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ABSTRACT 

 

This Master’s thesis studies how accurate the Weather Research and Forecasting (WRF) model 

is in wind resource assessment in the Nordic conditions. Besides, it is studied how big of an 

increase in energy production could be gained if a confidential wind farm would be repowered. 

SCADA data from the existing wind farm is filtered and used to calculate the yearly production 

of the wind farm. WRF data is used as an input in mesoscale-microscale coupling that results in 

a yearly production estimation for the same wind farm. 

 

When the production results from SCADA and WRF are compared, it is found that the WRF 

based wind resource assessment overestimates the production with 10 %. This is evaluated to be 

accurate enough for a preliminary wind resource assessment. This case study confirms that a 

mesoscale-microscale coupling method where terrain data is combined from two sources leads to 

acceptable results. 

 

It is also shown that the increase of 26 meters in hub height would increase the annual energy 

production with 8 % and 51 meters height increase would lead to 15 % more production in case 

of repowering at the studied site. Compared to the existing wind farm, the only parameter 

changed was the hub height. Therefore, the results of 8% and 15% should be considered only as 

indicative estimates. The simplicity and apparent accuracy in the wind resource assessment for a 

repowering project is though questioned in this study.  
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NOMENCLATURE 

 

AEP   Annual Energy Production 

 

DTU   Technical University of Denmark 

 

MCP   Measure Correlate Predict 

 

NCAR   National Centre for Atmospheric Research 

 

NWP   Numerical Weather Prediction  

 

 𝑟2   Coefficient of determination 

 

RMSE   Root Mean Square Error 

 

SCADA  Supervisory Control And Data Acquisition 

 

STD   Standard Deviation 

 

TI   Turbulence Intencity 

 

WAsP   Wind Atlas Analysis and Programme 

 

WTG   Wind Turbine Generator 

 

WRA   Wind Resource Assessment  

 

WRF   Weather Research and Forecasting model 
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CHAPTER 1. INTRODUCTION  

 

1.1 Background 

Wind Resource Assessment (WRA) is a crucial part of a wind farm project development. The 

quality of the WRA affects the trustworthiness of the project’s energy and financial calculations 

and therefore it needs to be accurate enough. Historically, WRA is based on on-site 

measurements but since the on-site measurements are expensive and time consuming, there is a 

demand for WRAs that are based on Numerical Weather Prediction (NWP) models. 

 

The Nordic countries are now for the first time in a situation where there are several wind farms 

that have been in operation for a long time and it is soon time to decide whether the old farms 

should keep producing, be decommissioned, or get repowered. At this point, the wind resources 

at the hub heights of the wind farms are well known and this gives a rough idea whether a 

specific wind park could be a good repowering site. However, when repowered, the hub height is 

often increased and therefore a wind analysis at the higher heights is needed. 

 

This Master’s thesis is a case study where implementation of NWP modelled data is studied in a 

wind resource assessment for a wind farm that might become a repowering project. 

 

1.2 Research questions  

The research questions are as follows: 

1. How accurate WRF data is in a preliminary wind resource assessment? 

2. How do the wind resources differ at the different heights on the site? 

3. How much would the production increase at the studied site be if hub height would be 

increased? 

 

The first question is focused on verifying whether the Weather Research and Forecasting (WRF) 

model can be used to get reliable results in a WRA. The main focus in this thesis will be in the 

research question one.  
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The second and the third questions are related to repowering. They are studied more superficially 

and the conclusions of those will have more of an indicative character.  

 

1.3 Case study  

For this case study confidential Supervisory Control And Data Acquisition (SCADA) data is 

used. That is why the details of the studied wind farm are not presented in any of the chapters. 

Some basic information is however crucial to be able to understand the following chapters. 

 

The wind park consists today of nine wind turbines (WTGs) with nominal power around 2 MW. 

The topography is varying and the turbines are located on the top and on the slope of a hill. 

However, the steepness is low through the site area, and the site is thus considered as not 

complex. Roughness on the site consist mainly of forest but also deforested areas. Furthermore, 

the site is situated in a climate where icing occurs yearly. 

 

The idea of the case study is to compare WRF and SCADA data, both at 99 meters height, to see 

how accurate WRF data is in simulating wind climatology at this site. Thereafter, WRF data is 

used to simulate the wind resources at two higher heights. 

 

Data handling is done in three sofwares. All the handling of SCADA data is done in the 

programming software MATLAB, which is suitable for data analytics for big data sets 

(MathWorks, 2017). The first initial preparation of WRF data is done in Microsoft Excel and the 

rest in windPRO. WindPRO is a software that was developed by EMD for wind and wind farm 

analysis (EMD, 2017). 

 

1.4 Disposition 

In the introduction chapter, the study project and its background are presented. Chapter two, 

Literature review, gives an overview of three important themes in this study and represents 

previous research. The third chapter, Materials and methods, motivates the research methods 

used in this study. Chapter four presents the results, which are discussed in chapter five, 
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Discussion and analysis. Finally, the last chapter concludes the findings and limitations of the 

study and gives suggestion for future research. 

  



 4 

CHAPTER 2. LITERATURE REVIEW 

 

2.1 Introduction 

This literature review presents three of the thesis’ main subjects more in depth. Chapter 2.2 

presents previous studies’ findings about WRF in wind resource assessment. 2.3 introduces the 

WAsP method, which is used in windPRO simulations and explains the mesoscale-microscale 

coupling. Finally, Chapter 2.4 gives an insight on the state of the art in research related to 

repowering. 

 

2.2 Weather Research and Forecasting (WRF) model  

2.2.1 Definition and areas of use 

WRF is a numerical weather prediction model developed by the National Centre for 

Atmospheric Research (NCAR). It is a mesoscale model and has today several applications in 

the wind power industry. The horizontal grid resolution can be changed in WRF in order to get 

different detailed topography data for various purposes (Carvalho et al., 2014). 

 

WRF is a mesoscale model and can therefore simulate climatologies at a high resolution at 

regional level. It is today often used to map wind resources in large areas, and also to study wind 

resources at new, unexplored, areas (Carvalho et al., 2014; Mattar and Borvarán, 2016). WRF 

modelling is not only used for regional purposes; nowadays it is used also for the specific wind 

farms both in planning and in operational phase. In the planning phase WRF can be used as a 

long-term correlation for the on-site measurements. As the model has been developed further, it 

has recently even become an alternative for on-site measurements themselves in a preliminary 

WRA. In the operational phase, WRF can be used for short-term wind forecasting in order to 

forecast the production (Carvalho et al., 2014; Giannaros et al., 2017). 

 

The usage of the WRF model in a preliminary wind resource assessment for a wind project has 

some advantages when compared to on-site measurements. It makes it possible for the developer 

to study the wind resources during any time period and any spatial location, at a lower cost and 

faster than a measuring campaign. This makes the WRA faster and decreases the financial losses 
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if the preliminary wind assessment shows poor wind conditions (Carvalho et al., 2014; 

Giannaros et al., 2017). 

 

2.2.2 Verification methods  

In all the reviewed studies, the WRF model has been verified by comparing the WRF simulation 

results to wind measurements at the same area and for the same time period. The occurrences are 

studied with several different statistical methods in each study. 

 

The most common studied parameters are: Weibull probability density function, wind speed 

histograms, root mean square error (RMSE), standard deviation (STD), bias and wind roses. 

These parameters are calculated from the WRF simulated wind statistics and for the measured 

wind data. Time period for the data used in different studies varies from one month to several 

years, but the time period for the simulated and measured data in each study is always the same 

(Amjad et al., 2015; Carvalho et al., 2014, 2012; Giannaros et al., 2017). That the time period is 

the same is crucial for the comparison. 

 

2.2.3 Limitations 

The mesoscale models tend to simplify the topography and roughness of the studied area. This 

happens if the horizontal grid resolution is too coarse, which leads to too smooth terrain 

complexity. This in turn shows both high and low wind speed errors in the results. In practice, 

the model lowers the mountain tops and estimates the valleys higher than they are. This causes 

overestimations at the valleys and underestimations at the top of the hills. On the other hand, the 

smoothening of roughness can be perceived as speed ups as the friction between the surface and 

the atmosphere is lower when there is less roughness (Carvalho et al., 2014). 

 

2.2.4 Results of the previous research  

The overall results of WRF verification studies shows satisfactory model performance and 

indicates that WRF can be used for preliminary wind resource assessments (Giannaros et al., 



 6 

2017). The studies however agree that the WRF model underestimates the high wind speeds and 

in turns, overestimates the low wind speeds in complex terrains. Giannaros et al. (2017) found 

that WRF was underestimating the high wind speeds in the complex inland terrain in Greece. 

They also claimed that this depends most likely on the 6 km horizontal grid resolution which is 

probably too coarse for such a complex terrain. As a solution to this problem, the studies advice 

to use more detailed terrain data. Both the topography, i.e. horizontal grid spacing, and the 

roughness should be considered more carefully (Carvalho et al., 2012; Giannaros et al., 2017). 

 

2.3 Wind Atlas Analysis and Program (WAsP) 

2.3.1 Definition and areas of use 

WAsP is a model created by the Technical University of Denmark (DTU). Since WAsP is the 

obvious method to be used in this thesis, only this one linear model is represented in the 

literature review. It is a linear model that has been used as an industry standard for micro-siting 

of wind power projects for over 25 years and still is the state of art tool for micro-siting. WAsP 

can be used on its own software or as a module in several different softwares (DTU Wind 

Energy, 2016).  

 

One of WAsP’s advantages is that it does not require a lot of computational time. As it is a linear 

model, it suits the purpose of wind resource assessments in the areas with low complexity 

terrain. This encouraged the wind industry to start using the model as a praxis years ago, when 

wind farms were built almost only at terrains that are not complex (Palma et al., 2008).  

 

2.3.2 Limitations  

Not being accurate enough in complex terrains is seen as the biggest limitation of the WAsP 

model. The linear models tend to underestimate the speed reduction caused by the terrain 

roughness and miss the flow separation on the down-wind side of a hill. This means, that the 

model estimates the wind to follow the terrain down the hill, whereas in the reality, there is flow 

separation and windspeed at the downhill, after passing the top of the hill, is lower than the 

model estimates. During later years it has become more common to build wind turbines even 



 7 

where the terrain is more complex and WAsP is now used even in more complex terrains which 

might sometimes be outside of its validity (Palma et al., 2008). 

 

2.3.3 Mesoscale-microscale coupling 

Mesoscale-microscale coupling is a method that is sometimes used in WRAs. It means that 

mesoscale modelled wind resources are used as an input in microscale analysis for a wind 

project. E.g. WRF data can be used as an input in WAsP analysis (Carvalho et al., 2013; Soares 

et al., 2010) 

 

There are several possibilities how the coupling can be done. Carvalho et al. (2013) compared 

three different techniques that results in differences in how the terrain is represented in the 

microscale analysis. The best solution proved to be a technique where the mesoscale terrain data 

is complemented with more accurate terrain data during the microscale analysis. This technique 

reduces best the uncertainties that are caused by the low resolution in the mesoscale terrain data. 

In the other techniques, where the terrain data was not combined, the error in wind speed and 

production was remarkably higher (Carvalho et al., 2013).  

 

2.3.4 Results from previous studies 

In Carvalho et al. (2013) the mesoscale-microscale coupling that showed the best results resulted 

in an overestimation of 5.4 % and 15.6 % in the energy production at the two studied sites. These 

are considered to be acceptable production estimates for a preliminary WRA. The techniques 

that did not combine the terrain data resulted in severe underestimation in energy production. All 

these studies used the same 3.6 km grid resolution WRF data. It was also shown, that the 

modelled  wind directions corresponded well with the measured ones (Carvalho et al., 2013).  

 

Soares et al. (2010) used WRF data and WAsP simulation in a mesoscale-microscale coupling 

technique that did not combine the terrain data. Horizontal grid resolution for the WRF data in 

this study was 3 km and the terrain was complex. The result showed 10 % underestimation in the 
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wind speed and, due to the cubic relation of power density and wind speed, 35% underestimation 

in power production (Soares et al., 2010). 

 

2.4 Repowering 

2.4.1 Wind resources  

One of the positive features of repowering is that a place with good wind resources can be reused 

and more of the available energy can be harvested with modern wind turbines. Usually the hub 

height of the turbines increases in a repowering project, which also leads to higher wind speeds. 

At the same time, the rotor diameter is increased, and the new turbine model operates according 

to a power curve, that can better take advantage of the wind resources at the site. In other words, 

the turbines that could be used in repowering would use the wind resources at the site more 

effective than the existing turbines (Colmenar-Santos et al., 2015; Serri et al., 2017). 

 

Wind resource assessment for a repowering site is cheaper and more reliable than for a new wind 

power site. There is usually no need to install measurement equipment, e.g. met masts, when the 

existing turbines have measurement instruments and measurement data can be taken from there. 

Measurements are an expensive part of the wind resource assessment, and therefore the total cost 

of wind resource assessment for a repowering project is low, even though other parts of the 

estimation remain. Simulations must be run so that the best turbine model for the site can be 

chosen and energy production estimation must also be done (Colmenar-Santos et al., 2015). 

Uncertainties are lower in a wind resource assessment that is based on measurements from an 

operating wind farm, i.e. assessment for repowering project. This is because the measurement on 

the new site are run only for a short period but for a repowering project, the measurements are 

from 10-20 years (Goyal, 2010).  

 

2.4.2 Geography 

There are three countries and one American state that are repeatedly mentioned in the 

repowering research. Germany, Spain, Denmark, and California are pioneers in repowering. For 

example in California 20 % of the wind turbines that were operating in the 1990s were 
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repowered before the end of 2007. These areas were pioneers in implementing wind power, 

which is the reason why there has already been a lot of potential for repowering (del Río et al., 

2011). Even other geographical areas and offshore wind power industry are expected to become 

markets for repowering soon because the lifetime of the first installed wind turbines are reaching 

the end of their lifetime. There is more and more research done about the potential of repowering 

(Goyal, 2010; Hou et al., 2017; Serri et al., 2017).  

 

2.5 Conclusions 

The literature review has firstly shown that the numerical weather prediction models are 

nowadays an important source of wind data in wind resource assessments. Mesoscale-microscale 

coupling can successfully be implemented if the terrain data is accurate enough. Secondly, it can 

be concluded that repowering is a growing market in the wind power industry in the near future. 

Implementation of WRA in a repowering project is discussed to be easier implemented and more 

accurate than for a new wind power project.  
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CHAPTER 3.  MATERIALS AND METHODS 

 

3.1 Description of the case study 

The aim of this case study is to first validate how accurate the WRA is if it was done based on 

WRF-modelled data. This is done by generating wind and production analysis based on WRF 

data with the existing turbines’ power curve as an input. The energy calculation is then compared 

with the production data from the existing turbines.  

 

If the results show acceptable accuracy, two more heights are studied with the same method. 

From that, it can be concluded how much better annual energy production (AEP) this particular 

wind farm would have if the turbines were repowered to higher hub heights. This is however a 

preliminary study and the results should be considered as an approximate estimate of the AEP as 

the only changed parameter in this study is the hub height. In reality, it is likely that even the 

turbine type changes if a wind park gets repowered and modern turbine types with higher 

capacities gains higher AEPs. Also, many other parameters (e.g. turbine layout and internal grid) 

would be reconsidered and would impact the gained AEP. All the results of this study will be 

applicable for the specific wind farm but part of them can also contribute to confirm or 

contradict the results from previous studies. 

 

3.2 Data sources 

The two types of data used in this study are WRF data and SCADA data. WRF data is the NWP 

data chosen for this study and SCADA data includes the observed production and wind data 

from the existing turbines at the site. The production data and the wind direction data was used 

from the SCADA data. 

 

WRF data was received from the Meteorological department at Uppsala University. The data is 

modelled for the period of July 2011 through June 2012 and it includes information at 99 m, 

125 m, and 150 m heights about the temperature, humidity, turbulence intensity (TI), wind speed 

and wind direction. The data was available with the horizontal grid resolution of 9 and 1 km. The 

1 km resolution was chosen as the 9 km resolution would result in more simplified topography 
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which was presented as WRF model’s limitation previously. Data with the 9 km horizontal 

resolution was however available also for a period of 35 years. This data is used to long-term 

correct the one-year WRF data. The coefficient of determination (𝑟2) for the overlapping period 

of the two data sets was found to be 0.77, which indicates a good correlation. There was no 

reliable long-term data available from measurement masts at the region. This is usually the 

condition in the Nordic countries as the ground based meteorological stations’ measurement 

heights are rather low and they are often affected by icing during winters. 

 

SCADA data was received from the wind farm operator OX2, with a permission from the wind 

farm owner. The provided SCADA data includes 4.5 years of measurements (years 2012-2017) 

from the nine turbines. The different parameters covered by SCADA data in this case are: wind 

speed, wind direction, operational status, and active power production. Wind speed and wind 

direction measurements from the SCADA system should however not be considered as definite. 

The wind speeds are measured behind the rotor blades and they are therefore disturbed values. 

As no information was available if and how the wind speed observations were calibrated after 

the observation moment behind the rotors, the wind speed data was not used in this study. 

Instead, the methodology was designed so that power production data was sufficient and there 

was no need to use wind speed data. The wind direction measurements, in turns, are depending 

on how the instruments are calibrated. This is often not done properly at the construction phase 

and the information whether the studied turbines are recalibrated, was not available for this 

study. This was noticed when wind direction data was handled in this analysis. 

 

3.3 Methodological framework  

3.3.1 Comparison to previous studies  

It was presented in the literature review that the studies verifying the accuracy of WRF data are 

based on the on-site measurements at the same location and same period as the WRF modelled 

data. The wind statistics from these two sources were then compared. Previous repowering 

studies claims that long-term corrected data is not needed as the measurements are available for 

10-20 years from the wind farm. The limited resources for this study cause nonetheless two 

challenges for running a similar research project. The first challenge is that the SCADA dataset 

and WRF modelled dataset are from different time periods and both represent only a shorter time 
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period. This means that the two datasets must be long-term corrected before they can be 

compared with each other. The second challenge is that the wind speed and direction data from 

the SCADA data are not as accurate as they are from a measurement masts and therefore, 

comparing the wind data might lead to invalid results. This is avoided by comparing the 

production data instead of wind speed data. Furthermore, when analyzing the wind direction data 

from the SCADA data, it is taken into account, that no information of recalibration is available. 

3.3.2 Filtering of the SCADA data 

The SCADA data is filtered to find the theoretical production of the wind farm which is needed 

for the comparison with WRF based simulations. The theoretical production is the production 

that would occur if the turbines could produce according to the wind resources without any 

disturbance of e.g. icing or maintenance work. Wakes are however not filtered out in this study 

as that would expand the scope of the study remarkably. This means that the result of filtering is 

not ideal production, which has to be taken into account when comparing the results to WRF 

based production calculations. It is not in the scope of this thesis to explain why the turbines 

sometimes produce under the theoretical production, and the filtering of the SCADA data is 

therefore rather simplified.  

The filtering is done separately for each WTG and consists of four main phases: 

1. Filtering by the dates  

2. Filtering by the operation status codes 

3. Filtering of the downtime 

4. Filtering of other deviant events 

Each phase is explained in the paragraphs below and illustrated in Figure 1.  

 

The available data is for a period of 4.5 years, which in this case means that there are four 

summers and five winters represented. To avoid the seasonal bias in the production, the data is 

first filtered so that only the whole years, from January to December, 2013-2016 are included. 

Thereafter the data is divided into four time series, each representing a whole year. This division 

enables the long-term correction that is presented in Chapter 3.4.4.  

 

Secondly, filtering by the operation status codes is done so that only the data that is correctly 

reported during the time that the turbine is producing is included. In other words, only the 
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observations with a code “generator on grid” are included. The operational codes that are filtered 

out indicate e.g. grid failures or maintenance stop.  

 

Thirdly, the theoretical production should not include negative or zero values in power 

production. These values can occur e.g. when the wind speed is below the cut-in wind speed and 

the turbine is in idle mode. Therefore, the downtime, i.e. the time when the turbine is not 

producing electricity, is filtered out. This is done by filtering out the observations that have value 

zero or below.   

 

Finally, only the observations that lie within maximum 1.5 STD from the operational power 

curve are included in the production analysis. This is done by creating operational power curve 

for each WTG after the filtering steps 1-3 and filtering out the observations that are more than 

1.5 STDs from the curve. This will make sure that the deviant measurements, like measurements 

during icing or instrument failures are excluded. It is rather simplified, but effective way of 

filtering data, which is considered appropriate for this study as it does not aim to explain why 

certain data points are not according to the operational power curve but needs the theoretical 

production for validation of other data. 

 

Applied filtering phases are illustrated in Figure 1. It shows the values that are filtered out due 

to operational codes with red color, down time with turquoise color, values not within 1.5 STD 

with black and green color, and finally, the filtered sample with blue color for one year for 

turbine 1. The purpose of Figure 1 is to illustrate the filtering methodology and not to present 

any results. Thus, only one year and one turbine is presented even though the filtering is 

implemented for each turbine and each year. Power output values are hidden as presenting them 

would reveal the confidential turbine type.    
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After filtering, a significant amount of production observations was lost. This needed to be 

corrected as the calculated electricity production based on the WRF data is predicted for a whole 

year. In this study filtered and therefore decreased data sample was supplemented by defining a 

factor to correct the sample size. The correction factor was defined by comparing the wind 

statistics for the filtered SCADA data and the unfiltered SCADA data for the same period. From 

the comparison it was analyzed how the filtered sample could be compensated without bias. At 

this point, it does not matter that the wind speed measurements are from behind of the rotor, as 

they are the same for both the filtered and the unfiltered data set. The factor is generated 

according similarity and differences in each year’s wind histograms and wind roses for each 

turbine’s filtered and unfiltered data. The aim of the usage of the factor is to get a whole year’s 

theoretical production. More detailed description of the correction factor can be found in 

Chapter 4.2.2. 

 

3.3.3 WRA based on WRF  

Mesoscale-microscale coupling is used to generate production estimations based on WRF data. 

The technique of combining WRF terrain data and more detailed terrain data during the 

Figure 1. Illustration of data filtering 
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microscale simulation is the technique used in this study as the literature proposes that this is the 

most accurate approach. 

 

The wind resource assessment is done with the help of software windPRO, WAsP model is run 

inside windPRO. WAsP model is considered suitable for this case study as the terrain is of low 

complexity. Furthermore, windPRO’s PARK calculations were used when the wind farm 

originally was planned and during the lifetime there have not been any observations that would 

question the usage of linear WAsP model. Terrain and roughness data, received from OX2, are 

the same that were used in the original project when the wind farm was planned. These are used 

as input in all the windPRO calculations conducted for this thesis. WRF datasets with 1 km and 9 

km resolution are fed into two Meteo objects. After the long-term correction WAsP simulations, 

more specific PARK calculations, are run for 99 meters hub height. The existing turbines 

(confidential turbine type) are used as input for the calculations to ensure that the results can be 

compared with production data from SCADA. PARK calculation results in production 

calculation for the whole park and for each turbine for a normal year. Besides, a wind rose for 

the whole wind park is presented. Wake effects, calculated by N.O. Jensen model, are taken into 

consideration but otherwise the results do not take into account any losses. This way, the results 

are comparable with the production results from the SCADA data, where wake effects were not 

filtered out. 

3.3.4 Long-term correction 

The 1 km of resolution WRF data is long-term corrected with linear regression method in the 

MCP1 module in windPRO. This model correlates the one-year WRF data based on the 35-years 

WRF data. After correction, all the calculations are based on the long-term correlated data and 

the results are therefore applicable for a normal year. 

 

The linear regression as a long-term correction method assumes that regression is the same for 

the whole long-term period as it is for the reference period studied. The long-term data is scaled 

to fit the short-term data using a sector-wise linear regression transfer function at an hourly basis. 

                                                
1 MCP stands for Mesure Correlate Predict 
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The result of the long-term correction in this case is a data series for 35 years, at the location 

where the 1 km resolution WRF data is taken.  

 

The SCADA data cannot be long-term corrected with MCP model because the data set does not 

include trustfull wind speed measurements. Therefore, only the production data is considered 

from the available SCADA data set and it is normal year corrected with wind production index. 

Yearly wind production index describes how much energy the wind includes each year 

compared to the past ten-year average (VindStat, 2016). The wind production index used in this 

study is countywide which means, that it is based on production data from many wind farms 

operating at the same county as the studied wind farm. The yearly wind production index for the 

specific county is received from VindStat, but the county is not revealed as that would diminish 

the confidentiality of the studied wind farm.  

 

For each studied year a corrected AEP is calculated to represent the AEP as if the wind 

conditions had been on an average level (normal year correction). This is done by dividing each 

AEP by the countywide wind index of that year and multiplying by 100. In other words 

production data is normal year corrected year by year after the data is supplemented by using the 

following formula: 

𝐴𝐸𝑃 (𝑛𝑜𝑟𝑚𝑎𝑙 𝑦𝑒𝑎𝑟 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) =  
𝐴𝐸𝑃 (𝑟𝑒𝑎𝑙𝑖𝑧𝑒𝑑)

𝑤𝑖𝑛𝑑 𝑖𝑛𝑑𝑒𝑥
∗ 100% 

 

3.3.5 Prediction of the production at higher heights 

The SCADA data is available only at 99 meters height, and the wind speed and direction data are 

not correct as stated earlier. That means that the extrapolation of 26 and 51 meters would be 

needed to predict the wind resource at the 125- and 150-meters heights. Since the extrapolation 

of this big height differences and the wind data itself contains significant uncertainties, the wind 

resource assessment based on SCADA data is not considered to be reliable enough for this study.   

 

If the WRF based WRA shows to be accurate enough, two more WRAs are conducted with the 

help of WRF data. These are based on long-term corrected WRF data at the heights of 125 and 

150 meters which could be possible new hub heights in case of repowering. PARK simulations 



 17 

are run similarly as they were run for 99 m WRF data. The only difference is that the hub heights 

of the existing turbines are extended to 125 m and 150 m.  

 

Since the only difference is the hub height, this part of the study is limited to describe a 

repowering situation. Further optimization is not included the scope of this study. As it was 

stated in Chapters 1.2 and 3.1, the results of this part of the study are directive and should be 

interpreted as an indicative increase as the change in the turbine type, number and positions 

would also impact the production. 

 

3.3.6 Summary of the methodological framework 

 
The methodological framework of this thesis is summarized in Figure 2 below.  
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Figure 2. Methodological framework 
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CHAPTER 4.  RESULTS  

 

4.1 Introduction 

This Chapter presents the results of the study. First, the results of production analysis of the 

existing turbines are presented in Chapter 4.2. Then, the results of WRF based WRA at 99 m 

height are presented in Chapter 4.3. Furthermore, the Chapters 4.4 and 4.5 presents the results of 

WRF-based WRA at hub heights 125 m and 150 m. This Chapter focuses purely on the results, 

the discussion of the results can be found in Chapter 5. 

4.2 Production 2013-2016 

4.2.1 Overview  

After filtering the SCADA data, the production for the nine turbines for each four year is 

calculated and corrected according to correction factor which is described in Chapter 4.2.3. 

Thereafter the production is corrected according to the wind index, as described in Chapter 4.2.4, 

in order to get the long-term corrected production. The production for each turbine is shown in 

Table 1. The first column for each year corresponds to theoretical production of the year and the 

second column corresponds to the long-term corrected production for the same year. 

 

Table 1. Yearly production 2013-2016 

 

WTG 
ID 

2013 
production 
(GWh) 

2013 
long-term 
corrected 
(GWh) 

2014 
production 
(GWh) 

2014 
long-term 
corrected 
(GWh) 

2015 
production 
(GWh) 

2015 
long-term 
corrected 
(GWh) 

2016 
production 
(GWh) 

2016 
long-term 
corrected 
(GWh) 

WTG1 8.70 9.56 7.65 8.06 9.73 8.93 9.08 8.90 
WTG2 8.44 9.27 7.02 7.39 9.34 8.57 8.83 8.65 
WTG3 9.41 10.34 8.43 8.87 10.40 9.54 9.93 9.73 
WTG4 9.67 10.63 8.74 9.21 10.56 9.69 10.05 9.86 
WTG5 8.67 9.53 7.10 8.42 9.55 8.76 9.10 8.93 
WTG6 8.32 9.14 7.66 8.06 9.29 8.52 8.73 8.56 
WTG7 8.52 9.36 7.51 7.91 9.75 8.94 8.93 8.76 
WTG8 8.14 8.95 7.50 7.90 9.12 8.37 8.56 8.39 
WTG9 8.45 9.28 7.81 8.22 9.27 8.50 8.70 8.53 
Total 78.32 86.06 70.34 74.04 87.00 79.81 81.92 80.31 
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Wind roses from the SCADA data hade overall quite similar shape, but the main wind direction 

varied from South to South-West. Figure 3 represents wind speed and direction data from two 

studied wind turbines from 2013. 

 

 

Figure 3. Examples of wind roses for filtered data 

4.2.2 Comparison of original and filtered datasets 

Data filtering led to reduction in the data points of approximately 20% per turbine per year. This 

was expected as the aim was to remove the data points that showed erroneous production and 

production that was diminished due to losses, except wake losses. Even all values indicating 

negative or zero production were removed as explained in Chapter 3.3.2, which resulted in bias 

in the low wind speeds in the filtered data.  

 

To be able to compare these results with the WRF based simulations, where no other losses but 

wake losses are modelled, 100% yearly production data is needed. Thus, the 20% reduction in 

the data set must be compensated. Whether the filtered data is representative for the whole year 

as such is studied by comparing the wind distribution for the original and filtered data. This is 

done for each wind turbine by visually comparing the original and filtered wind distribution 

histograms and wind roses for each turbine and each year. 

 



 21 

The wind distributions for the original and the filtered data show a remarkable difference in wind 

speeds 1-3 m/s every year and every turbine. These low wind speeds are remarkably 

underrepresented in the filtered data. This was expected as the cut-in wind speed for the turbines 

is 3 m/s and all values indicating negative or zero production were removed as explained in 

Chapter 3.3.2. What comes to wind speeds above 3 m/s, the shapes of histograms are 

corresponding well. Figure 4 andFigure 5 below show an example of how the original and 

filtered wind histograms look like. It can be clearly seen that wind speeds of 1-3 m/s are almost 

missing from Figure 5. Furthermore, there is some variation in proportions of each wind speed, 

which was expected as the data was filtered and deviant values were taken away. However, the 

shape of the figures is nearly the same, except wind speeds 1-3 m/s, which indicates that the 

filtered sample is representative for the whole year what comes to wind speeds higher than 

3 m/s.  

 

Figure 4. Wind histogram WTG 8 original data 2013 
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Figure 5. Wind histogram WTG 8 filtered data 2013 

 

The same phenomena can be detected when wind roses for each turbine are compared: Wind 

speeds 0-2 m/s are missing, and 2-3 m/s seems to be underestimated. Again, due to the filtering 

criteria, it was expected that the wind speeds 1-3 m/s would be underrepresented in the filtered 

data as these are the wind speeds below the cut-in wind speed. Wind speeds higher than 3 m/s 

are slightly overestimated. Besides, it can be seen in several wind roses that the frequencies from 

the main wind direction increases slightly in the filtered data. As the difference and thus also the 

impact of it is rather small, the reason for this was not further studied. As an example, Figure 6 

andFigure 7 present wind roses with one year original and filtered data for turbine 8. 
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Figure 6. Wind rose WTG 8 original data 2015 
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Figure 7. Wind rose WTG 8 filtered data 2015 

4.2.3 Correction factor 

To be able to use the filtered data in comparison to WRF-based PARK calculations it needs to be 

representative for a whole year. In order to create a data set representative for a year, a correction 

factor needs to be applied.  

   

Before defining a correction factor, the lack of low wind speeds in the filtered production data is 

fixed. This is done as follows: 

1. The percentage of the observations with wind speed 1-3 m/s in the original and in the 

filtered yearly data are calculated.  

2. The size of the filtered data is then increased with 0-production so that the percentage of 

wind speeds 0-3 m/s gets as represented in the filtered data, as they are in the original 

data2. 

                                                
2 This simple method can be used for production data because the wind speeds 0-3 m/s lies 

below cut-in wind speed. Expected production for wind speeds below cut-in wind speed is 0. 
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The correction factor is then defined by calculating the portion of the filtered data from the 

unfiltered data.  

Correction factor =
𝑁𝑟 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠  

𝑁𝑟 𝑜𝑓 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠
∗ 100 

Individual correction factor is found and applied for each turbine and each year. 

4.2.4 Long-term correction 

The production results were long-term corrected by the countywide wind index. Exactly what the 

wind indexes are, is not revealed here to keep the location of the wind park secret. However, the 

studied wind farm does not quite follow the countywide wind index during the four studied 

years. According to the wind index, 2013 should have had the worst production of the studied 

years. According to production data, 2013 had better production than 2014, almost as good as 

year 2016, even though according to wind index, these years should have 10 % difference 

compared to a normal year. Even year 2014 seems deviant as it has less production than 2013 

and the difference between 2014 and 2015 production is not as significant as it should be 

according to the wind index. 2015 and 2016 on the contrary, seem to follow the wind index. 

These years have the highest production, just as they should according to wind index. The 

difference in percentage in between 2015 and 2016 corresponds well to the wind index. 

 

The idea of a long-term correction is to get a result that is valid for a normal year. In other 

words, the production for each year in this study should be about the same after the long-term 

correction. Nevertheless, when the long-term corrected production numbers are plotted in figure 

8, it can be seen that years 2013 and 2014 deviates with approximately five GWh from the years 

2015 and 2016. This confirms that in 2013 and 2014 the winds at the wind park was not 

corresponding the countywide wind index.  
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Figure 8. Long-term corrected production results 

As it is shown that the years 2013 and 2014 do not follow the wind index, it can also be stated 

that when these years are long-term corrected with the wind index the results will be misleading. 

Therefore 2013 and 2014 should be excluded from the results. In this case, the results do not 

change much though, because 2013 was overestimated and 2014 was underestimated with 

approximately the same significance.  

4.3 WRF - Wind resources and production at 99 meters height 

PARK calculation was conducted as described in Chapter 3.3.3. Annual energy production for 

the wind park according to the PARK calculation is 88.10 GWh including reduction of modelled 

wake effects. The estimated production for each turbine is shown in Table 2 below. 

Table 2. Production at 99 m according to WRF 

WTG AEP (GWh) 

WTG1 9.39 

WTG2 9.22 

WTG3 10.15 

WTG4 10.78 

WTG5 9.96 

WTG6 9.76 

WTG7 9.63 

WTG8 9.48 

WTG9 9.74 

Total 88.10 
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The PARK analysis that was based on long term corrected WRF data with 1 km horizontal 

resolution gives a mean wind speed of 8.3 m/s at 99 meters height at the turbine positions. The 

energy content is calculated to 4473 kWh/m² and wind rose for the wind park is shown in Figure 

9. 

 

 

Figure 9. Wind rose based on PARK calculation 

 

4.4 WRF - Wind resources and production at 125 meters height 

As the accuracy of WRF-based WRA at 99 m height was found to be satisfying in this study, the 

wind resources at 125 m and 150 m were also studied based on WRF data. The quality of WRF 

based WRA is discussed in Chapter 5.2 Accuracy of WRF data 

 

A yearly production for the whole park according to the PARK calculations is 95.45 GWh. The 

estimated production for each turbine is shown in table 3 below. 

 

Table 3. Production at 125 m according to PARK calculation 

WTG 

Production 
1 year WRF 
125m 

WTG1 10.24 
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WTG2 10.12 

WTG3 10.90 

WTG4 11.44 

WTG5 10.73 

WTG6 10.61 

WTG7 10.49 

WTG8 10.33 

WTG9 10.58 

Total 95.45 
 

The PARK analysis that was based on WRF data gives a mean wind speed of 8.7 m/s at 125 

meters height. The energy content is calculated to 5398 kWh/m². 

 

4.5 WRF - Wind resources and production at 150 meters height 

Estimated annual energy production for the whole park according to the PARK calculations is 

101.23 GWh at the hub height of 150 m. The estimated production for each turbine is shown in 

Table 4 below. 

 
Table 4. Production at 150 m according to PARK calculations 

WTG 
AEP (WRF) 

150m 

WTG1 10.93 

WTG2 10.85 

WTG3 11.49 

WTG4 11.93 

WTG5 11.36 

WTG6 11.24 

WTG7 11.17 

WTG8 11.01 

WTG9 11.26 

Total 101.23 

 
The PARK analysis that was based on WRF data gives a mean wind speed of 9.1 m/s at 150 

meters height. The energy content is calculated to 6217 kWh/m². 
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4.6 Summary and comparison of the results 

Results for the whole wind park are summarized in Table 5. The first four columns represent the 

long-term corrected production values that are based in SCADA data. The three leftmost 

columns are the production results based on WRF data at different hub heights. 

Table 5. Summary of the results 

 

When only 2014 and 2015 long-term corrected results are considered, WRF seems to 

overestimate the production with 10.05 % at 99 m height. 

 
 

 2013 2014 2015 2016 99 m 125 m 150 m 

Production in 
GWh 

86.06 74.04 79.81 80.31 88.10 95.45 101.23 
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CHAPTER 5. DISCUSSION AND ANALYSIS 

5.1 Introduction 

It was found that WRF based production analysis overestimates the production with 

approximately 10 % compared to the long-term corrected production figures based on SCADA 

data. However, one should understand that the figures that were compared in this study are 

gained from different kind of data series and data handling processes. Therefore, there is 

uncertainty concerning the comparison of the results from these two processes. The methodology 

of this study was designed so that the two different data series would be comparable. The 

following chapters discuss how this uncertainty has been minimized and how it might impact the 

result. Thereafter, predictions for the electricity generation at different heights are discussed and 

analyzed. 

5.2 Accuracy of WRF data 

The mesoscale-microscale coupling was designed based on the best practice from the literature. 

Using WAsP in this terrain with low complexity was reasonable according to industry best 

practices.  

 

The roughness data used in windPRO was from the time before the wind farm was build, but it is 

not known when the data was collected. The data was also not evaluated or calibrated. This 

means that the roughness data was outdated and the roughness might have been different at the 

site and its proximity years 2013-2016. This adds some uncertainty to the simulations. 

 

One-kilometer horizontal grid resolution was used in this study to avoid the uncertainties that the 

previous studies have shown with sparser resolution in complex terrains. Even though the terrain 

in the case study is hilly and forested, it is not as complex as the terrain in the previous studies, 

which were mostly conducted in the mountainous areas. This could mean that a lower resolution 

would be good enough for this study. Another fact that could reduce the need of high-resolution 

WRF data is the mesoscale-microscale coupling technique that has been shown to improve the 

uncertainties caused by the inaccurate mesoscale terrain data, which was used in this study.  
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The sensitivity analysis was conducted by running the same PARK calculations with nine-km 

resolution WRF data that were run with one-km resolution in the case study. The aim of this 

sensitivity study was to find answers on questions: Does one-kilometer horizontal grid resolution 

give a better quality to this study in comparison to the quality that a coarser horizontal grid 

spacing would give? Would the validity have been as good with nine-kilometer horizontal grid 

resolution? If that is the case, the WRF data would have been available for the same years as the 

SCADA data and the long-term correction, and thus the uncertainties that are caused by the long-

term correction could have been avoided if the data set with nine-km resolution was used.  

 

The result shows 16 GWh/a less production when nine-km grid resolution is used and compared 

to the production estimate that was based on one-km resolution. According to the long-term 

corrected production results, that is an underestimation for the studied wind park. This indicates 

that the nine-km resolution misses the complexity of the hilly terrain as described in the 

literature review. The impact is so severe that the terrain input in micro scaling phase is not 

enough to correct the error. Thus, the sensitivity analysis validates thus usage of one-km 

resolution. 

5.3 Accuracy of SCADA data 

In order to get as accurate data as possible, the production data was used from the provided 

SCADA data. This was done because production data is more accurate data than wind speed data 

that has been measured behind the rotor. However, even the production data needed to be filtered 

to get the theoretical production and the filtering impacts the precision of the production results. 

Filtering was conducted in a way which reduced the deviant events effectively. This led though 

to a situation where a lot of data points were removed from the data set and it had to be 

supplemented so that the gained production would be proportional to the yearly production 

prediction that was based on the WRF data. A correction factor was defined for each turbine and 

each year in a way that was evaluated to be accurate enough and fit the scope of this study. If the 

scope could have been extended, it would have been valuable to do a more detailed filtering. 

Then it could have been seen which data points were filtered because there was error in the wind 

speeds and which ones were filtered for other reasons. Then those, that were filtered for other 

reasons could have been given a new production value based on wind speed and included in the 

sample. This would have decreased the uncertainty that the correction factor brings. 
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5.4 Comparison of WRF and SCADA data 

Compared to the long-term corrected production from the SCADA data, WRF shows a 

production that is 10,39 % higher in 2015 and 9,70 % higher in 2016. The mean of these values 

is 10.09 % which means, that WRF overestimates production with approximately 10 % in this 

study. 2013 and 2014 results were discarded as explained in Chapter 4.2. Some of the previous 

studies claimed, that WRF underestimates the wind speeds in complex terrains. Underestimation 

has not occurred in this case study. This could be explained by the fact that the horizontal grid 

resolution was denser in this study than in the studies that were presented in the literature review 

and that the mesoscale-microscale coupling that combines terrain data was used. Terrain in this 

study was also defined as a low complexity terrain, even though it was hilly. The overestimation 

on the other hand, can be partly explained by the uncertainties in the simulations and data 

filtration.  

 

10 % overestimation in production is in line with Carvalho et al. (2013) results that indicated 

overestimation of 5.4 % and 15.6 % when the best found mesoscale-microscale coupling was 

applied. The same study also concluded that these overestimations are on an acceptable level for 

an indicative wind resource assessment. Overall the previous studies claimed that using WRF 

modelled data in preliminary WRA leads to satisfying results, something that this case study 

confirms. However, using denser grid spacing and recommended mesoscale-microscale coupling 

in this study still led to 10 % overestimation. That would be too much for the final production 

estimate as it would lead to i.a. misleading profitability calculations for wind power projects. 

Therefore, this study also argues that WRF data should not replace on-site measurements even if 

the grid spacing and mesoscale-microscale coupling method were carefully chosen. 

 

The wind roses from the SCADA data and WRF simulations had similar shapes. The wind 

direction measurement instruments do not seem to be calibrated as the mean wind direction 

varies from South to South-West in the wind roses from the SCADA data.  However, the fact 

that the shape from WRF and SCADA wind roses are similar and the mean wind direction of the 

WRF based wind rose is inside the range of the different directions of SCADA based wind roses, 
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indicates that the WRF based WRA can define the mean wind speed for the site with an 

acceptable accuracy. 

5.5 Wind resources and energy production at different heights  

It has been shown that the WRA at 99 meters height overestimated the production with 

approximately 10 %. There is no reason to believe that the accuracy would be better or worse at 

higher heights, so the same overestimation in the production is expected for the simulations at 

125 m and 150 m.  

 

The mean wind speed increases from 8.3 m/s at 99 m height, to 8.7 m/s at 125 m and 9.1 m/s at 

150 m. The production increases clearly when the hub height is increased. According to the 

PARK simulations, the yearly production would increase with 8.43 % if the addition in the hub 

height was 26 meters. If the addition was 51 meters, the production would increase with 14.90 % 

for the whole park. 

 

As stated before, these results should be seen as an indicative increase as the simulations are run 

so that the difference in hub height is the only changed parameter compared to each other. In 

reality, many other parameters, such as rotor diameter, power curve and placement of the 

turbines would change too and would affect the production.  

 

The literature claimed that the wind resource assessment for a repowering project is more 

reliable than for a new project. It was also suggested that data from the SCADA system do not 

need to be long-term corrected. In this case study these claims could not be proven. Even if the 

wind farm has been operating for so long time that the potential for repowering can now be 

evaluated, this study proves that the facility and reliability of WRA in a repowering project are 

not obvious. Not all the SCADA data was saved in a way that it could have been used for a 

WRA. Thus, only a limited period of SCADA data was available even though the wind park has 

been operational during longer time. The quality of the SCADA data also affects the reliability 

of the WRA. This study showed that the SCADA data needed to be filtered, which increases 

uncertainty. The wind speed and direction measurements were also inaccurate in the SCADA 

data and could not be used in a WRA. In practice this meant that another wind data set was 

necessary in WRA.   
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CHAPTER 6. CONCLUSIONS 
 

6.1 Conclusions 

This case study has shown that the use of WRF data in wind resource assessment led to 

approximately 10 % overestimation in production. The result is in line with previous studies and 

confirms therefore that WRF simulated wind data can be used as input in the preliminary wind 

resource assessment. Furthermore, this study confirms that the horizontal grid resolution should 

be carefully chosen, which previous studies also have suggested. Nonetheless, this study also 

argues that WRF data should not replace on-site measurements in wind power project 

development even if the grid spacing and mesoscale-microscale coupling method were carefully 

chosen. The usage of WRF data is thus recommended only for the purposes of preliminary 

WRAs and long-term correction of the measurement data. 

 

Wind speed was analyzed at different heights at the chosen site. As expected, the wind speed is 

higher at higher heights at the studied site that is characterized by typical Nordic conditions, 

quite flat orography and forest. Average wind speed was 4.8 % higher at the turbine positions 

when the existing hub height 99 m was compared to 125 m. When the comparison was made 

between 99 m and 150 m, the increase in wind speed was 9.6 %. 

  

As the energy in wind has a cubic relation to the wind speed, the production increase is greater in 

percentage compared to the wind speed. If the height of the existing turbines was increased with 

26 m at the studied site, the expected production increase would be 8.3 %. If the height was 

increased with 51 m, the expected production increase would be 14.9 %.   

 

This study has shown several challenges what comes to conducting a wind resource assessment 

in a repowering project. Therefore, this study contradicts the claims from other studies of 

repowering WRA being obviously easier implemented and more accurate than a WRA in a new 

project. 
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6.2 Limitations 

The biggest limitation of this study was the rather simplified filtering methods. This limitation 

could not be avoided in this study due to the limited time resources, but with a more careful 

filtering less data points would probably have been filtered and the accuracy of the thesis would 

have increased. 

 

The limitations in the data also lead to higher uncertainties in the results.  The roughness data 

was directly taken from the original project and the details about the SCADA data, i.e. if the 

wind speeds were corrected and how, were not available. These two aspects were limiting the 

methodologies and the discussion in this study. 

6.3 Proposal for future research  

It would be interesting to study how much of the overestimation identified in this study was 

really caused of the fact that WRF data was used and how much was caused by the WAsP 

simulations. 

 

More case studies about WRA in repowering should be conducted as both the easy 

implementation and the accuracy were contradicted in this study.      
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