind 

speed. A reliable WRA is required along with desirable models such as WAsP and WindSim 

to predict the power production (Brower et al. 2012). 

The wind farm under investigation consists of 11 Vestas V90 2MW turbines with a hub 

height of 67m located in a moderately complex terrain. Altitudes range between 

approximately 270m and 360m above sea level. The farm is located in the vicinity of 

forestry, which is estimated to range from 5m to 15m in height. A meteorological mast with 

four anemometers was used prior to construction of the wind farm to monitor the weather 

conditions on-site, for approximately two and a half years. A summary of the instruments 

installed on the mast is given in the table below. 

Table 2 Monitoring equipment used for WRA 
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2.2 Uncertainty analysis in WRA 

Accurate energy production is essential to the successful financing of a wind power project. 

According to Lackner et al. (2008) they suggest WRA is a time consuming process, subject 

to a great deal of uncertainty. In their report, they state its importance “because the wind 

resource varies from year to year, an estimate of the long-term value is critical to accurately 

estimate energy production”. While it is an important part of determining the future of a wind 

farm, they indicate there are fourteen key uncertainties in assessing the wind resource.  

Lackner et al. (2008) suggest wind speed measurement uncertainties arise when measuring 

the actual wind at a site. Wind speed is typically logged at intervals of 10 minute averages, 

sampled at approximately 1 Hz which is also the case for this study. Wind data is then 

presented as a time series of these 10 minute averages and the mean measured wind speed at 

a site is the mean of all the values of the measured wind speed. Several uncertainties can 

contribute to the measurement of the wind speed. They are: 

1. Anemometer Uncertainty I – Calibration Uncertainty. 

2. Anemometer Uncertainty II – Dynamic Overspeeding.  

3. Anemometer Uncertainty III – Vertical Flow Effects. 

4. Anemometer Uncertainty IV – Vertical Turbulence Effects. 

5. Tower Effects. 

6. Boom and Mounting Effects. 

7. Data Reduction Accuracy. 

Fontaine and Armstrong (2007) note the calibration of the instrument, the operational 

characteristics of the anemometer and flow distortion due to instrument mounting and terrain 

effects are crucial aspects in wind measurement uncertainties; international guidelines for 

wind anemometry must be adhered to in order to reduce these effects. They mention that 

these guidelines do not prevent these effects but are generally designed to limit them to 

approximately 0.5%, therefore an understanding of the mechanisms is required in order to 

account for these effects in the final data set. 

Fontaine and Armstrong (2007) consider the next common source of uncertainty to be that 

which is associated with the long-term wind resource predicted at the monitoring site. To 

forecast the long-term wind speeds at this location, correlations between measured short-term 

site data and long-term reference site data are carried out as part of the MCP method.  
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Lackner et al. (2008) describes the long-term uncertainty arising when data, usually 

accumulated over the period of a year, is not representational of the actual long-term resource 

at the site. They suggest that typically twenty years is assumed sufficient to evaluate the long-

term wind resource but as this is far too lengthy a period for practical purposes, the long-term 

data must be estimated from the available measured data. In order to understand the wind 

trend over the years, Fontaine and Armstrong (2007) recommend ten years of reference data 

to be the minimum to base an estimation of the long-term wind resource. MCP introduces 

uncertainty into the estimation of the long-term resource at the site and typically the three 

uncertainties that arise in long-term resource estimation are: 

8. MCP Correlation Uncertainty. 

9. Weibull Parameter Estimation Uncertainty. 

10. Changes in the Long-term Average. 

When the wind resource at a location is assessed, a finite number of years of data are used to 

estimate the long-term mean wind speed and Weibull parameters. As there is a significant 

amount of data, the potential for random error exists and causes uncertainty in the following 

two ways. Firstly, the reference site data used in the MCP may not represent the true long-

term values. As random error decreases with the increasing number of samples, therefore the 

longer the reference site is used in the MCP, the less uncertainty should exist in the wind 

resource. Secondly, the actual wind resource over the lifetime of a turbine may not be the 

same as the true long-term wind resource, which produces additional uncertainty (Lackner et 

al., 2008). Uncertainties are evaluated by using statistical methods or are assessed through 

estimations or calibrations. Wind resource variability uncertainty may arise as follows: 

11. Inter-Annual Variability Uncertainty. 

12. Uncertainty over Turbine Lifetime. 

The final uncertainties of WRA may be defined as site assessment uncertainty. At a given site 

the wind speed measurements are typically taken at a height significantly lower than the hub 

height of a typical modern wind turbine. As wind speeds characteristically increases with 

height, a wind shear (the rate of change in horizontal wind speed with height) model is 

typically used to estimate the long-term wind resource at the hub height. The wind shear 

model is created using measured wind speed data; the extrapolation of the wind shear often 

introduces uncertainties. The tower used to measure the wind speed is often not situated at the 

same location of the proposed wind turbine and topographic effects can result in differing 
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wind speeds at the various turbine locations. Site uncertainties can therefore arise when 

estimating the long-term mean wind speed and Weibull parameters at the likely turbine 

location which differs from the measurement location (Lackner et al., 2008). This is 

comparable to the site under analysis for this study. The hub height of the turbines is 67m 

while the met mast reached a height of 50m. During the WRA a tubular met mast was 

installed with two anemometers mounted at 50m and single anemometers mounted at 40m 

and 30m respectively. The two main features contributing to site assessment uncertainty are: 

13. Topographic Effects. 

14. Wind Shear Model Uncertainty. 

2.3 Methods 

It is difficult to determine the actual wind characteristics at a wind turbine from 

measurements taken by nearby anemometers on a met mast. These measurements may be 

affected by wakes from other turbines upstream and by topographic conditions. When there 

are several wind turbines in a wind farm, their behaviour will depend on their relative 

location. Even for a single wind turbine the dependence of its power production on the 

measured wind speed will be affected by topography. A number of flow models are used to 

simulate single turbines or wind farms to determine how the topography affects the 

operational performance.  

At present, CFD is a popular tool to model the flow problems encountered in recent years. 

Fluid flows are governed by partial differential equations which represent conservation laws 

for the mass, momentum and energy. CFD is the art of replacing such partial differential 

equations by a set of algebraic equations which can be solved using digital computers. CFD 

provides a qualitative prediction of fluid flows by means of mathematical modelling (partial 

differential equations), numerical methods (discretization and solution techniques) and 

software tools (solvers). CFD enables fast simulations and a quick turnaround means 

engineering data can be introduced early in the design process. It also enables the ability to 

simulate real conditions at a relatively low cost (especially as computers become more 

powerful) whilst giving comprehensive information; this allows the analyst to examine a 

larger number of locations in the region of interest and yields a comprehensive set of flow 

parameters for examination. CFD solutions rely upon physical models of real world processes 

which means solutions can only be as accurate as the physical models on which they are 
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based. Similarly the accuracy of the CFD solution is only as good as the boundary conditions 

provided (Kuzmin, no date).  

The three main methods for solving turbulence in CFD are Direct Numerical Simulation 

(DNS), Large Eddy Simulation (LES) and Reynolds Averaged Navier-Stokes (RANS) 

equations. RANS equations are the oldest approach to turbulence modelling and WindSim 

software utilises this non-linear model (Wallbank, 2008). 

LES is a popular technique for simulating turbulent flows. While it is expected to increase in 

the future, the use of simpler models such as RANS will be prevalent for some time to come. 

LES is a technique in which the smallest scales of the flow are removed through a filtering 

operation and their effect is modelled using subgrid scale models. Subgrid scale 

modelling refers to the representation of important small-scale physical processes that occur 

at length-scales that cannot be adequately resolved on a computational mesh. This permits the 

biggest and most important scales of the turbulence to be resolved while greatly reducing the 

computational cost incurred by the smallest scales. This method requires greater 

computational resources than RANS methods but is much cheaper than DNS, which resolves 

the entire range of turbulent length scales; this marginalises the effect of the models but is 

extremely expensive (Sharma et al., 2011). 

2.4 Software 

WAsP is a linear flow model, developed by RISØ National Laboratories, which is a well-

established, industrial standard software tool for wind prediction. WAsP uses the wind atlas 

model which is a linear model combining a physical model (e.g. atmospheric stability, 

roughness changes, shelters and landscape orography) and a statistical model, i.e. Weibull 

distribution of the wind, in the analysis (Nilsson, 2010).  

It has been used to develop the European Wind Atlas and is used for wind energy 

assessments in many countries. Bowen and Mortensen (1996) suggest WAsP has been 

increasingly used for situations which do not lie within its recommended operational 

envelope, particularly sites in rugged, complex terrain. Their conclusions indicate WAsP 

prediction errors may be significant if the local climate or terrain lie outside its normal 

operational envelope. Errors in the prediction due to non-standard atmospheric conditions 

affecting the flow behaviours can be very significant. Climatic conditions such as 

atmospheric stability, stratification, diurnal sea breezes and blocking or channelling in valleys 

were the main issues which caused error concern. Forecasting near extensive forests has also 
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been recognised as a concern when using WAsP as it tends to overestimate wind speed at 

these sites (Dellwik et al, 2006). The WAsP model takes into account: 

 The geostrophic balance. 

 The logarithmic wind profile. 

 A Specific (but uniform) stability. 

 Roughness variations. 

 Height variations (Nilsson, 2014). 

WindPro software is an industry software used for designing and planning single wind 

turbines and wind farms. The software has a variety of uses such as optimising a wind farm 

layout for energy production, calculating the expected noise and shadows and generating 

photomontages of the landscapes for the proposed wind turbines. WindPro employs WAsP 

for the AEP calculation which will be used for the wind farm under investigation and the 

results will be compared with an AEP performed by WindSim. 

WindFarmer is software developed by DNV GL which offers a selection of modules to 

design and analyse wind farms. Modules available include the design of the turbine layout, 

the calculation of turbulence intensity, shadow flicker, prediction of the energy yield and an 

assessment of the environment impact. The software employs the Eddy Viscosity model 

(which is based on the Ainslie model) and modified PARK model for wake effects. 

WindSim is an alternative wind energy software which utilises CFD based on a non-linear 

model to optimise park layouts and delivers accurate and proven results. It is a suitable tool 

for simulations in complex terrain. The CFD model used in WindSim is based on RANS 

equations with k-epsilon, or a modified version, turbulence model (Gravdahl, 1998). The 

model calculates the atmospheric flow of a particular wind direction for a time independent 

and steady state solution. Steady case means that the model will calculate a number of times 

its calculations until a solution converges to one wind and turbulence distribution which does 

not vary outside a pre-set convergence limit. After a number of simulations for different wind 

directions have been completed, the annual average wind speed can be calculated. The model 

is then run for a given set of boundary and initial conditions (WindSim, 2014a). WindSim’s 

model takes into account: 

 The geostrophic balance. 

 The logarithmic wind profile. 

 A Specific (but uniform) stability. 
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 Roughness variations. 

 Height variations. 

 Turbulence (nonlinear effects) (Nilsson, 2014). 

Wallbank (2008) emphasises that when the terrain slopes exceed a specific threshold which 

generates flow separation (generally noted as 17°), the WAsP software flow model can be 

anticipated to yield increasing inaccuracies due to the software assuming attached flow and 

hence over-predicts the hill shape speed-up effect of a very steep hill. The inability of the 

WAsP software to correctly account for this phenomenon is seen as a major flaw in its ability 

to model complex terrain whereas WindSim can account for this separation (Llombart et al., 

2006).  

 

Figure 1 WAsP prediction of flow over steep inclines (left) and more representative flow characteristics 

with flow separations (right) 

Source: Wallbank, 2008 

WindSim contains some limitations which need to be considered prior to running 

simulations. WindSim assumes a neutrally stratified atmosphere which often does not 

represent the real condition, as in many situations inversions and thermal effects have a major 

influence on the wind. According to Cattin et al. (2006), WindSim does not provide an easy 

method of including obstacles although this can be avoided by positioning wind 

measurements outside an obstacle’s influence. They suggest problems arise with forests and 

hedges, the effects of which cannot be sufficiently reproduced by roughness. Despite these 

shortcomings, a number of validations of WindSim have been performed in both smooth and 

complex terrain, including along the complex coast of Norway (Gravdahl and Harstveit, 

2000; Simisiroglou, 2012; Simisiroglou et al., 2014). 

Gravdahl et al., (2002) presents the results from a study in Denmark in semi-complex terrain. 

Production statistics revealed the power production from individual wind turbines varied 
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from up to 35%, even though variation in ground elevation was only seven metres. It was 

noted a redesign of the wind farm layout based on simulations would give an overall increase 

of 10% in the energy production. 

Linear models are suitable for simple terrain and when applied to complex terrain it seems 

their accuracy is questionable. A number of studies undertaken in complex terrain reported 

linear models underestimation of flow separation, gust measurements and turbulence 

intensities which indicates the importance of non-linear models such as WindSim (Maurizi et 

al., 1998; Palma et al., 2008) 

2.4.1 Comparing software 

Nilsson (2010) compared three operational turbines for two sites in Sweden using WAsP and 

WindSim, one site a low complexity area while the other location had a high complex terrain. 

The results were compared with measured production with the outcome indicating WAsP 

predicted the AEP for the low complexity location very well with a difference of only +0.5%. 

For the more complex location, WAsP overestimated the AEP for the three turbines from 

+31.1% to +44.7%. WAsP simulated the energy production with a high accuracy at the low 

complex site but due to the lack of a turbulence model it overestimated the energy produced 

at the complex site. WindSim in contrast simulated both the low and high complex terrains 

accurately which indicates the importance of its turbulence model for complex terrain. The 

estimated AEP for the low complex site was 2.4% higher than the measured one. WindSim, 

although more time consuming than WAsP, estimated a difference of 0% up to +3.07% for 

the complex location from the actual production. 

Similar to Nilsson (2010), Llombart et al. (2006) compared the accuracy of both software’s 

by undertaking a WRA of a wind farm located on a semi-mountainous terrain, which in turn 

was used to predict the expected wind energy production. The complexity of the site was 

primarily due to changes in elevation and steepness. They note WAsP, which applies the 

logarithmic law to define the wind shear profile, usually gives an overestimation of the wind 

turbines production. The consequence of this error in their analysis was an overestimation of 

the wind turbines production in the long term. In the case with the wind farm under 

investigation in this research, this may be a possible cause for the discrepancy. 

Llombart et al. (2006) research indicates in terms of real production that WindSim was more 

accurate than WAsP, due to its enhanced method of reproducing the wind flow in steep 

terrain. However they note it is necessary to consider limitations associated with WindSim.  
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Firstly, WindSim relies on third party software such as WindPro to perform simulations.  

There is no possibility to digitise height contours and roughness (Nilsson, 2010). WindSim 

proportionally adapt power curves to air density, this correction does not replicate the real 

behaviour of the power curve at low air densities. Research suggests the power production 

can be under-estimated by up to 3.6% for low air density (Cattin et al., 2006). Grid resolution 

is a high factor of prediction accuracy and although WindSim’s refined model usually 

generates a better model of the wind flow without avoiding recirculation, it can introduce 

issues at the boundaries (Llombart et al., 2006). 

Berge et al. (2006) evaluated WAsP and two CFD-models, WindSim and 3DWind, at 

Gurskøy, a complex terrain site in western Norway. The analysis showed despite the complex 

terrain, WAsP compared better than the CFD-models in observations of results for the south 

and north sectors. The conclusion was valid for the vertical wind profiles and the annual 

average wind speed levels. However, regarding separation and turbulence, the two CFD 

models captured the phenomena while WAsP overlooked it. 

They note a disadvantage of WAsP and the two CFD-models is that meso-scale wind 

variations are not taken into account in the modelling. In particular, the effects of the vertical 

stability on both the meso-scale and the micro-scale flow may be anticipated to be significant, 

but is not accounted for in the micro-scale models. This becomes a limitation of the three 

models when applied to a complex terrain site such as Gurskøy, Norway. 

The results of the study emphasise the importance of high quality measurements in complex 

terrain for reliable wind resource mapping. Nevertheless, both micro and meso-scale models 

are important for the interpretation of the measurements and for an investigation of the 

turbulence and speed-up effects in complex terrain. 

Dierer (2008) compared the vertical wind profiles from WindSim and WAsP; she also 

modelled the wind resource for a region in Switzerland. The results showed WAsP predicted 

a higher wind speed compared to WindSim. The comparison of the vertical wind speed 

profile from a SODAR device was in agreement with WindSim in the complex terrain. 

EMD (no date) undertook a study of the Torrild wind farm in Denmark utilising WindPro and 

WindSim. The study states WindSim had problems taking complex roughness into account; 

the strength of WindSim is modelling sites with complex orography and not sites with 

complex roughness – like the site in the study. The energy output utilising WindSim and 

WAsP was compared with measurements. The results from the study concluded WindSim 
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underestimated the mean value of the wind speed, although this may be due to differences in 

fitting techniques when fitting the Weibull parameters. The study determined that the 

WindSim model seemed to underestimate progressively as the distance from the 

meteorological mast increases. 

Llombart et al., (2007) examined three sites using WAsP and WindSim; a very flat terrain, a 

semi-complex terrain and a very complex terrain. For the flat terrain, both models were very 

sensitive to roughness changes which were not considered in the study. The study concluded 

the linear model would be preferably used for the flat terrain. In the semi-complex terrain, 

WindSim had a tendency to underestimate the wind shear, producing a “too vertical” wind 

profile. They concluded for this terrain both models can be used. WindSim has a high 

dependency to the dimensions of the calculated domain in order to achieve accurate values. 

For the complex terrain, WindSim reproduced more accurately all the effects of orography 

and simple roughness. It modelled changes in wind direction with acceptable accuracy. 

Nonetheless, in the case of elevation changes or smaller slopes, WindSim had a slight 

tendency to overestimate the wind shear and thus remain conservative (Llombart et al., 

2007). 

2.5 Wake effects  

The contribution of aerodynamic research for wind turbines is a fundamental aspect in the 

success of modern wind energy. Wind turbine wakes have been a topic of research since the 

late 1970s and for outsiders, aerodynamics of wind turbines may seem relatively simple. 

However, as noted by Vermeer et al. (2003) the description is complicated by the fact the 

inflow is always subject to stochastic wind fields and although wind turbines are one of the 

oldest devices in the exploitation of energy, some of the most basic aerodynamic mechanisms 

governing the power output are not yet fully understood. 

González-Longatt et al. (2011) states the two main effects of a wind turbine creating a wake 

are firstly, a reduction of the wind speed which in turn diminishes the energy production of 

the wind farm and secondly, an increase in the turbulence of the wind, potentially increasing 

the dynamic mechanical loading of the downward turbines.  

Vermeer et al. (2003) notes a distinct division can be made into the near and far wake region. 

The near wake is taken as the area just behind the rotor where the properties of the rotor can 

be distinguished approximately up to one rotor diameter downstream. Here, the presence of 

the rotor is apparent by the number of blades, blade aerodynamics, including stalled flow, 3-
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D effects and the tip vortices. The far wake is acknowledged as the region beyond the near 

wake, where the focus is put on the influence of wind turbines in farm situations, so 

modelling the actual rotor is less important. Here, the main focus is on wake models, wake 

interference, turbulence models and topographical effects. 

Three wake models are incorporated in WindSim; these are the Jensen model, the Larsen 

model and a Japanese model that is based on wind tunnel experiments. WindPro also has 

three different wake models available in the PARK module which are the Jensen model, the 

Larsen model and a third model called the Eddy Viscosity Model based on the work of 

Ainslie. The model recommended by WindPro is the Jensen model (Timander and 

Westerlund, 2012). 

The Jensen wake model is a simple single wake model. The model is documented in the 

paper ’A Simple Model Cluster Efficiency’ by Katić et al. (1986) and is based on the 

assumption of a linearly expanding wake diameter. WindPro includes a modified version of 

the Jensen model which allows the Jensen model to work with turbulence models that have 

also been included in WindPro. The Eddy Viscosity wake model is based on the wind turbine 

wake application of an axisymmetric formulation of the time averaged Navier Stokes 

equations with an eddy viscosity closure. The Larsen model is a semi analytical model 

derived from asymptotic expressions from Prandtl’s rotational symmetric turbulent boundary 

layer equations. The model was proposed by G.C.Larsen, Risø. The model includes an option 

of adding an empirical bi-modal near wake description (EMD, 2014a). 

Renkema (2007) examined the wake models available in WindPro using authentic wind farm 

data. The results showed that the Larsen model performed badly as the wakes estimated were 

too wide and too shallow. The Eddy viscosity model performed consistently and showed little 

variation and when different turbulent models were applied, the wake losses were under 

predicted slightly. The Jensen (EMD) model performed much better than the original Jensen 

model and when the correct settings were selected for wake decay, the result is as accurate as 

with the Ainslie model. 

Liu et al., (2013) also evaluated the Jensen and Larsen wake models to simulate the wake 

effect of single wind turbines. Their results concluded the Jensen wake model has a higher 

prediction precision than the Larsen wake model. The power reductions based on their results 

indicate the power reduction of downwind turbine causes by wake effects can be up to 35%. 
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González-Longatt et al. (2011) concluded the simulation of the effects of wakes, in terms of 

the directions and the distribution of wind directionality and speeds, indicate that the array 

efficiency depends upon spacing between turbines and the nature of the wind regime they are 

exposed to. When adjusting wind farm layouts to optimise output, it is suggested the 

geometric distribution of wind turbines inside the wind farm is the most sensible design 

parameter. They also noted that even if wake effects negatively influence wind farm layout, 

by increasing the distance between the turbines, the resultant electrical losses will be minimal 

compared to the positive effect on the power drawn.  

The wind farm under investigation is in operation so a new layout is not viable, therefore 

wake effects may be contributing to the discrepancy but a practical solution is not realistic. 

2.6 Conclusion 

This chapter presented previous research undertaken which is relevant to this study. This 

involved assessing the uncertainties involved in a WRA, an investigation of the methods and 

software used to assess the wind resource and energy production at various sites. The wake 

models available in the various software were examined and the contribution of wake effects 

in energy production was assessed. 
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Chapter 3. Methodology 

3.1 Introduction 

This chapter describes how the simulation process was executed and defines what data was 

needed to address the research objectives. Additionally, the procedure of collecting data is 

described. 

3.2 Justification for the paradigm and methodology 

In order to evaluate the wind farm in Ireland, necessary data had to be collected, analysed and 

input to the relevant software to obtain pertinent results. The world’s leading wind 

consultancies use the most modern sophisticated software packages available. WindPro and 

WindSim are two such packages which provide accurate planning, design and energy 

production estimates for clients globally. As the primary objective of this thesis is to ascertain 

the discrepancy between a WRA and operational output of a wind farm, these two leading 

software tools will be utilised in line with common practices to achieve the most accurate 

results based on the relevant input parameters. 

3.3 Research procedures 

The following section will describe the approach in executing the simulation process. 

Terrain File 

This section describes how the terrain file was created in WindPro and is used for the 

simulations both in WAsP and WindSim. 

Map 

The map used in the simulations was downloaded from Open Street Map, a free online 

system which can be imported easily into the WindPro software. 

Elevation Grid 

The site was modelled using a LIDAR device to analyse the terrain and altitudes on-site, 

however a high proportion of the site information was absent resulting in an unviable data set. 

Therefore, SRTM online database was accessed to ascertain the elevation grid data at the 

wind farm location. SRTM is an international high resolution digital topographic database of 

planet Earth. 
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Roughness class 

The roughness class was selected using the ”area objects” option within WindPro. Using this 

method, a background is established. The best fit roughness class for the energy calculations 

on the site in question was class 1, which was taken from the 9 options available from table 3. 

This was selected based on topographical maps and information obtained during a site visit. 

The WindPro software later produces a wind rose automatically from the background 

roughness and area objects (Nilsson, 2010). 

Table 3 Roughness table used for calculations (Ragheb, 2012) 

 

Conversion of height contours and roughness class 

The roughness lines and the height contours were converted into .map format to be used in 

WAsP and WindSim. 

3.4 Wind data approach and validation 

Approximately two and a half years of wind data was obtained from a met mast installed on-

site, which can be considered an excellent wind resource indicator as a met mast is typically 

installed for around a year or 18 months. As stated previously, four anemometers were 

installed on the 50m met mast. Two anemometers were installed at a height of 50m, one at 

40m and one at 30m. The wind speed data was taken at ten minute intervals. Maximum, 

minimum, average and standard deviation values were recorded for each height. The 

anemometers at 50m will be referred to as 50A and 50B hereafter. The 50a and 50b 
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anemometers had an availability of 82.2%, the 40m anemometer 85% and the 30m 

anemometer only had an availability of 3.2% which meant it had no benefit in the analysis. 

Using the meteo object in WindPro, a time series was produced for each anemometer. This 

time series was then inspected and analysed thoroughly, the results of which can be seen in 

the following chapter. 

Data was evaluated using WindPro to inspect the data for completeness, reasonableness and 

for the detection and flagging of invalid or suspect values in the dataset. Two primary 

routines were used to validate the data, firstly a general system check was performed and 

subsequently measured parameter checks were performed. 

The general system described below assessed the completeness of the collected data: 

 Data records: The numbers of data fields were checked to ensure they equalled the 

expected number of measured parameters for each record. 

 Time sequence: The time and date stamp of each data was recorded and examined to 

see if there was any missing or out of-sequence data (Brower et al., 2012). 

Following this three common measurement parameter checks were performed: 

 Range tests were applied such as speeds above 30m/s were disregarded. Although 

speeds of this magnitude are possible, they are unlikely. This was undertaken to 

ensure the full range of plausible values for the site are used. 

 Relational tests were also performed whereby the two anemometers at 50m were 

analysed to ensure the wind speeds at the same height were similar (except in tower 

shadow). 

 Trend tests were performed on the data to ensure abnormal trends were not present 

(Brower et al., 2012).  

3.4.1 MCP Procedure 

The MCP module in WindPro was utilised for predicting the future wind resource on-site. 

WindPro offers four methods of MCP: Regression, Weibull Scale, Matrix Method and Wind 

Index. These methods offer an easy, fast and accurate analysis within a few hours. The 50a 

and 50b anemometers were used for correlation with the long term data available. After 

studying the available online resources from table 4, MERRA data was selected due to the 

height available, time series offered and within a short distance from the wind farm location. 

This resulted in a long term dataset from 01/01/1984 until the 30/05/2014. Thøgersen et al. 
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(2007) suggest using the regression model or the matrix model for sites where both the local 

and reference ground data are available in high quality and in a detailed time series. It was 

decided to use the matrix model for the AEP for the site in question, although all MCP 

methods were undertaken for comparison purposes to ensure the matrix method did not give 

an unrealistic result.  

Table 4 Wind resource datasets considered (WindPro, 2014) 

 

3.5 Simulations 

This section will present information regarding the simulations performed using WindPro and 

WindSim. 

3.5.1 Simulations using WindPro  

Site Data 

After the elevation grid and the roughness lines were converted into .map format, WindPro 

was used to incorporate the WAsP model. The site data allows the user to include the wind 

data in the calculations. 

Turbine Locations  

The 11 Vestas turbines were selected from the extensive list available within WindPro and 

their coordinates were input to their current locations. 

Energy Production Simulation 

After the data and turbines have been input, the energy production is calculated using the 

WAsP module in WindPro. Simulations were run using the Jensen Wake model, Larsen 
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model and the Eddy Viscosity model, the results of which are presented in the following 

chapter. 

3.5.2 Simulations using WindSim 

In order to run simulations in WindSim typically three files are necessary. A terrain file in 

.gws format, a climatology file in either .wws or .tws format which contains the wind data 

and the power curve in .pws format are required. WindPro was used to export the relevant 

data in order to prepare for the simulation. WindSim contains 6 modules which are run 

successively: 

 Terrain 

One feature of WindSim is the terrain module where the terrain model is loaded, modified 

and checked. WindSim accepts the terrain grid data in .gws format (which can be a joint 

height contour and roughness map, converted from the WAsP .map format). Here, the area of 

the map to be used can be defined, general grid set-up and employment of the forest model 

can be specified.  

Figure 2 depicts the terrain created in WindSim with the turbines positions shown in grey. 

 

Figure 2 Digital terrain model including objects 

Source: WindSim, 2014b 
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 Wind Fields 

The wind fields are determined by solving the RANS equations. The height of the boundary 

layer outlines the height of the geostrophic wind which is set to 500m by default and which 

was the selected height for all simulations undertaken in this thesis. Additionally, the speed 

above the boundary layer height defines the geostrophic wind speed which is set to 10 m/s by 

default. WindSim considers two types of boundary conditions for use in the cell structures, 

fixed pressure and non-frictional wall. Fixed pressure is better for hilly or mountain terrains 

and the non-frictional wall is suitable for predicting wind speeds over fields, planes and 

grasslands (Klisić et al., 2011).  

If a sector has not reached convergence after a selected number of iterations, this sector can 

be re-simulated starting from the not yet converged solution from the previous run which 

saves time. Moreover, there are four possible ways to solve the RANS equations in WindSim: 

 Segregated, a segregated solver (SIMPLEST)  

 Coupled, an algebraic coupled multi-grid solver (MIGAL)  

 Parallel, a parallel solver  

 GCV; a General Collocated Velocity method  

The method used in the simulations was the GCV technique (Nilsson, 2010; Wallbank, 2008; 

Gravdahl, 2007). 

 Objects 

The Objects module is used for turbine locations and climatologies at desired locations. Here 

it is possible to predict a frequency distribution from one location to another. In the WindSim 

calculation for the wind farm under investigation, the short term met mast has been correlated 

with a long term reference. The selected position of the new long term mast is the same 

location as the short term met mast. 

 Results 

The Results module extracts 2D horizontal planes from the output of the Wind Field module. 

Various wind speed parameters as well as wind direction can be presented visually for the 

modelled area. 
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 Wind Resources 

The Wind Resource module creates a wind resource of the modelled area based on scaling 

the results of the Wind Fields module with the met mast information the user has input into 

the objects module. The result is a wind resource map which can be loaded into WAsP and 

used for energy estimates or micro-siting turbines. The figure below depicts the wind 

resource map created in WindSim with the objects included in grey in the centre of the map 

(Wallbank, 2008; WindSim, 2014a). 

 

Figure 3 Wind resource map created in WindSim 

Source: WindSim, 2014b 

 Energy 

WindSim allows the calculation of the AEP for all turbines in the project. Results are 

available using frequency distribution or Weibull distribution, this formed the basis for 

achieving the final output using WindSim.  
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Figure 4 illustrates the procedure of CFD modelling 

Source: Cattin et al., 2006 

3.6 Loss factors applied in energy prediction 

In order to give the most accurate prediction, a number of assumptions and estimates are 

required due to the uncertainties involved in wind energy predictions. The total percentage of 

losses is applied in the PARK module within WindPro and the same losses will be applied to 

the results obtained from WindSim. The individual losses are described below: 

Electrical transmission efficiency 

A figure of 97% has been assumed for the electrical efficiency of the wind farm based on 

previous experience of typical wind farm electrical distribution system designs (Thorp et al, 

2008). 

Turbine availability 

A figure of 97% has been assumed for turbine availability based on knowledge of operational 

wind farms. Nevertheless, availability is a matter of warranty between the owner and the 

turbine supplier and is unknown for this thesis (Thorp et al, 2008). 

Blade degradation and fouling 

The turbine production may be affected by the accumulation of insects, dirt or ice on the 

blades. This accumulation will change the characteristics of the blade and therefore affect 
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their performance and the turbine output. A correction has been included to allow for lost 

production due to blade degradation. A figure of 99% has been assumed as appropriate for 

pitch regulated turbines, i.e. a 1% loss has been applied (Thorp et al, 2008). 

Substation maintenance 

Net wind farm production may be reduced temporarily when the electrical output is not 

transferred to the grid network during substation maintenance. In this analysis, a typical 

figure of 99.8% availability is assumed to represent one day per year of planned maintenance; 

therefore a loss factor of 0.2% will be applied. Scheduled maintenance can be problematic to 

precisely plan as a day with low wind speeds is difficult to forecast (Thorp et al, 2008). 

High wind hysteresis 

High wind hysteresis is caused by the turbine cut in and cut out control criteria for high wind 

speeds. The scale of this loss is influenced by three factors: 

1. The turbine will cut out when the maximum mean wind speed is surpassed. It will not 

cut in again until this mean wind speed is below a mean level lower than the cut out 

mean wind speed. 

2. The turbine will cut out if a sudden gust surpasses a maximum level. It will not cut in 

until the wind speed drops to a lower value. 

3. The precision of the instrument’s calibration which is determining the wind 

characteristics at the turbine. 

These three factors cause a turbine to conceivably lose production for some amount of high 

mean wind speed occurrences. A loss of 0.4% has been estimated for the site based on 

previous research into high wind hysteresis (Thorp et al, 2008). 

Wake from existing wind farms 

It is beyond the scope of this research to examine the effect neighbouring wind farms have on 

the wind farm under investigation in this study; therefore the original loss factor used in the 

WRA will be applied which was 0.4%. 

Not considered 

Power curve adjustment and utility downtime have not been considered in this analysis. 
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Summary of losses 

The table below gives a summary of the losses applied for the wind farm. This list does not 

include the wake and topographic impacts on the energy calculation; they will instead be 

determined using WindPro and WindSim. 

Table 5 Losses applied to the energy calculation 

 

3.7 Ethical considerations 

The nature of this academic research requires intellectual honesty and rigour on the part of 

the author, both in carrying out the research and in presenting the final results in the thesis. 

The author wishes to uphold good ethical behaviour throughout this thesis; this has been 

realised by giving due recognition to the various sources used to gather information 

throughout this research. 

The bibliography includes every source of information using Harvard referencing. With 

respect to the data used, all relevant results are provided. No data has been created and only 

data collected by the author has been used. 
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3.8 Conclusion 

The methodology was selected with due consideration to standard practices. Filtering was 

applied to the wind data used for the energy calculations in an effort to limit the usage of 

erroneous data although it is unrealistic to identify and remove all invalid data. The met mast 

data was analysed to determine the most appropriate time series; this was used in conjunction 

with the MERRA data to obtain the best available long term data at the wind farm. The 

simulation process using both WAsP and WindSim has been described in this chapter. The 

next chapter will examine the application of the methodology and the results. 
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Chapter 4. Application of the methodology and results  

4.1 Introduction 

Having established the methodology for the simulations and data analysis process, this 

chapter presents the results and analysis with respect to the research objective. 

4.2 Site Description 

The wind farm consists of 11 Vestas V80 wind turbines. The turbines have a hub height of 

67m with a total capacity of 22MW; the layout is shown in figure 5. The power curve used 

for the energy estimations is supplied from the manufacturer. The thrust coefficient for wake 

effects for the Vestas V80 was unavailable; therefore the thrust coefficient for the same 

turbine with a 100m hub height was used as an alternative. 

 

Figure 5 Wind farm layout  

Source: Google Earth, 2014 

4.3 Wind speed data 

4.3.1 Analysis of wind speed data in WindPro 

As mentioned above, each anemometer was investigated for possible corrupt data using the 

various methods available in WindPro. On numerous occasions data was corrupt and 

therefore erased, for all anemometers, data was disabled from 16/07/2007 until 07/01/2008, 

as no recordings were present due to unknown causes. Figure 6 displays an instance where 

the 50b anemometer stalled for approximately 3 hours, this occurred on several occasions 
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throughout the data period. On each occasion the data was removed to give a truer reflection 

of the wind resource on-site. 

 

Figure 6 Wind speed data removed for the 50a and 50b anemometer 

Source: WindPro, 2014 

Figure 7 shows an example of a malfunction of the two 50m anemometers which was 

removed from the data set. This indicates an obvious error has occurred as it is not indicative 

of wind speed data.  

 

Figure 7 Wind speed data removed for the 50a and 50b anemometer 

Source: WindPro, 2014 
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From the analysis of the met mast data it is evident the main wind direction is from the south 

west. The two 50m anemometers showed very similar results regarding the wind direction for 

the two and a half years of data. 

 

Figure 8 Wind direction for 50m anemometers 

Source: WindPro, 2014 

The monthly mean wind speeds is presented in figure 9. It can be seen that the two 

anemometers at a height of 50m have very similar wind speeds over the duration of the 

dataset, which was approximately 2 and a half years. 

 

Figure 9 Mean monthly wind speeds 

Source: WindPro, 2014 
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The figure below shows the Weibull distribution for the two 50m anemometers. The step curves 

indicate the measured data from the 2 and a half years of data, the curves are fitted to this data and 

form the Weibull distributions. It is evident there is a smooth fit of the Weibull distributions to the 

wind speed distribution with little changes.  

 

Figure 10 Weibull distribution’s for the two 50m anemometers 

Source: WindPro, 2014 

The wind shear per sector is also available within the WindPro software; the values are 

calculated per sector and are presented for the 2 and a half years of data in table 6 below. 

Table 6 Wind shear per sector (WindPro, 2014) 
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The difference in wind speed between the two 50m anemometers is visible in table 7. The 

results indicate there is little variation in mean wind speed during the recorded period of two 

and a half years.  

Table 7 Difference in mean wind speed for the two 50m anemometers for the recorded period 

of two and a half years (WindPro, 2014) 

 

4.3.1 MCP analysis 

An MCP analysis was undertaken using the WindPro software. The MERRA data was 

available from 01/01/1984 until the 30/05/2014 with a mean wind speed of 7.38 m/s at a 

height of 50m. The 50A and 50B anemometers were individually correlated with the 

MERRA data resulting in mean wind speeds of 7.48 m/s and 7.57 m/s respectively, with the 

mean wind direction being in the SW direction. 

After correlating the mast with the MERRA dataset, it had a correlation coefficient of 0.8693 

which is considered good. It should be noted that it is not always the case that a high 

correlation means that the reference is good and likewise, a poor correlation can be sufficient 

for a good prediction. However, the correlation coefficient is a good indication of quality 

(Nielsen, 2010). 

The correlated data below depicts the 50A wind rose, it can be seen the main wind direction 

is SW followed by SSW. 
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Figure 11 Mean wind speed and energy using MCP analysis for 50A anemometer 

Source: WindPro, 2014 

Figure 12 below shows the long term MCP result using the 50B anemometer. The result is 

similar to the outcome using the 50A anemometer, although differences wind speed and 

energy are apparent due to a higher recorded wind speed from the 50B anemometer. 

 

Figure 12 Mean wind speed and energy using MCP analysis for 50B anemometer 

Source: WindPro, 2014 
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4.4 Energy calculation using WindPro 

The PARK module was utilised to get an AEP for the wind farm using the MCP data as the 

wind input data. 

The AEP was undertaken using three different wake models while utilising the matrix MCP 

wind data as the input for comparison. Firstly, simulations were carried out considering only 

the wake reduction and also to calculate the wind farm’s gross values. Depicted below are the 

results from WindPro simulations using the Jensen, Eddy Viscosity and Larsen models. The 

results show the Jensen model has the highest deviation from the gross figure. The original 

WRA was undertaken using WindFarmer and it is not known which wake model was used. 

The results from table 8 indicate the power output varies depending on which wake model 

was used, which may contribute to the discrepancy. These figures were calculated using the 

50A anemometer and prior to applying losses, such as electrical losses and turbine 

availability which must be considered for an accurate energy prediction. 

Table 8 AEP with wakes and without wakes effect using the 50A anemometer (WindPro, 

2014) 

 

4.5 WindPro results 

A number of simulations were undertaken for comparison purposes. Each MCP method was 

applied using the various wake models available, although only the matrix method was used 

for the final AEP prediction. As stated previously, a loss of 8% has been applied to the 



 

 

34 

results. In order to compare with WindSim, the results from the PARK module using the 

relevant height contours, roughness lines and the Jensen wake model was used. Since data is 

available in high quality and in a detailed time series, the matrix method was selected to 

determine the AEP based on the recommendation of Thøgersen et al. (2007). 

As illustrated in table 9, the AEP predicted using the matrix method and Jensen model is 

64.1226 GWh/annum for the site under investigation. 

Table 9 WindPro annual energy results using 50A anemometer data 

 

An MCP analysis was also undertaken using the 50B anemometer. Results show the power 

output was higher using the 50B anemometer, as the wind speeds were slightly greater to the 

50A anemometer. 

Table 10 WindPro annual energy results using 50B anemometer data 

 

 



 

 

35 

After combining the results from the 50A and 50B anemometers using the matrix method, the 

final AEP of 64.79 Gwh/annum is achieved. This includes the 8% losses and constitutes the 

final energy prediction for the site under investigation utilising WindPro. 

Table 11 Discrepancy between operational output and WindPro prediction using 50A and 

50B anemometers 

 

4.6 Energy calculation using WindSim 

A number of simulations were undertaken using the uniform and refinement grid options 

available in WindSim which enabled the most accurate energy prediction for the site to be 

determined. By default, a refinement of the grid is not performed by WindSim. A refinement 

area was specified within this work with varying grid sizes; this ensures a more dense 

distribution of the nodes within the refined area. The turbines are located in the centre of the 

domain. The cell distribution is uniform within the refined area with an increasing cell size 

towards the borders as shown in figure 13. Due to time constraints, only the 50A anemometer 

was used as the input for running all uniform and refined grid simulations. The 50B 

anemometer was used additionally to perform a refined grid simulation with the maximum 

number of cells (3,000,000) and the result of this simulation was averaged with the result 

from the corresponding 50A simulation. This was done in order to achieve an accurate AEP 

output (WindSim, 2014b). 
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Figure 13 Sketch of the grid used in WindSim showing the refinement at the turbine location. The figure 

shows a 2D cut of the grid parallel to the ground 

Source: WindSim, 2014b 

4.6.1 Uniform results 

A total of 8 simulations were undertaken using the uniform grid. The maximum number of 

grid cells ranged from 100,000 to 3,500,000 cells. Results were obtained with and without 

wake effects, the Jensen wake model was again used to compare results with WindPro. An 

example of a uniform grid can be seen in figure 14 below, unlike the refined grid, the grid 

spacing in the x and y directions remain the same and the z size is again variable. 
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Figure 14 depicts the uniform grid used for simulations. The figure shown represents the highest number 

of simulated cells 

Source: WindSim, 2014b 

Due to time constrains the 50A anemometer was used for all the uniform simulations. 

Column 2 shows the maximum number of cells inputted to WindSim. WindSim tries to fill 

the grid in a reasonable way such that the result will be as close as possible to the maximum 

number of cells. It is not possible to reach this exact number as a structured grid is used for 

the simulations, therefore column 3 shows the actual number of cells used for each 

simulation. The cells x, y and z are a body fitted coordinate system which adapt to follow the 

shape of the terrain. In table 12 below information regarding the structure of the grids can be 

seen. 
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Table 12 Uniform grid layouts 

 

The results for the uniform simulations can be seen in table 13. The results fluctuate more 

than the refined grid structure and it is recognised the results are not as accurate as the refined 

grid. All energy results from WindSim are taken from the frequency table which is based on 

the climatology. The frequency table is established from the wind speed divided into 50 bins 

and the wind direction divided into 12 bins. 

Table 13 Energy outputs based on uniform grids 
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The following graph shows that grid independence has not been achieved and results are not 

constant. Convergence is expected if the resolution was increased further although computer 

capacity limited the maximum number of cells to 3,500,000. 

 

Figure 15 Wind farm production results (Uniform Grid) 

 

4.6.2 Refinement results 

A total of 7 simulations were carried out using the refinement grid. The size of the grids 

varied from 100,000 cells to a maximum of 3,000,000 cells. The energy yield, as seen in table 

15, was very similar for 6 of the 7 outcomes. The refined grid was used to analyse the area of 

interest in more detail rather than the uniform grid. 

The total number of cells in column 3 equals the multiplication of the cells in the x, y and z 

directions. The grid spacing is measured in meters and is shown in column 4.  For simulation 

number 7, it can be seen the grid spacing is 50.9m inside the refined area and 904.4m in the 

outer area in the x direction. Similarly for the y direction, the spacing inside the refined area 

is 50.8m and increases to 901.7m at the outer cells. The wind turbines are located in the 

centre of the refined grid which mimics real life conditions most accurately. 
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Table 14 Refinement grid layouts 

 

The energy output varied from 62.90 GWh/annum to 64.11 GWh/annum, with the average 

AEP estimate at 63.86 GWh/annum. The wake loss from the Jensen model was similar for 

each estimate, ranging from an energy loss of 9.12% to 9.47% 

The table below shows the results including and disregarding the wake effects based on the 

frequency table. The final column is the energy output considering the wake effects and 

applying the 8% losses.  

Table 15 Energy outputs based on refined grids 
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The refined grid results depicted in figure 16, demonstrates a constant behaviour output for 6 

of the 7 simulations. The first simulation gave a noticeably lower AEP, presumably due to the 

larger cell size used. It is evident the results are more constant than the uniform grid with less 

fluctuations in the outputs. For the annual energy prediction, the output from the 3,000,000 

refinement cell simulation was chosen in order to achieve the most accurate result as this was 

the maximum grid size simulated for this thesis. 

 

Figure 16 Wind farm production results using refined grid 

The 50A anemometer results for the maximum number of cells (3,000,000) using the refined 

grid can be seen in table 16. Similarly, table 17 depicts the result for the same cell structure 

except the 50B anemometer was used for the energy prediction. These results include the 8% 

loss factors described previously. The average wind speed was slightly higher from the 50B 

anemometer; therefore the energy estimation is slightly higher. 

Table 16 Discrepancy between operational output and WindSim prediction using the 50A 

anemometer and applying original losses 
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Table 17 Discrepancy between operational output and WindSim prediction using the 50B 

anemometer and the applying original losses 

 

After averaging the results from the maximum refined cell (3,000,000 cells) using the 50A 

and 50B anemometers, the final AEP of 59.41 Gwh/annum is attained. This includes the 8% 

losses and constitutes the final energy estimate utilising WindSim. 

Table 18 Discrepancy between operational output and WindSim prediction applied original 

losses using an averaging of results with each of the two anemometers 

 

4.7 Conclusion 

In this chapter the analysis of the wind data was evaluated as well as the MCP method 

chosen. A number of results were determined and presented including the AEP estimation 

using WindPro and WindSim. The results in WindPro were provided for each wake model 

and for the various MCP models available in WindPro. The results from WindSim were 

shown using a uniform and refined cell structure. 
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Chapter 5. Discussion and analysis 

5.1 Introduction 

This chapter discusses and analyses the results obtained. 

5.2 Discussion of results 

Two long term datasets were created using the 50A and 50B anemometers in conjunction 

with the MERRA dataset and applying the matrix MCP method. The final long term dataset 

was then used to predict the energy output at the site using WindSim and WAsP modelling 

via WindPro. The operational data for 2011, 2012 and 2013 was vital to compare the 

operational output with the predicted AEPs using WindPro and WindSim which were carried 

in this study. In table 1 the discrepancy between the original WRA and the operational data 

was shown. Over the course of the three years, the output showed an average overestimation 

of 10.19%. 

The WindPro results calculated in this study and shown in table 11, demonstrate a closer 

prediction than the original WRA. This result is obtained using the Jensen wake model and 

the matrix MCP method in WindPro which has been correlated with the MERRA long term 

dataset. The individual energy predictions using the two anemometers at 50m were averaged 

to give a more accurate energy estimation. The original WRA was undertaken using 

WindFarmer and WAsP modelling. It is unknown which wake model was used in the original 

WRA. The results indicate there is a variation in AEP based on the wake model used, as 

shown previously in table 8. This may be a reason for the discrepancy as the Jensen wake 

model predicted 2.83 GWh/annum less energy than the Eddy Viscosity model and 1.69 

GWh/annum less energy than the Larsen model. The original WRA applied an 8% loss for 

factors such as those in table 5, therefore 8% was applied for loss factors in this research for 

comparison purposes. In the original WRA the calculated loss for topographic effect and 

wake effect was 8.5% using WindFarmer. The wake and topographic effects were determined 

at 8.08% using WindPro and 9.43% utilising WindSim when applying the Jensen wake 

model in this study. The result from table 11 indicates WindPro overestimated by an average 

of 8.10% over the three years. This is a better energy prediction than that provided in the 

original WRA, although is still an undesirable margin.  

The Jensen model and the matrix MCP method in WindPro, which was correlated with the 

MERRA long term dataset, were used for the final AEP predictions employing WindSim.  
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In order to give the most accurate AEP utilising WindSim, both results from the anemometers 

at 50m were averaged. When applying the same loss factors as the original WRA, the results 

are very close to the operational output. WindSim underestimated the power over the three 

years by just 0.11% compared to the pre-construction assessment which overestimated the 

overall output by an average of 10.19%. WindSim’s result is a very satisfactory result as the 

error margin is minimal. 

By applying a 1% increase in the losses for each model, a significant energy variance occurs. 

The losses have a significant impact on results, a variance of 0.689 GWh/annum up to 0.745 

GWh/annum depending on the MCP method and model selected. A loss of 8% was applied to 

the final energy estimations as this figure was used in the original WRA. This allows for 

direct comparison with the initial WRA, enabling more accurate conclusions determining the 

discrepancy. 

5.3 Analysis 

As previously hypothesized, two possible causes for the discrepancy were an inaccurate wind 

speed prediction over the site and an inadequate modelling of the wind farm using WAsP 

software. Prior to construction a met mast was installed on-site to record the initial wind data 

for approximately 2 and a half years. This data was then used in conjunction with the 

MERRA data to predict the long term wind over the site. In this study WAsP via WindPro 

calculated an average hub height wind speed of 8.0m/s. This differed slightly to the wind 

speed estimation in the original WRA which was 8.2m/s. The 0.2m/s difference in the wind 

speed prediction is likely due to the meteorological information used. This research was 

limited to the datasets in table 4 while the original WRA had access to meteorological 

stations throughout Ireland. The 0.2m/s difference suggests the wind speed prediction using 

WAsP in the WRA was satisfactory based on its capabilities. The similarity in the result from 

the original WRA using WAsP and the one performed in this study suggest the long term 

prediction was done in a similar way, however a significant error is evident in the modelling 

of the terrain. It is apparent an error exists by utilising WAsP to model this complex terrain as 

it overestimates the energy output significantly. In contrast, WindSim the calculated average 

wind speed at 7.36m/s, 0.84m/s lower than WAsP. 

Utilising WAsP to model the terrain resulted in an unsatisfactory estimation of energy output. 

It is a well-known fact linearized models like WAsP tend to overestimate speed-up of wind 

flow in steep terrain. Steep terrain, such as the terrain in this study, promotes flow separation. 
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When the flow is detached from the ground, the actual terrain is modified to something less 

rugged than the actual terrain. WAsP assumes an attached flow in this instance which is 

expected to over predict flow speeds over the terrain (Bowen and Mortensen, 1996). 

The site under investigation is moderately complex and altitudes range from 270m to 360m; 

slopes in excess of 17° are also present. Results show that, even at average slopes of 10°, 

linearized models overestimate speed-up by nearly 10% (EMD, 2014b). 

The modelling of the site using WAsP provided errors in the energy prediction. A notable 

variance was also evident in the topographical and wake effects. The original WRA 

calculated losses of 8.5% from topographical and wake effects whereas these effects were 

determined at 8.08% using WindPro in this study and 9.43% utilising WindSim when 

applying the Jensen wake model.  

WindSim’s energy production is closer to reality than the WAsP linear model; this is likely 

due to its superior method of reproducing wind flow in steep terrain, its replication of the 

recirculation process and more accurate wind speed predictions at hub height. The results 

from utilising WAsP and WindSim for this moderately complex terrain are in agreement with 

previous research described in chapter 2.  

5.4 Conclusion 

In the chapter the results were discussed which illustrated that WindSim provided a more 

accurate energy estimation than the WAsP model used.  
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Chapter 6. Conclusions and implications 

6.1 Introduction 

This chapter presents the conclusions reached from the research performed, its implications, 

the limitations of the thesis and proposals for further research. 

6.2 Conclusions 

The principle aim of this thesis was to evaluate the reasons or possible causes for the 

discrepancy between operational assessment and WRA for an unnamed wind farm in Ireland. 

Upon undertaking simulations and applying the same loss factors as the original WRA, the 

results show WindSim gave an underestimation of the AEP by just 0.11% overall. This 

outcome is in contrast to the original WRA which overestimated the AEP at 10.19% for the 

three years under investigation. There are a number of reasons which accounts for this 

discrepancy. Firstly, the averaged wind speed at hub height in the original WRA was 8.2m/s. 

However, the prediction undertaken using WindSim estimated an averaged wind speed of 

7.36m/s. WindSim was able to predict the actual condition with greater accuracy than WAsP 

due to its superior method of reproducing wind flow in steep terrain and more accurate wind 

speed predictions at hub height. WAsP applies the logarithmic law to define the wind shear 

profile which gave an overestimation of wind speed at hub height in moderately complex 

terrain. These differing results had a significant contribution to the difference in AEP as 

power is proportional to the wind speed cubed (Llombart et al., 2006). 

It is unknown which wake model was used in the original WRA, the results from table 8 

show the wake models deliver varying results. This indicates another factor which may have 

contributed to the difference in AEP from WAsP and WindSim. 

The topographical and wake effects applied in the original WRA were 8.5% while WindSim 

calculated a loss of 9.43%; this is another factor which would have contributed to the varying 

results. In agreement with previous research on moderately complex terrain, it is evident for 

this moderately complex site, WindSim gave a more accurate AEP estimation than WAsP 

both in the original prediction and in the one undertaken for this research. 

6.3 Limitations 

While undertaking the WRA it was not possible to investigate the anemometer’s accuracy 

losses, the variability of long term data was also not investigated. The most appropriate 

online wind data sources were selected; although the various meteorological stations in 
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Ireland would be used in ideal circumstances, they were unavailable. The terrain was 

obtained from the SRTM online database, however it would be preferable for on-site surveys 

to be carried out to ensure the SRTM data is accurate and obstacles such as forestry is 

accounted for during the modelling process. 

The simulations were limited to the computational ability of the computers used. The grid 

resolution is a high factor of prediction accuracy and although results were very similar, they 

did not reach grid independence. The research is also limited to the operational data available 

which were used in the results comparison. 

The thrust coefficient for wake effects for the Vestas V80 was unavailable; therefore the 

thrust coefficient for the same turbine with a 100m hub height was used as an alternative. 

This introduced inaccuracies in the output but a significant difference in results would not be 

expected.  

6.4 Further research 

Recommendations for future research are: 

 A thorough investigation into the wake modelling used in the original WRA and a 

more detailed analysis of the losses applied in this WRA should be carried out. 

 The variability of the future annual wind speeds at the site should be investigated in 

greater detail. 

 A detailed correlation between the two 50m anemometers would be advantageous in 

order to obtain the most appropriate short term wind data on-site. 

 A more precise evaluation of the shadow and speed up effects from the anemometers 

on the met mast should be undertaken. 

 When more operational data becomes available, the average long term power 

prediction of the site would be more accurate. 

 A P90-P75-P50 investigation should be carried out to determine the probability of the 

annual AEP being exceeded. 
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