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ABSTRACT 

Wind energy, which is no emission of greenhouse gases, is attracting increasing attention world 

widely. Compared to onshore wind farms, offshore wind farms can yield greater power 

production since the wind speeds over the sea are higher and steadier than those over the land. 

An increasing number of offshore wind farms are being planned and deployed all over the 

global near-sea areas. Thus, accurate evaluation of wind power production is essential for 

offshore wind farm development. This study compares two popular models, the minimalistic 

prediction (MP) model and the linear WAsP model, in the modeling power production of the 

Lillgrund offshore wind farm in the Baltic Sea. The wind condition data from New European 

Wind Atlas (NEWA) is used to analyze the wind resources and as input data of the models to 

calculate wind power production. The calculated results are compared in different years and 

wind direction sections. The sensitivity of the calculated power production to different 

influencing factors, including the size of the wind farm and hub heights, are examined. 

The results show that the WAsP model generally yields higher energy production than the 

Minimalistic Prediction (MP) model. The requirement for wind condition data and wind farm 

layout parameters in those two models is different. Compared to the WAsP model, the MP 

model does not require detailed wind farm layout parameters and wind direction data, which 

leads to different power production results. From the results of sensitivity experiments, both 

the size of the wind farm and hub heights have an impact on power production. When the wind 

farm size increases by 5 times the original size, the wind power production increases by around 

50 %. However, when the distances between wind turbines are large, the wake effect would 

disappear gradually. Therefore, the growth rate decreases with the increase in the size of the 

wind farm. The wind speed is higher with the increase in hub height. However, due to the 

smaller turbulence flux, the increase in wind power production with higher hub height is not 

obvious. When the hub height increased by 2.6 times, the wind speed just increased by around 

13 %. It is not hard to conclude that designing a wind farm is a process full of trade-offs. 

Balancing the rich wind resources and the financial benefits from offshore wind farms are 

equally essential. Our study can contribute to the application of the models and the designing 

of offshore wind farm layout in the Baltic Sea. 

Keywords: Offshore wind farm design, NEWA data, WAsP model, MP model, Baltic Sea. 
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1. Introduction 

As the most valuable green energy in the 21st century, wind energy has attracted increasing 

attention from the public to combat global warming. Wind energy is extracted from wind 

turbines to transform the kinetic energy into mechanical energy of the wind turbine blades 

(Veers et al., 2019). With the help of a generator, electricity can be produced. Wind energy is 

relying on its advantages to occupy a large proportion of the renewable energy market. 

Collecting wind energy is a non-polluting process compared to other power plants.  

The wind farm market is experiencing a dramatic increase in recent decades. Until the 

November of 2020, the proportion of 30 % global onshore wind market is deployed in the 

European region (Renewables Consulting Group, 2020). As for the offshore wind market, the 

European countries, which rely on the advantage of the innovation of wind turbine technology 

and offshore wind installation standards, have the largest proportion of the global market for 

offshore wind, accounting for nearly 80 % of global capacity (The European Parliament and 

the Council of the European Union, 2020). Specifically, UK (8 GW capacity) is leading the 

whole European area, and Germany (6.4 GW) is in the second position, followed by Denmark 

(1.3 GW), Belgium (1.2 GW), and the Netherlands (1.1 GW) (The European Parliament and 

the Council of the European Union, 2020). Over 100 offshore wind farms where the total 

installed capacity is over 18,000 MW are implemented in Europe. 70 % of offshore wind farms 

are newly enacted in the recent two years (The European Parliament and the Council of the 

European Union, 2020). Many European countries plan to pour a large amount of money into 

offshore wind farms, expecting the floating technologies that can be implemented 

commercially in more offshore wind farms. Deepwater for enacting wind turbines proposal has 

become an attractive topic for wind farm design, which is able to guarantee more stable wind 

resources and prevent the depletion of near-shore locations. 

The average size of the new construction wind farms is increased from 325 MW in 2019 to 347 

MW in 2020, despite Covid-19 (Renewables Consulting Group, 2020). The trend for offshore 

wind farms is expanding the capacity of a wind farm and increasing the size of wind turbines, 

which means that the offshore wind turbine is getting more powerful. Since 2014, the capacity 

of solidary wind turbines has increased by 16 % each year, reaching more than 200 m in height 

and an installed capacity of more than 8 MW (European Parliament and the Council of the 

European Union, 2020).  
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Generally, the growing capacity of offshore wind farms in the decade ahead is promising. The 

cost of operation and deployment for newly added wind farm projects are lower than the newly 

developed nuclear power plant and gas-fired power plants. The lower cost of offshore wind 

farms can help to achieve the goal of carbon neutrality in 2050 (Veers et al., 2019). Based on 

the prediction from IRENA, for the next three decades, the new offshore wind farm installation 

will experience an explosive increase. Due to the limitation of a lifetime of wind turbines, wind 

turbines built before 2010 would have to replace or decompose. The replacement work will 

start in the early 2030s and may reach the peak until the 2040s. At the mid of this century 

(Figure 1.1), the total capacity of offshore wind installations will reach around 1000 GW 

(IRENA, 2019). 

 

Figure 1.1. The future development of offshore wind turbine until in the 2050s (Source: 

WindEurope, 2019). 

The obvious features of constant and dramatic fluctuations of wind make drawing a whole wind 

resource picture for any corner of the world is challenging. Measuring the wind data is a long-

term task, from a couple of years to 20 years (Zheng et al., 2016). In addition, deploying a big-

sized offshore wind farm which is expected to create profitable revenue needs to invest a large 

amount of money. The quality of wind conditions in a micro-sitting determines the economy 

of the wind farm project. Therefore, accurate evaluation of wind power production is essential 

for offshore wind farm development. 



3 

 

How to use a robust and reliable model that does not require input complex wind resource data 

and detailed wind farm information to obtain wind power production is an interesting topic. 

Many models have developed and have both advantages and disadvantages and may show 

different performance among farms. Thus, the comparison study of different models, therefore, 

is necessary. This study compared two models for the prediction of offshore wind farm 

production and investigated the modeling production to different wind farm layouts.  

The thesis is structured as follows: Chapter 2 illustrates modeling wind power production 

methods, including the methods to obtain wind data and methods to model wind production of 

the offshore wind farm. The main factors that may affect wind power production are reviewed. 

Chapter 3 illustrates the two wind power calculation models, the MP model developed by 

(Sørensen and Larsen, 2021) and the WAsP model developed by (Troen and Lundtang Petersen, 

1989), respectively. The wind resource conditions in the experimental study case site are 

introduced, and the experimental steps aimed at wind energy calculation based on two models 

are described. In chapter 4, the results from the model calculation results are displayed, and the 

reasons behind the results are discussed. Chapter 5 and 6 illustrate a conclusion and 

recommendations for future work to improve the model. 
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2. Literature review 

The aim of deploying offshore wind farms is to yield more stable wind power production. Three 

essential methods contribute to the wind power production of a solitary wind turbine: a 

promising power curve, a higher hub height, and larger rotor diameters (Veers et al., 2019). 

The wind power production is calculated as follows:  

𝑃 =
1

2
𝜌𝐶𝑝𝐴𝑉

3 

where 𝜌 is the air density, 𝐶𝑝 is power coefficient, 𝐴 is the swept area of the rotor, and 𝑉 is 

wind velocity. Therefore, exploring a rich wind resource region is a direct method to improve 

wind power production dramatically. 

When a solitary wind turbine is enacted in a wind farm, the priority for wind resource 

assessment is to guarantee the maximum wind power output in a specific area and the power 

loss should also be taken into consideration. The annual energy production can be calculated 

as follows(Chong Ng; Li Ran, 2016): 

𝐴𝐸𝑃 = 𝑌∑𝑓𝑗𝑘𝑃𝑗𝑘

𝑁𝑈

𝑗

− 𝐿𝑙𝑜𝑠𝑠 

where 𝑁𝑈 is wind speed, 𝑘 is the number of wind turbines, 𝑓𝑗𝑘 is the fractional frequency of 

occurrence, 𝑃𝑗𝑘 is the wind power production for wind speed bin 𝑗, the 𝐿𝑙𝑜𝑠𝑠 is the power loss 

from various perspectives such as the wake loss and other losses are determined by the practical 

situation and features of a project, and Y is 8760, which is the number of hours in one year. 

From two equations above, reduction of the power loss may improve the annual power 

production in wind farms, and the process of wind resource assessment is beneficial to the wind 

power production. The result of wind resources assessment can be used in the lifetime of the 

wind farm, from the development phase to the operational phase (Chong Ng; Li Ran, 2016). 

This chapter reviewed the methods to obtain wind data and the models to calculate wind farm 

production, including the observational approaches to provide the wind resource data are 

illustrated. The numerical modeling to absorb observed data creates a comprehensive situation 

that includes the atmospheric and oceanographic information in a specific range of time and 

space. Meanwhile, the previous findings are reviewed with the respect to the factors that can 

affect wind power production. 



5 

 

2.1 Methods to obtain wind data 

The existing wind resource data cannot be used to guide the sitting selections of the wind farm 

project. The existing wind resource data of the proposed site is generally represented by the 

nearby weather station wind records for a long period. However, due to the relatively long 

distance between the weather station and the proposed site, the existing wind resource data 

cannot accurately represent wind resources of the proposed site (Negro et al., 2017). 

Meteorological towers and remote sensing as reliable methods are widely used in the wind 

resource assessment industry to obtain site-specific wind data. Numerical modeling can then 

assimilate the observed data from various data resources to define a condition based on the 

atmospheric and oceanographic situations. The methods to obtain wind data are reviewed. 

Table 2.1 shows the methods to obtain wind data, including the advantages and disadvantages. 

Table 2.1. The methods to obtain wind data 

2.1.1 Meteorological Tower 

The most reliable method to obtain wind data for a proposed offshore wind farm is to build 

meteorological towers locally. In many types of measurement towers, the self-supporting 

lattice structure is typical, which is shown in Figure 2.1. This structure can provide a reliable 

platform to measure wind, ocean, and meteorological data. Besides many sensors and mounting 

booms, other auxiliary equipment is essential, such as a power supply, data logging equipment, 

and communication devices (Tian et al., 2011). Due to the solid foundation attached to the 

seabed, the structure could survive under hurricane-force winds and billows. There are no 

specific international regulations regarding how to measure offshore wind speed. The common 

solution is to use high levels of redundancy and good quality sensors to guarantee data 

reliability (Gottschall et al., 2018). 

Method Advantages Disadvantages Application 

Meteorological 

Tower 
Reliable Affected by corrosion 

Site-specific wind 

conditions 

Remote sensing Large scale 
Uncertainty at high level; Poor 

performance in clean air; 
Surface wind motions 

Wind Atlas Different scales of 

wind data 
Uncertainty into calculation 

Potential wind power 

evaluation 
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Compared to the onshore wind farm, fewer meteorological towers are applied in an offshore 

wind farm since the surface roughness and terrain uniformity on the ocean surface (Bailey, 

2016; Li et al., 2021). In practice, a meteorological tower is installed at the edge of the proposal 

turbine array. In the wind farm’s operation phase, the tower could continue to collect useful 

meteorological data. Numerical modeling can be used to evaluate the observation condition in 

this specific area (Chong Ng; Li Ran, 2016). The effect of meteorological towers foundations 

corrosion should be taken into consideration, as well as the influence of the scour for 

foundations should be addressed (Bailey, 2016; Li et al., 2021).  

 

Figure 2.1. Lattice-type tower with 100-meter height (the right side), The offshore wind turbine 

and offshore meteorological mast (the left side). (Source: Fino-offshore.de, 2021 and 

nedo.go.jp, 2021). 

2.1.2 Remote sensing 

The microwave sensors installed on the polar-orbiting satellites are able to collect surface wind 

motions. Surface-based remote sensing is another wise choice to measure wind speeds and 

wind directions. 

The first ocean surface wind data was collected by specialized weather satellites in the late 

1980s. Three categories of sensors are applied in satellites to collect ocean wind data, passive 

microwave radiometers, scatter meters, and synthetic aperture radar (SAR), respectively 

(Chong Ng; Li Ran, 2016). The principle of passive microwave is to measure various 

microwave frequencies emitted from the surface sea passively, and the resolution of spatial for 
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this sensor is 25 km (Zheng et al., 2016). Scatter meters, as another type of sensor, have a 

similar spatial resolution with passive microwave radiometers. The scatter meters emit 

microwave pulses on the ground and use the common antenna to receive the return signal. The 

main feature of SAR is that it can emit and receive pulses actively. Compared to the other two 

types of sensors, SAR has a higher resolution, and therefore, it could observe the wind 

conditions close to the coast.  

The disadvantage of using satellites to collect wind data is that the accuracy at 100 m hub 

height is highly uncertain (Murthy and Rahi, 2017). At 10 m above sea level, the accuracy of 

wind speed is on the order of 1-2 m/s. Apart from that, the frequency of image collection from 

a satellite is twice a day or even less, and thus, this frequency cannot provide specific details 

regarding the diurnal nature of the wind. Satellite images are frequently used as local wind 

speeds indicators and are not regarded as decisive parameters to guide project siting selections.  

Surface-based remote sensing is another remote sensing technology, including lidars and 

sodars. It could measure wind speed and wind directions. However, in offshore wind site 

measurement, lidar is the primary choice. The disadvantages of sodars for offshore wind 

measurements are that sodars can be affected by wind noise and wave noise, and support 

structure issues (Hasager et al., 2013). 

 

Figure 2.2. Schematic diagram of Lidar working principle Schematic diagram of Lidar 

working principle (Source: nrgsystems.com). 

The basic principle for the lidar system is to use the concept of Doppler shifted, which is shown 

in Figure 2.2. When the light beam is emitted into the boundary layer, few optical signals can 
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be backscattered by dust and spray, which can be regarded as entrained in the wind (Hasager 

et al., 2015). The effective measurement heights are up to 250 m to 300 m, and it is usually 

deployed on the tower base or a buoy. The size of dust and the number of aerosol particles are 

important for the measurement of lidar systems. If the number of aerosol particles is low (good 

air quality), the measurement height cannot over 150 m. The dense aerosol particles, such as 

cloud and mist, may influence the measurement results (Borraccino et al., 2017).  

2.1.3 Wind atlas 

Wind atlas can provide gridded data at a regional and global scale. The aim of wind atlas is to 

evaluate the potential wind power generation in a site-specific location. In general, two items 

are included in a wind atlas, wind speed and wind direction, respectively. Different regions 

have their regional atlas. For example, in the European region, New European Wind Atlas 

(NEWA) is used widely and the wind atlas in the US is called American Wind Atlas. Besides 

the regional wind atlas, Global Wind Atlas (GWA) is another popular web-based application 

to provide global wind resource data in the high-wind region. The normal resolution of the 

wind atlas is from 3 km to 10 km (IRENA, 2019). 

2.2 Methods to model wind power production of offshore wind farms 

Numerical modeling is normally applied to assimilate different observational data sources to 

comprehensively approximate atmospheric and oceanographic conditions within a specific 

scale of time and space. Weather forecasts are heavily relying on numerical modeling to meet 

the public and the specialized industries’ requirements. With the development of computing 

power and the availability of input data from remote sensing technology, numerical modeling 

aimed at analysis and prediction applications has stunning performance (Chong Ng; Li Ran, 

2016). Table 2.2 shows the methods to model wind power production and examples in different 

methods. 

Table 2.2. The methods to model wind power production. 

Method Advantages Disadvantages Application Example 

Mesoscale 

models 

Representing thermal 

difference 
Low spatial resolution 

Farm-farm 

interaction 
WRF 

Linear model 
Fast to run; High 

resolution 

Ignore horizontal 

temperature gradients 

Surface 

roughness 
WAsP 

RANS model 
Representing complex 

to topography 

No atmospheric 

stratification 
Wind in 3D 

Wind-

sim 
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Meteorological phenomena have large scales from the time dimension and the space dimension. 

From the time scale perspective, atmospheric processes can cover the range from 1 millisecond 

to days. From the spatial scale perspective, atmospheric processes can cover a distance from 

meters to kilometers. Therefore, in order to analyses the large range of spatial scales in a clear 

way, it can be split into four scales, global scale, synoptic scale, mesoscale, and microscale, 

respectively. Figure 2.3 (Porté-Agel, Bastankhah and Shamsoddin, 2020) shows an 

atmospheric motion in a wind range from time and spatial scales. 

The atmosphere is always changing. The intensity of various weather variables evolves 

frequently, but not all numerical models change instantly. Based on this characteristic, 

prognostic models are used to simulate the changing atmosphere over time, and diagnostic 

models are responsible for the simulation of the stable conditions.  

 

Figure 2.3. Flow scales in a wide range of time and size scale to wind energy (Source: Porté-

Agel, Bastankhah and Shamsoddin, 2020). 

Different space scale and time scale models are used in different conditions. The global model 

simulates atmospheric properties in the global range, including the evolution of average 

temperature, precipitation, and winds. NWP model is suitable for evaluation a relatively 

smaller region such as a modern-sized wind farm. The microscale models have a good 

performance for individual wind turbine simulations (Zheng et al., 2016). 
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NWP simulates a relatively small region, using the mesoscale model to simulate a modern wind 

farm. NWP heavily relies on atmospheric conditions and initial surface observations, such as 

the observation data from radiosondes, radars, buoys and weather satellites. The study from 

(Colle and Novak, 2010) shows that the mesoscale NWP model can represent complex wind 

conditions in the offshore environment, such as internal boundary, sea breeze circulations, and 

coastal barrier jets. NWP models are capable of energy and time dimensions. However, the 

solution for the normal mesoscale model is around a few kilometers. Sorely relying on the 

mesoscale model is not reliable since a large number of critical wind conditions details in a 

large-sized wind farm cannot be simulated (Murthy and Rahi, 2017). Thus, coupling with 

microscale models is a wise choice to complement more details to draw a comprehensive 

picture of site-specific wind conditions. In the weather Research and Forecasting (WRF) model, 

the wind farm parameterization of Fitch (Fitch, 2015) is a typical mesoscale model. The 

influence of wind turbines by applying momentum absorption on the average flow in the region 

of the turbine rotor, the kinetic energy can be converted to electricity and turbulent kinetic 

energy (Akay et al., 2013). 

Microscale models are always applied in the wind resource assessment field since they could 

use the finer resolution to provide more details within the grid. Microscale wind flow models 

generally can be split into the following categories: mass-conserving, linear models, 

computational fluid dynamics (CFD), and large eddy simulations (LES).  

The Mass-conserving model is used to couple with the mesoscale NWP model due to it only 

solves one of Navier-Stokes equations with respect to the mass conservation. A linear model 

such as Wind Atlas Analysis and Application Program (WAsP) (Troen and Lundtang Petersen, 

1989; Troen, 1990) is to solve the steady-state wind flow and the first-order turbulence closure 

through linearized Navier-stokes equations. However, the limit for linear models is obvious 

since the temperature gradient from a horizontal perspective and flow acceleration are not taken 

into account. CFD model is to analyze the flow of fluid in a volume that is organized by meshes. 

Relevant parameters with respect to the flow are calculated in each point that contains a mesh 

(Murthy and Rahi, 2017). 

Reynolds-averaged Navier-Stokes (RANS) models belonging to one of the CFD modeling 

methods are used in wind energy. The main characteristic for RANS is to solve the nonlinear 

Navier-Stokes momentum equations instead of the full energy conservation equations, and 

RANS is pure flow models. However, the limitations of this model are that it does not model 
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weather processes and gives on time-averaged fields (Zheng et al., 2016). Compared to RANS 

models, LES models have abilities to resolve the larger scales that are larger than the grid 

spacing of turbulence, and in the meanwhile, LES can parameterize the smaller scales to 

simulate its effects from small size turbulence and eddies (Sanz Rodrigo et al., 2017). In other 

words, the LES model completely solves the energy conservation equation, which can capture 

the wind circulation caused by the thermal gradients. 

2.3 Factors affecting wind power production of offshore wind farms 

Many aspects can affect wind power production, such as vertical wind profile, surface 

roughness parameter, atmospheric stability, power curves of wind turbines, and the wind farm 

layout optimization, wake effects. 

2.3.1 Offshore vertical wind profile 

Wind velocity is the most important factor for wind power production. From the equation of 

wind energy production for a solitary wind turbine, the power production and wind velocity 

have a cubic relationship. The friction force caused by the wind blowing the surface may result 

in a low level of wind velocity at low heights. With the increase of heights, the friction force 

is not the main factor to affect the wind velocity, and thus, the wind velocity will be higher 

with height. Figure 2.4 shows the mean wind profile (Sørensen, 2011). 

 

Figure 2.4. Wind speed profile (Source: Sørensen, 2011). 
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Wind profile can also be described through the wind shear method used in the engineering 

application (Fröh, Creech and Eoghan Maguire, 2014). The wind profile displays the mean 

wind speed at various heights, and the difference values can be shown. As for the offshore wind 

farms, the wind shear value is relatively small compared to the onshore wind farms. 

2.3.2 Surface roughness parameter 

When the wind blows the surface of the water, the friction force can be produced. The 

roughness length is to measure the extent of surface roughness. The low surface roughness is 

a prominent characteristic of the offshore wind environment. The main features for low surface 

roughness are stronger winds greater horizontal uniformity, relatively stable wind speed 

changes with height, and low turbulence levels (Golbazi and Archer, 2019). 

However, the roughness length on the water surface is unfixed, and it depends on the dynamics 

of wave development dominated by the momentum exchange motion. The momentum 

exchange process relies on wind speed, water depth, and atmospheric stability (Lange and 

Højstrup, 2001). Therefore, the situation on the water surface is more complicated, but the 

roughness length is always small. Generally, the surface roughness variations can be 

represented by the internal boundary layer (IBL). The IBL is not relying on atmospheric 

stability, which means that IBL has a similar value over land and water area.  

2.3.3 Atmospheric stability 

The turbulent heat fluxes are dominated by a different temperature between the sea surface and 

the air nearby the sea surface. When the temperature of seawater is higher than the air 

immediately sea surface, the air parcel between two surfaces would indicate upwards. In 

opposite, the air parcel would move downwards. 

The temperature difference between air and sea surface may decide thermal stability. Because 

of the large heat capacity in the ocean, the temperature on the sea surface would not have 

diurnal variations. The common status for the temperature of the sea surface is steady in 24 

hours (Garratt, 1994). The large temperature difference between air-surface is caused by the 

temperature contrast between the air and the sea surface. If the cold sea surface flowed by the 

warm air advection, the thermal condition is stable, and the unstable condition is the opposite 

situation.  

The obvious thermal characteristic for sea surface is the temperature has an annual variation. 

At the end of summer, the temperature would reach the peak. Because the change of air 

temperature faster than the sea, when warm sea surface encounters the cold air at the beginning 
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of autumn, the air parcel would move upward (Barthebnie et al., 2004). Thus, the unstable 

marine boundary layer would be formed. However, in the spring and in the summer, a stable 

marine boundary layer would be formed.  

When the marine boundary layer is stable, and the warm wind blows over the cooled water, the 

marine boundary layer would be less buoyant or thermally stable, which can cause decoupling 

of wind at the high height from the near-surface winds at a low level (Tay, Koh and Skote, 

2021). Based on this situation, the low-level jets would appear, which means that the high wind 

speed at the upper layers of the marine boundary layer (Chong Ng; Li Ran, 2016).  

However, it is known that the wind velocity changes constantly, and it is necessary to realize 

the prevailing wind blow directions. Generally, Weibull parameters contain two basic 

parameters, the shape parameter and the scale parameter. The unit of scale parameter is m/s, 

representing the measurement for the characteristic wind speed of the distribution. The scale 

parameter is proportional to the mean wind speed. The shape parameter represents the shape 

of the Weibull distribution, ranging from 1 to 3. If the shape parameter is small, it means that 

variations of wind speed are significant. If the shape parameter is close to 3, it means that the 

wind speed is constant (Mohsin and Rao, 2018). 

2.3.4 Offshore wind turbines power curve 

The wind turbine power curve that the turbine manufacturers provide is one of the main inputs for 

energy production assessment, describing the relation between the wind speed on site and the 

respective electrical energy output. Power curves and ct-values (a parameter for the wake effect 

calculation) of the turbines under consideration are applied for the energy calculation (Pandit, 

Infield and Kolios, 2019). The turbine position at hub height to obtain the promising wind 

condition is crucial for energy power calculation. By referring to the power curve and with the 

help of air density correction, any difference between the air density existing in the field and 

the power curve valid for it can be obtained (Measnet, 2016).  

Compared to traditional power generators, such as fuel-powered generators, wind turbine 

generators can produce peak power in a small proportion of the operation time. Most of the 

time, the power output cannot reach the peak value (Measnet, 2016). Therefore, comparing two 

wind turbine generators with the peak power of the power curve is not a wise choice. 

2.3.5 Wind farm layout 

Considering ocean factors, the layout of wind farms and energy production also needs to be 

considered. In other words, the parameters should be combined with water parameters, wind 
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parameters, meteorological parameters to minimize the production losses caused by the wake 

effect. For example, the load condition can be designed through wave height and wind speed 

parameters. Taking advantage of a wind power density map can help to locate the area with 

rich wind resources (Archer, Mirzaeisefat and Lee, 2013). The importance of micro siting 

selecting an offshore wind farm is to guarantee the turbine locations at the optimized site to 

minimize the wake effects. 

The wake cumulated in the inside wind farm results in the low-speed flow accompanied by the 

high turbulence intensity. In the front rows of offshore wind turbine arrays, the tendency 

towards speed deficit and the turbulence intensity would be increased. With the increase of 

distance, the variation in the later rows would be smaller gradually. Some research shows 

(Chamorro, Arndt and Sotiropoulos, 2011; Archer, Mirzaeisefat and Lee, 2013; Newman et al., 

2013) that it is possible to guarantee the flow would recover to fully-developed conditions at 

the later rows of wind turbine arrays in specific wind farm layout and wind directions. 

However, the recent research (Okulov et al., 2015) demonstrates that the atmospheric boundary 

layer reaching the fully-developed conditions may take longer than the previous studies, which 

means a slow adjustment for the flow in the wind farm. The flow adjustment distance is related 

to a large number of factors, such as the height of ABL, the stability of the atmosphere, wind 

farm layout, and energy density. Those flow properties may lead to many large-sized wind 

farms not reaching fully-developed conditions (Crespo, Hernández and Frandsen, 1999; 

Allaerts and Meyers, 2017).  

The form of wind farm layout determines the efficiency of the power output and the flow 

conditions inside wind farms. Two common wind farm layouts are used in wind farm layout 

design, aligned layout, and staggered layout in practice.  In general, the benefit of using a 

staggered layout to design wind arrays is to have fewer wake effects such as power losses and 

fatigue loads. This can demonstrate that the larger effective distance has a relationship with 

wake effects, which means that the interaction with downwind turbines may lead to high 

turbulence intensities and low-velocity deficits. The power losses triggered by the wake effect 

may increase with downstream distance in staggered layout wind farms (Stevens, Gayme and 

Meneveau, 2016). 

2.3.6 Wake effect to wind farm 

The wake effect is that when the kinetic energy from the wind is extracted by wind turbines, 

the wind speed downstream would be reduced and a wake area in the downwind of wind 
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turbines can be formed. The input wind speed of the downstream wind turbine is lower than 

the input wind speed of the upstream wind turbine. Figure 2.5 shows the typical wake of the 

Horn’s Rev offshore wind farm (Vattenfall, 2016). 

 

Figure 2.5. The wake of the Horn’s Rev offshore wind farm (Source: Vattenfall, pictured by 

ChristianSteiness). 

The wake effect causes the reduction of wind speed inside wind farms, which is the substantial 

production loss in wind farms. The ABL experiences a significant change because of the ABL 

interaction with a wind farm.  In turn, the performance of wind turbine power production may 

be changed, compared to that of hypothetical solitary wind turbines deployed in the same 

undisturbed boundary layer (Eriksson et al., 2015). Especially in unstable conditions, when the 

distances between wind turbines continue to widen, the influence of the wake effect would 

recover quickly. In order to analyze wind turbine performance of power production in a wind 

farm, it can be split into the following regions, induction region, entrance& development region, 

exit region and wind-farm wake region, respectively (Porté-Agel, Bastankhah and Shamsoddin, 

2020). 

In the induction region, a cumulated blockage effect may cause the wind speed reduction of 3 % 

in front of the wind farm 2.5 wind turbine diameters (D). The study from (Smith2010; Wu and 

Porté-Agel2017; Allaerts and Meyers2018) shows that the power losses in the wind farm may 

become larger, if the ABL is a shallow conventionally-neutral status. In the exit region, the 

standing gravity wave that may influence propagate upwind could be triggered in the 
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downwind region due to the vertical deflection of the subcritical flow (Wu and Porté-Agel, 

2017). Therefore, a large upwind of trailing edge in the exit region may appear, resulting in 

improving the performance of the nearby wind turbines. The wind-farm wake region is located 

in the downwind of the windfarm trailing edge. Because of the mass conservation as well as 

mean momentum downward flux, the lack of thrust forces may lead to the streamwise 

acceleration of the flow. All turbine accumulates the wake flow effect wakes in the large wind 

farm, and the momentum can be recovered with the increase of the downwind distance until 

the wake flow is negligible (Christiansen and Hasager, 2005; Eriksson et al., 2019). Thus, when 

large-sized wind farms are deployed in proximity to each other, realizing and predicting the 

windfarm wakes is necessary to minimize the wake effects between them. 
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3. Methodology 

This study compared two popular models in modeling power production and examined the 

sensitivity of power production to different wind farm setups. The minimalistic prediction 

model (Sørensen and Larsen, 2021) and the WAsP model are used. The NEWA (New European 

Wind Atlas) data was used as the input data to drive the models. A case study was conducted 

in the Lillgrund offshore wind farm. 

3.1 Models description 

3.1.1 The minimalistic prediction (MP) model 

The MP model (Sørensen and Larsen, 2021) is a newly developed prediction model for offshore 

wind farm power production. The aim of this model is to use publicly accessible wind resource 

data and basic parameters, such as wind turbine parameters, the general wind farm layout 

parameters, Weibull parameters, and the location of the wind farm, to get an initial wind power 

production prediction and rough cost analyses. 

 

Figure 3.1. Flow chart of MP model (Sørensen and Larsen, 2021). 



18 

 

In this study, the wind power production part is given priority attention. Figure 3.1 shows the 

process of annual power production calculation in the MP model. Generally, the MP model 

contains the following components, solitary wind turbine modeling, wind farm modeling, wind 

power production modeling, respectively.  

(1) Solidary wind turbine modeling 

A solitary wind turbine power production is calculated as follows: 

𝑃 = 𝑃(𝑈) 

where 𝑈 is the mean wind speed. The MP model assumes that when the wind speed is lower 

than the rated wind speed 𝑈𝑟, the wind turbine would operate under the rated condition (𝐶𝑃 =

𝐶𝑃,𝑟𝑎𝑡𝑒𝑑). However, when the wind speed is higher than the rated wind speed, according to the 

character of pitch-regulated wind turbines, the wind turbine would have a constant power 

output (𝑃 = 𝑃𝐺). 

Thus, the power generation is calculated as follows: 

𝑃(𝑈) = {
𝛼𝑈3 + 𝛽; (𝑈𝑖𝑛 ≤ 𝑈 ≤ 𝑈𝑟)
𝑃𝐺; (𝑈𝑟 ≤ 𝑈 ≤ 𝑈𝑜𝑢𝑡)

 

Where coefficients 𝛼 and 𝛽 are calculated as follows: 

𝛼 =
𝑃𝐺

𝑈𝑟
3−𝑈𝑖𝑛

3      𝛽 = −
𝑃𝐺𝑈𝑖𝑛

3

𝑈𝑟
3−𝑈𝑖𝑛

3  

where 𝑈𝑟 is rated wind speed, 𝑈𝑖𝑛 is wind speed, 𝑈𝑜𝑢𝑡 is cut-out wind speed, 𝑃𝐺is installed 

generator power. 

When the wind turbine generator operates at maximum rated power coefficient (𝐶𝑃,𝑟𝑎𝑡𝑒𝑑) as 

well as at maximum power output (𝑃𝐺), the rated wind speed is calculated as follows: 

𝑈𝑟 = √
8 ∗ 𝑃𝐺

𝜌𝜋𝐷2𝐶𝑃,𝑟𝑎𝑡𝑒𝑑

3

 

where 𝑈𝑟 is rated wind speed, 𝑈𝑖𝑛 is wind speed, 𝑈𝑜𝑢𝑡 is cut-out wind speed the 𝐶𝑇,𝑟𝑎𝑡𝑒𝑑 =

0.75,and 𝐶𝑃,𝑟𝑎𝑡𝑒𝑑 = 0.48. 

(2) Wind farm modeling 

The MP model aims to use generic wind farm layout parameters to evaluate energy production 

for developers. Thus, in the wind farm modeling, the total number of wind turbines and average 

distance between wind turbines are used to represent the wind farm area as follows:  
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𝐴 = [𝐿𝑇(√𝑁𝑇 − 1)]
2
= 𝑆2𝐷2(√𝑁𝑇 − 1)

2 

where 𝐿𝑇 is the assumed average distance between wind turbines, 𝑁𝑇 is the total number of 

wind turbines in a wind farm, and 𝐴 is the area of the wind farm. 

The MP model assumes another method to represent the distances between wind turbines, 

which means that the distances between wind turbines can be generically represented by the 

rotor diameters 𝑆 = 𝐿𝑇/𝐷. The reason to use rotor diameters to represent interspacing is that 

many wind farms layouts are not quadratic in practice, and therefore, [𝐿𝑇(√𝑁𝑇 − 1)]
2
 cannot 

simulate the real-world wind farm layouts. The MP model calculates the wind turbines 

interspacing as follows: 

𝑆 =
√𝐴

𝐷(√𝑁𝑇 − 1)
 

(3) Wake modeling 

The MP model regards the atmospheric wind farm boundary layer model from Frandsen wake 

model (Frandsen, 1992) as a foundation to evaluate the wake effect in wind turbine array. The 

MP model assumes that the wind farm is an infinitely large wind farms, and the ABL flow field 

is equilibrious with the inside wind farm since a generic situation is to be studied, such as the 

mean wind speed reduction and the increase in turbulence intensity (Fröh, Creech and Eoghan 

Maguire, 2014; Sørensen and Larsen, 2021). 

There are two logarithmic boundary layers in the fully-developed wind farms to draw vertical 

profiles of the horizontally averaged wind speed. One layer is below the hub height featured 

by the friction velocity for the lower boundary layer 𝑢𝑙𝑜
∗ , and the other is above the hub-height 

featured by the friction velocity for the higher boundary layer 𝑢ℎ𝑖
∗ . Therefore, the horizontally 

average wind speed is calculated as follows: 

𝑈𝑙𝑜(𝑧) =
𝑢𝑙𝑜
∗

𝜅
ln (

𝑧

𝑧0,𝑙𝑜
)  𝑓𝑜𝑟 𝑧 < ℎ 

𝑈ℎ𝑖(𝑧) =
𝑢ℎ𝑖
∗

𝜅
ln (

𝑧

𝑧0,ℎ𝑖
)  𝑓𝑜𝑟 𝑧 > ℎ 

where 𝜅 is Karman constant (0.4), 𝑧0,ℎ𝑖 is the effective roughness length, 𝑧 is the height above 

the ground, 𝑈𝑙𝑜 and 𝑈ℎ𝑖 are the average wind speeds at a horizontal direction for the lower 

boundary layers and higher boundary layers, respectively. The vertical profile of the mean wind 

speed is continuous at hub height, and thus, it can be calculated as follows: 
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𝑈𝑙𝑜(ℎ) = 𝑈ℎ𝑖(ℎ) = 𝑢ℎ𝑖
∗ ln (

ℎ

𝑧0,ℎ𝑖
) = 𝑢𝑙𝑜

∗  ln (
ℎ

𝑧0,𝑙𝑜
) 

Due to the balance of momentum conservation, the difference between horizontally averaged 

turbulent shear stress values from two different logarithmic layers is equal to the momentum 

loss. The different averaged turbulent shear stress is calculated as follows: 

𝑢ℎ𝑖
∗ 2

− 𝑢𝑙𝑜
∗ 2 =

𝜏𝑊,ℎ𝑖
𝜌

−
𝜏𝑊,𝑙𝑜
𝜌

=
1

2
𝑐𝑡𝑈ℎ

2 

where the 𝑐𝑡 = 𝜋𝐶𝑇 4𝑆2⁄  is wake parameter, which is determined by interspacing between 

turbines in rotor diameters and thrust coefficient. The mean wind speed at hub height can be 

calculated: 

𝑈ℎ =
𝐺

1 + ln (
𝐺
𝑓ℎ
)

√
𝑐𝑡 + (

𝜅

ln (
ℎ
𝑧0,𝑙𝑜

)
)2

𝜅

 

The required input parameters are, the wake parameter 𝑐𝑡 = 𝜋𝐶𝑇 4𝑆2⁄  which is represented by 

the thrust coefficient 𝐶𝑇 and interspacing between wind turbines 𝑆, 𝑧0,𝑙𝑜 which is the effective 

surface roughness of the sea level, and 𝐺 which is geostrophic wind speed (Frandsen, 2007). 𝑓 

as the Coriolis parameters equals to 𝑓 = 2Ω𝑠𝑖𝑛𝜑, whereas Ω = 7.29 × 10−5 is the rotational 

speed of the earth. 𝜑 is the latitude, and at latitude of 55 degrees, 𝐴 ∗ = 4 is constant (Frandsen, 

2007). 

Frandsen wake model uses the conservation of mass for a control volume downwind around 

wind turbines. The Frandsen model is that the assumption of the model is based on the neutral 

ABL rather than reality conditions. A stably- stratified free atmosphere covers the neutrally 

stratified ABL. This can impact the interaction of the ABL with large-sized wind farms and the 

energy production of wind farms. The disadvantage of the Frandsen wake model is that the 

wake at the edge of wind farms would be overestimated, and the wind velocity deficit would 

be underestimated at the center of the wake. Another limitation of the Frandsen model is that 

it lacks the ability to recognize wind directions and various layout parameters. In other words, 

the overall wind density is used to predict the power output in a site-specific area. 
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(4) Wind resource modeling 

In the MP model (Sørensen and Larsen, 2021), there are two mean wind speed statistics, 

including the ambient flow conditions and the internal wind farm conditions, respectively. The 

two-parameter Weibull distribution is used to quantify the wind regimes. The probability 

density function (PDF) is calculated as follows: 

𝑓(𝑥; 𝜆, 𝑘) = {
𝑘

𝜆
(
𝑥

𝜆
)𝑘−1exp [−(

𝑥

𝜆
)𝑘] ; 𝑥 ≥ 0

0;  𝑥 < 0
 

where 𝑥 is the wind speed, 𝑘 is the Weibull shape factor, and 𝜆 is the Weibull scale parameter. 

Combined with the equation of PDF, the average power production of solitary wind turbine 

𝑃𝑦 is calculated as follows: 

𝑃𝑦 = ∫ 𝑃(𝑈)𝑓(𝑈; 𝜆, 𝑘)𝑑𝑈

𝑈𝑜𝑢𝑡

𝑈𝑖𝑛

= 𝛼∫ 𝑈3𝑓(𝑈; 𝜆, 𝑘)𝑑𝑈 + 𝛽∫ 𝑓(𝑈; 𝜆, 𝑘)𝑑𝑈
𝑈𝑟

𝑈𝑖𝑛

𝑈𝑟

𝑈𝑖𝑛

+ 𝑃𝐺 ∫ 𝑓(𝑈; 𝜆, 𝑘)𝑑𝑈

𝑈𝑜𝑢𝑡

𝑈𝑖𝑛

 

Combining the two equations above, the average power production for the ambient flow 

conditions are calculated as follows: 

𝑃𝑦 = 𝛼𝜆
3 [Γ (

3 + 𝑘

𝑘
, (
𝑈𝑖𝑛
𝜆
)
𝑘

) − Γ(
3 + 𝑘

𝑘
, (
𝑈𝑟
𝜆
)
𝑘

)] + 𝛽 (𝑒−
(
𝑈𝑖𝑛
𝜆
)
𝑘

− 𝑒−
(
𝑈𝑟
𝜆
)
𝑘

) + 𝑃𝐺(𝑒
−(
𝑈𝑟
𝜆
)
𝑘

− 𝑒−
(
𝑈𝑜𝑢𝑡
𝜆

)
𝑘

) 

where the Γ is the gamma function. 𝑘 is the shape parameter, and 𝜆 is the scale parameter. 

The MP model also takes the energy calculation inside wind farm into consideration. In practice, 

wake effects exist in the internal wind farm resulting in wind speed reduction. In this model, 

the energy production estimation is based on the distribution of wind speed at hub height in the 

internal wind farm.  

The average wind speed from inside the wind farm should be considered as well, which can be 

converted from the undisturbed average wind speed around it (Sørensen and Larsen, 2021). 

𝑈ℎ
𝑈ℎ,0

=

{
 
 
 

 
 
 

휀1 =
1 +

γ
𝛿

1 +
γ
𝜅
√
𝜋𝐶𝑇,𝑟𝑎𝑡𝑒𝑑
8𝑆2

+ (
𝜅
𝛿 
)2
 ;  𝑈𝑖𝑛 ≤ 𝑈ℎ < 𝑈𝑟

휀2 =
1 +

γ
𝛿

1 +
γ
𝜅
√
𝜋𝐶𝑇,𝑟𝑎𝑡𝑒𝑑
8𝑆2

(
𝑈𝑟
𝑈ℎ
)
3
2 + (

𝜅
𝛿 
)2
 ; 𝑈𝑟 ≤ 𝑈ℎ ≤ 𝑈𝑜𝑢𝑡

 

where γ is ln(𝐺/𝑓ℎ ) and 𝛿 is ln (ℎ/𝑧0 ). 



22 

 

The mean wind speed is in the range between the rated wind speed and the cut-out wind speed 

at the hub height. The thrust coefficient is 𝐶𝑇,𝑟𝑎𝑡𝑒𝑑 = (𝑈𝑟/𝑈)
3/2, and thus, 휀1 is a constant 

number, but 휀2 would change with wind speed at hub height. 

From the below-rated wind farm regime perspective, the ambient mean wind speed follows the 

Weibull distribution regulation, and the wind speed probability density function is calculated 

as follows: 

𝑓ℎ(𝑈ℎ) = 𝑓ℎ,0(𝑈ℎ; 휀1𝜆, 𝑘) ; 𝑈𝑖𝑛 ≤ 𝑈ℎ < 𝑈𝑟 

From the above-rated wind farm regime perspective, the ambient mean wind speed follows the 

Weibull distribution regulation. The yearly energy production within the wind farm can be 

expressed as (Sørensen and Larsen, 2021): 

𝑃𝑊𝐹,𝑦 = 𝛼(휀1𝜆)
3 [Γ (

3 + 𝑘

𝑘
, (
𝑈𝑖𝑛
휀1𝜆

)
𝑘

) − Γ(
3 + 𝑘

𝑘
, (
𝑈𝑟
휀1𝜆

)
𝑘

)] + 𝛽 (𝑒
−(
𝑈𝑖𝑛
𝜀1𝜆

)
𝑘

− 𝑒
−(

𝑈𝑟
𝜀1𝜆

)
𝑘

)

+ 𝑃𝐺(𝑒
−(

𝑈𝑟
𝜀2𝑈𝑟𝜆

)
𝑘

− 𝑒
−(

𝑈𝑜𝑢𝑡
𝜀2𝑈𝑜𝑢𝑡𝜆

)
𝑘

) 

(5) Finite-Size wind farm correction 

The discussion above is based on the relations between a fully developed atmospheric boundary 

layer and an infinitely large wind farm. However, in practice, wind farms are limited by the 

size of the proper area, and thus, how the actual size of the wind farm affects the calculation of 

the wind power production is considered in the MP model. 

Therefore, the MP model is to find a solution of correction where the factor of correction drops 

asymptotically when the size of wind farm approaches more realistic assumptions. In order to 

find a generic wind farm layout, the MP model uses the general topographic layout, which 

means that each edge of the wind farm is represented by √𝑁𝑇  and there are 4√𝑁𝑇  wind 

turbines in total in the wind farm (Sørensen and Larsen, 2021). Depending on the wind 

directions, around half of wind turbines standing at the edge of the wind farm are regarded as 

standalone wind turbines. Therefore, the wind turbines enacted in the wind farm can be split 

into two parts, wind turbines affected by wake effect and unaffected by the wake effects. The 

wind power production is calculated as follows: 

𝑃𝐸 = (𝑁𝑇 − 3√𝑁𝑇)𝑃𝑊𝐹,𝑦 + 3√𝑁𝑇𝑃𝑦 

where 𝑃𝐸 is the final wind power production, 𝑃𝑊𝐹,𝑦 is yearly energy production of the wind 

turbine within the wind farm and 𝑃𝑦 is yearly average production of the wind turbine. 



23 

 

3.1.2 The WAsP model 

The Wind Atlas Analysis and Application Program (WAsP), referred to as the European Wind 

Atlas method is developed by Danish Technical University (DTU) at the Risø National 

Laboratory in 1987.  

The WAsP model includes in the WindPRO software, which is a wind farm design tool. 

Besides the linear WAsP model, WindPRO can comprise other complex models to meet 

different requirements. Because of the flexible transformation among various models, 

WindPRO proves very attractive in the wind farm design industry. 

The basic principle of the WAsP model is that the wind condition would be changed by the 

terrain’s micro-scale. For two locations that are close to each other, micro-scale flow 

fluctuation can be regarded as superimposed on their large-scale common wind climate, 

corresponding to the outer layer with negligible perturbations (Zhang, 2015). Based on this 

principle, two different sites under the same wind condition can be connected through wind 

speed. The wind data is collected from the reference site, and micro-scale modifications on 

the wind data are neglected; thus, the common regional wind climate data can be obtained. 

In order to gain the data on a specific site wind climate, the specific micro-scale correction 

should be added back to the common regional wind climate data. Figure 3.2 shows the 

calculation process of the wind climate of a specific site (Zhang, 2015). 

From the mathematical perspective, the regional wind condition is calculated in the 

equation (Zhang, 2015): 

𝑊𝐴 = 𝑊𝑟𝑒𝑔 − 𝑂𝐵𝑆𝐴 − 𝑅𝑂𝑈𝐴 −𝑂𝑅𝑂𝐴 

where 𝑊𝐴 is the location A with the micro-scale wind condition, 𝑊𝑟𝑒𝑔 is the common regional 

wind condition, 𝑂𝐵𝑆𝐴 is the effect from sheltering of obstacles, 𝑅𝑂𝑈𝐴 is the effect of surface 

roughness and the 𝑂𝑅𝑂𝐴 is terrain height effect.  

For the wind climate of site B, a similar equation with site A is shown below (Zhang, 2015): 

𝑊𝐵 = 𝑊𝑟𝑒𝑔 + 𝑂𝐵𝑆𝐵 + 𝑅𝑂𝑈𝐵 + 𝑂𝑅𝑂𝐵 

Similarly, 𝑊𝐵  is the location B with the micro-scale wind condition, 𝑊𝑟𝑒𝑔  is the common 

regional wind condition, 𝑂𝐵𝑆𝐵 is the effect from sheltering of obstacles, 𝑅𝑂𝑈𝐵 is the effect of 

surface roughness and the 𝑂𝑅𝑂𝐵 is terrain height effect.  
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Finally, the wind condition at site B with the same regional wind condition can be calculated 

(Zhang, 2015): 

𝑊𝐵 −𝑊𝐴 = (𝑂𝐵𝑆𝐵 −𝑂𝐵𝑆𝐴) + (𝑅𝑂𝑈𝐵 − 𝑅𝑂𝑈𝐴) + (𝑂𝑅𝑂𝐵 − 𝑂𝑅𝑂𝐴) 

The roughness parameter is an essential factor for offshore wind resource assessment. In the 

WAsP model, the roughness length of the water area is assumed to be an average value of 

0.0002m in order to simplify the process of wind resource assessment. The atmospheric 

stability parameter in the WAsP model is represented by average vertical heat flux (Lange and 

Højstrup, 2001). 

 

Figure 3.2. The methodology of the WAsP model (Source: Troen and Lundtang Petersen, 1989). 

The wake model in the WAsP model is developed by Jensen (Jensen, 1983). The basic principle 

of Jensen model (Jensen, 1983) is to use mass conservation to control the volume downwind 

of a solitary wind turbine. The wind turbine trust coefficient is connected to wind speed behind 
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the rotor through the Betz theory. According to Jensen’s suggestion, the wake decay constant, 

namely wake growth rate, is 0.05 for offshore wind farms, and 0.075 for onshore wind farms. 

Compared to the MP model, the WAsP model in the WindPro requires professional knowledge 

regarding the wind resource assessment and experience to modify the WAsP model parameters. 

WAsP model requires a software license for commercial use. 

3.2 Case study 

3.2.1 Study area 

A case study to compare the two models was conducted in the Lillgrund wind farm. Lillgrund 

offshore wind farm is located in the northern Öresund bridge (55.5154°N 12.782°E). Figure 

3.3 displays the specific location and the wind farm layout of this project. In this wind farm 

plant, there are 48 Siemens SWT 2.3-93 wind turbines with 2.3 MW rated power. The mean 

wind speed is around 8.5 m/s at around 70 m, the prevailing wind direction is 200 degrees to 

225 degrees, and the annual wind power production is around 330 GWh (Jeppsson, Larsen and 

Larsson, 2008). The wind farm was fully put into operation in June 2008 and owned by 

Vattenfall AB (Jeppsson, Larsen and Larsson, 2008; Sørensen and Larsen, 2021). 

 

Figure 3.3. The site information regarding the Lillgrund offshore wind farm (Source: Jeppsson, 

Larsen and Larsson, 2008). 
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3.2.2 Wind atlas data 

New European Wind Atlas (NEWA) provides unified free wind energy resource data with high 

resolution. NEWA covers the European countries and offshore areas within 100 km, including 

the Baltic Sea and North Sea (Hahmann et al., 2018). NEWA provides data not only to the 

researchers and developers but to the public and decision-makers to decrease the uncertainty 

regarding wind conditions. The Figure 3.4 shows the wind map in the Baltic Sea from the 

NEWA website (https://map.neweuropeanwindatlas.eu/). 

The model chain is the basis of NEWA, including the micro and mesoscale flow models which 

are used to create the wind time series and statistics for the atlas. The resolution for the 

mesoscale model is 3 km × 3 km and 30 min using the Weather Research and Forecasting 

(WRF) model, and the total simulation period is over 30 years, from 1989 to 2018 (Gottschall 

et al., 2018; Jourdier, 2020). The microscale model records various height wind data from 50 

m to 500 m. The microscale model has a finer resolution, which is 100 m × 100 m (Gottschall 

et al., 2018). However, due to the resolution limitations, microscale may provide limited 

statistics. 

 

Figure 3.4. The wind map in the Baltic sea from the NEWA website. (Source: 

https://map.neweuropeanwindatlas.eu/). 
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In this case study, ten years of data from 2009 to 2018 are downloaded from the NEWA website, 

the format of the wind data file is NetCDF and the location of the data is chosen at 55.5154 °N 

12.782 °E. When the NetCDF files are input into the program that processes wind data files, 

there is no obvious trend observed from the output figures. In order to obtain a relatively clear 

curve to describe wind conditions, a monthly moving average is calculated based on the 

original data. Because the ten-year data is relatively dense, the trend is not particularly obvious 

even with the monthly moving average. Therefore, a yearly moving average is calculated. 

Following a similar idea, the trend of wind speed, wind direction, and roughness length over 

ten years can be obtained clearly. 

3.2.3 Model applications 

Two models are used to evaluate wind farm production, the MP model written in Python and 

the WAsP model included in the WindPro program. In this thesis study, the version of Python 

3.9 is used, and the version of the WAsP 12.03.0016 is used. 

There are two steps for the MP model to gain wind power production. The first step is to prepare 

Weibull parameters. When the original data files are downloaded from the NEWA database, 

the MP model should recognize the target data from the NetCDF files from different items. 

Relevant data, such as the wind speed data and wind direction data, is extracted and saved to a 

blank spreadsheet. Meanwhile, the Weibull function within the MP model can convert the 

annual wind speed data to a shape parameter and a scale parameter. The second step is to input 

required parameters into the MP model to predict wind power production. The required 

parameters include wind turbine parameters, the number of wind turbines, the average distance 

between wind turbines, and the Weibull parameters.  In this thesis, the wind data of four 

different heights is downloaded from the NEWA database, 75 m, 100 m, 150 m and 200 m, 

respectively. In each height, three items data which can describe the wind condition in each 

stratification is downloaded, wind speed data, wind direction data and aerodynamic roughness 

length data, respectively.  

The sensitivity experiments are based on modifying the value of factors that may affect wind 

power production. From the perspective of modifying the size of the wind farm, when different 

distances between wind turbines representing the wind farm areas are input into the MP model, 

the changes of wind power production can be shown in a line chart. In this line chart, the x axis 

is the wind power production, and the y axis is the wind farm area. The experiment of hub 
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heights follows similar steps as the size of the wind farm experiment. A line chart can be 

displayed, where the x axis is the wind power production, and the y axis is the hub heights. 

Compared to the steps with the MP model, the WAsP model has a similar process to calculate 

wind power production. When the wind condition data over 10 years is downloaded from the 

NEWA database, the useful wind data items such as wind speed data, wind directions data and 

roughness length data should be converted to .dat files as the original input wind resource data 

in the WAsP model. The second step is to use the STATGEN model to generate wind statistics 

at the specific site based on the NEWA data. The STATGEN results, including information of 

measure height, mean wind in measure height etc., can be obtained. The final step is to calculate 

the energy production of the wind farm with the WAsP model based on the NEWA data and 

the specific wind farm layout. The wake model is N.O Jensen model and the wake decay 

constants based on DTU default offshore WDC: 0.050. 

3.2.4 Experimental description 

Based on the discussion above, experiments are designed to analyze the factors that may affect 

wind power production. Some experiments assess the wind condition at the Lillgrund project 

site and verify the feasibility of the MP model and WAsP model through the initial data. Some 

experiments focus on analyzing the influence of wind speed, hub height, and wind field area 

on wind power production. The first experiments investigate the impact of wind resource: wind 

speed and direction on the power production. The two sensitivity experiments are conducted. 

The first experiment is to analyze the wind resource assessment at the Lillgrund wind farm. 

Based on the ten-year wind resource data collected from the NEWA database from 2009 to 

2018, the wind direction, wind speed, and roughness length can be shown in a line chart. Wind 

speed data of each year can be converted into Weibull parameters through the MC model, 

which contains two dimensions: the scale parameter and the shape parameter. The values of 

Weibull parameters over ten years can be shown in a line chart. According to different Weibull 

parameters over ten years, the level of wind power production can be calculated by the MC 

model and displayed in a bar chart. In the WindPro program, when the wind speed and wind 

direction of ten years are input into the program individually, the Weibull parameters of ten 

years can be obtained. The wind park calculation report displays the annual energy production 

for the wind farm at the Lillgrund wind farm. A bar chart summaries the ten-year energy 

production based on the WindPro program calculation. 
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The second experiment focuses on verifying the feasibility of deploying each of the two models 

at the Lillgrund wind farm. From the perspective of the MP model (Sørensen and Larsen, 2021), 

the data is collected from the article (Sørensen and Larsen, 2021). As for the WAsP model, the 

wind farm layout data is collected from the Lillgrund wind farm report (Jeppsson, Larsen and 

Larsson, 2008), and the wind resource data is from the NEWA database. Through the 

comparison of the energy production results, the validation of those two models can be 

concluded. The reasons for the differences in data calculated by the two models will be 

discussed in Chapter 4. 

The final experiment is regarding the three key factors that can affect wind power production, 

namely wind speed, hub height, and wind farm areas. Based on the Weibull parameters that are 

converted by wind speed data, the ten-year energy production data can be obtained through the 

MP model. When the wind speed data and wind direction data are put into the WAsP model, 

the results can be calculated. To study the influence the hub height has on wind power 

production, hub heights from 75 m to 150 m are used in the calculations. The same idea is used 

in the wind farm area experiment. By modifying the distance between wind turbines from 300 

m to 850 m to change the size of the Lillgrund wind farm, a curve can be drawn to show the 

relationship between wind farm areas and wind turbine distances. Due to different requirements 

regarding the layout parameters in two models, the specific wind farm layer is not required in 

the MP model and the detailed wind farm layout information is needed in the WAsP model. 

Thus, regarding the applying of the distance parameter in two models, the power production 

will be calculated once for general every increase of 2D in the distance in the MP model, and 

the power production will be calculated once for every increase of 2D in the distance based on 

the specific layout information in the WAsP model. In the sensitivity experiments, the wind 

data for 2014 is used widely. Compared to the wind data for other years from 2009 to 2018, 

the wind data for 2014 is more average, which can show clear trends between factors and power 

productions. 
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4. Results  

4.1 The wind resource assessment at the Lillgrund wind farm 

The wind resource conditions at Lillgrund wind farm (the wind speed and the wind direction) 

are relatively stable over the span of ten years (2009-2018). Figure 4.1 shows the temporal 

variation of wind speed from 2009 to 2018 from the NEWA database in the Lillgrund wind 

farm. The mean wind speed is around 8.5 m/s to 8.9 m/s from 2009 to 2018 at 75 m. 

 

Figure 4.1. The temporal variation of the wind speed from 2009 to 2018 evaluated by the MP 

model at the Lillgrund wind farm. The data is from the NEWA database. The blue line shows 

the everyday wind speed; the orange line shows the monthly moving average; the black line 

shows the yearly moving average. 

 

Figure 4.2. The temporal variation of the yearly mean wind speed evaluated by the WindPro 

from 2009 to 2018 at the Lillgrund wind farm. The wind speed data is from the NEWA database. 
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A similar result in Figure 4.2 can be observed by doing the calculation using the WAsP model, 

which shows the annual mean wind speed to be around 8 m/s to 8.9 m/s. The wind speed is 

relatively steady over the ten years, which indicates that the power production in the Lillgrund 

wind farm is promising.  

Wind direction data is another important parameter to influence the wind resource assessment. 

Figure 4.3 shows the wind direction data from the NEWA database at the Lillgrund wind farm, 

which averages around 190 degrees to 220 degrees. The wind direction can be clearly observed 

in the wind rose map. 

 

Figure 4.3. The temporal variation of the wind direction from 2009 to 2018 evaluated by the 

MP model at the Lillgrund site. The data is from the NEWA database. The blue line shows the 

everyday wind speed; the orange line shows the monthly moving average; the black line shows 

the yearly moving average. 

From the wind rose map (Figure 4.4) evaluated by WindPRO, the prevailing wind direction is 

from the WSW. The blue region represents the current site data at the Lillgrund wind farm, and 

the green region is the reference data. Compared to the Lillgrund wind farm report (Jeppsson, 

Larsen and Larsson, 2008), the results from these two resources are 220 degrees to 255 degrees, 

which means that the wind data from the NEWA database is feasible. 



32 

 

 

Figure 4.4. Wind direction frequency evaluated by the WindPro at Lillgrund wind farm. The 

data for 2014 is used. 

Wind production from different directions is another way to analyze the prevailing wind 

direction. Figure 4.5 shows the wind power production from the direction of sea and land in 

the Lillgrund wind farm. In general, wind power production is mainly relying on wind power 

from the sea direction. The average wind power production over ten years from the sea 

direction ranging from 210 degrees to 270 degrees is 60 GWh. The average wind power from 

the land direction ranging from 30 degrees to 90 degrees is only 20 GWh.  

 

Figure 4.5. The wind power production from land and sea from 2009 to 2018 calculated by the 

WAsP model. 
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As for the roughness length parameter, it is important for wind resource assessment. Because 

the Lillgrund wind farm is deployed on the sea, the water surface is smoother than other 

surfaces and has less influence on the wind. From Figure 4.6, the roughness length is from 

0.0001 m to 0.0002 m. In those two models, the roughness length is set to 0.0002 m, which is 

a fixed value to simplify the process of wind power production. However, in real-world 

offshore wind farms, roughness length is determined by the wind speed. 

 
Figure 4.6. The temporal variation of the aerodynamic roughness length from 2009 to 2018 at 

the Lillgrund wind farm. The data is from the NEWA database. The blue line shows the 

everyday aerodynamic roughness length; the orange line shows the monthly moving average; 

the black line shows the yearly moving average. 

4.2 Evaluation of wind power production 

In this part, four energy production results regarding the Lillgrund wind farm are shown in 

Figure 4.7. for the MP model and the WAsP model, the ten years data on wind condition is 

from the NEWA database. The rest of the two energy production results are from (Sørensen 

and Larsen, 2021) and (Jeppsson, Larsen and Larsson, 2008).  

The average result over ten years is 280 GWh in the MP model and 329 GWh in the WAsP 

model. The result published by (Sørensen and Larsen, 2021) through the MP model calculation 

is 299 GWh and the result from the official report based on SCADA data by the project 

developers (Jeppsson, Larsen and Larsson, 2008) is 330 GWh (Figure 4.7). 

Figure 4.8 shows each energy yield result from two model calculation results over ten years. It 

can be observed that the average wind power production from the MP model is lower than that 

from the WAsP model. Based on the result from the scatter figure (Figure 4.8), the results 
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calculated by the MP model concentrate in the range of 260 GWh to 300 GWh, but the results 

of the WAsP model range from 300 GWh to 350 GWh. Several factors may have contributed 

to this situation, such as the size of the wind farm leading to the momentum equilibrium issue, 

the lack of specific wind farm layout parameters, or the lack of wind direction to support the 

wind power production. In section 4.3, more detailed assumptions regarding the value 

differences are discussed based on the year-to-year wind power production data. 

 

Figure 4.7. The comparison of energy production results from various models and data sources. 

The data of the first bar and the third bar is from the model, and the data of the second bar 

and the fourth bar is from the reference sources (Jeppsson, Larsen and Larsson, 2008; 

Sørensen and Larsen, 2021). 

 

Figure 4.8. The energy production results through the MP model and WAsP model over ten 

years.  
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4.3 The interannual variation of the power production 

Figure 4.9 shows the Weibull parameters over ten years at the Lillgrund wind farm. In 2010 

and 2018, the Weibull parameters are relatively lower than those in other years, indicating 

underwhelming wind power production.  

 

Figure 4.9. The temporal variation of the shape parameter (left, red color) and the scale 

parameter (right, blue color) from 2009 to 2018 at the Lillgrund wind farm. The wind data is 

from the NEWA database. 

 

Figure 4.10. The temporal variation of energy production from 2009 to 2018 at the Lillgrund 

wind farm calculated by the MP model. 
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Wind power production results from 2009 to 2018 are shown individually in Figure 4.10. 

Comparing Figure 4.9 with respect to Weibull parameters with the wind production bar chart 

(Figure 4.10), it can be observed that the energy output has a direct relationship with the scale 

parameter. The wind condition at Lillgrund wind farm is relatively steady, and during the past 

ten years, energy production has also fluctuated within a small range, ranging from 255 GW to 

315 GW. Under stable wind conditions, the income of Lillgrund wind farms can be further 

guaranteed. 

When the wind condition data from the NEWA database at the Lillgrund wind farm is input 

into the WAsP model, the energy production results are shown in Figure 4.11. Generally, the 

energy calculation results through the MP model developed by (Sørensen and Larsen, 2021) 

and the wind power production from the WAsP model calculation have a similar trend. 

However, the results from the WAsP model are generally 50 GWh/y higher than the MP model 

in the span of ten years. 

 

Figure 4.11. The temporal variation of energy production from 2009 to 2018 at the Lillgrund 

wind farm through the WAsP model. 

There are several factors that may result in the higher production results in the WAsP model. 

The most important possible reason is that if the MP model is deployed in a modern-sized 

offshore wind farm, we may have a better chance at making a good assumption of its 

momentum equilibrium. Unfortunately, due to the compact layout of the Lillgrund wind farm, 

the wake model in the MP model cannot be fully assumed. In the WAsP model, the specifics 
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of the wind farm layout, including the row and column distance, are required, which can ensure 

the relatively accurate final results. However, the MP model, as an initial prediction model, is 

to draw a rough wind power production calculation, and therefore, it is reasonable to have 

differences on the final results. Requiring detailed wind statistics for wake model calculation 

would be an essential aspect that may determine the final wind production result. In the MP 

model, the users are only required to input the wind speed data, but the rest of the wind 

condition data, such as wind directions, are not needed.  

4.4 The impact of wind farm areas on the power production 

Minimizing the wake effect is a priority for wind farm layout optimization. Due to the low 

roughness length on sea surface, the turbulent momentum mixing on the sea surface is smaller 

than one on land, resulting in the wake trail in offshore wind farms being longer than the one 

in onshore wind farms. With the development of wind turbines, solitary wind turbines with 

higher capacity are deployed in offshore wind farms, and the rotor diameters are reaching 120 

m or more (Zhang, 2015). In order to minimize the effect of the wake effect issue, the distances 

between offshore wind turbines are larger than those of onshore wind farms.  

 

Figure 4.12. Wind power production for the Lillgrund wind farm of various sizes calculated 

by the MP model. The wind data for 2014 is used. 

According to Figure 4.12, the relationship between the wind farm area and the power 

generation is roughly proportional. Larger wind farm areas may lead to higher wind power 

production because of the larger distance between wind turbines and the minor wake effect on 

the interaction of wind turbines. When the distance of the wind turbines increases from 303 m 
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to 492 m, the value of AEP increases significantly, from 296 GWh/y to 356 GWh/y. With the 

further increase of mutual distances between wind turbines, capacity factor dramatically 

increase since the distance between offshore wind turbines is widening. When the size of the 

wind turbines distances increases from 670m to 854 m, the value of AEP has a slight increase, 

from 400 GWh/y to 415 GWh/y because the wake effect now has less dominating effect on 

energy production. 

Compared to the influence on wind power production with mutual wind turbines distances, 

Figure 4.13 shows a similar tendency towards the relationship between distances and capacity 

factor. When the wind turbines distances increase from 303 m to 854 m, the value of the 

capacity factor also increases from 31 % to 43.8 %. At the beginning of the size of the wind 

farm increase, the capacity factor experiences an obvious increase. When the wind farm area 

increases furtherly, the capacity factor has a relative improvement. 

 

Figure 4.13. Capacity factors for the Lillgrund wind farm of various sizes calculated by the 

MP model. The wind data for 2014 is used. 

The results from the WAsP model follow a similar trend. For example, in Figure 4.14, when 

the distances between wind turbines are 303 meters, 330 GW of AEP can be gained. When the 

distances between wind turbines are 854 meters, which is nearly 3 times the initial distance, 

the AEP obtained is 411 GW, which is 1.24 times the initial power production.  
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Figure 4.14. Energy production for the Lillgrund wind farm calculated by the WAsP model. 

The wind data for 2014 is used. 

 

Figure 4.15. Capacity factor for the Lillgrund wind farm calculated by the WAsP model. The 

wind data for 2014 is used. 

The capacity factor experiences a dramatic increase with the increase of the distances between 

wind turbines (Figure 4.15). The reason is that as the distances between wind turbines continue 

to increase. The mutual influence of the wake effect on the wind turbines gradually weakens 
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until it disappears. It is foreseeable that when the wind farm area is large enough, each wind 

turbine can be regarded as a solitary wind turbine and is not affected by the wake effect. 

4.5 The impact of wind turbine hub height on power production 

It is known that the offshore surface layer is shallower than the onshore surface layer, due to 

the lower roughness length and smaller turbulence flux. The depth of offshore surface layer is 

in the order of just 10 m for stable stratification and in low to moderate winds (Emeis, 2018). 

Therefore, more than 90 % of marine aerodynamic boundary layer is covered by the Ekman 

layer (Emeis, 2018). The wind speed may increase slightly when the hub height increases. In 

turn, energy production will not experience a higher increase. The scale parameter indicates 

that mean wind speeds increase with hub heights (Figure 4.16). 

 

Figure 4.16. Weibull parameters at various hub heights and the wind data for 2014 is used. 

The wind data is from the NEWA database. 

In Figure 4.17, the mean wind speed at 75 m is 9.36 m/s. With the increase of hub height, the 

mean wind speed has a slight increase, reaching 10.59 m/s at 200 m. When the hub height 

increases from 75 m to 200 m, the power production experiences an increase from 281 GW to 

336 GW, which reflects that the increase of hub height can influence wind energy production. 

Based on Figure 4.17 and Figure 4.18, the increase of wind speed with hub height and wind 

power production is not obvious. 
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Figure 4.17. Mean wind speed at various hub heights calculated by the MP model. The wind 

data for 2014 is used. 

 

Figure 4.18. Wind farm energy production calculated by the MP model in various hub 

heights. The wind data for 2014 is used. 

An apparent trend is shown between hub heights and wind power production in WAsP model 

results. With the increase of hub height, the wind energy would increase, the friction force will 

be minimized, and the denser wind energy can be obtained. In Figure 4.19, when the hub height 

increases from 75 m to 200 m, the corresponding wind speeds only increase slightly, from 8.3 

m/s to 9.5 m/s. With the help of the wind speeds, wind power production would increase with 

the hub heights, although it has a minor increase from 335 GWh to 346 GWh (Figure 4.20). 
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Figure 4.19. Mean wind speed at various hub heights evaluated by the WindPro. The wind 

data for 2014 is used. 

 

Figure 4.20. Wind power production at various hub heights calculated by the WAsP model. 

The wind data for 2014 is used. 
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5. Discussion 

Between the individual wind power production results over ten years calculated by two models, 

the result from the WAsP model is generally higher than the one from the MP model. There 

are several factors that may contribute to this phenomenon. The WAsP model as a professional 

linear wind prediction model can help developers, who have relevant knowledge regarding 

wind resource assessment, to find a proper wind farm location according to the wind power 

production result and wind resource statistics. The optimal results of the offshore wind farms 

layout can be obtained through the WAsP model since it has good performance in the moderate 

orographic complexity, such as flat surface and water surface.  The MP model aims to calculate 

a roughly preliminary prediction of wind resource production as an initial reference result for 

developers and decision-makers in assessing the aspect of power production of developing an 

offshore wind farm at a specific site. Due to the lack of specific wind conditions information 

in the MP model, such as the wind direction data and the wind farm layout parameters in the 

Lillgrund wind farm, the MP model cannot produce relatively accurate results. Therefore, the 

MP model cannot replace the WAsP model and further detailed work at a proposed site should 

be investigated after using the MP model calculation. When users operate the MP model, only 

some necessarily essential parameters are required, such as the wind turbine parameters, the 

size of wind farms, the Weibull distribution parameters. The MP model runs in Python and 

therefore, complex operations and professional knowledge are not required and the results from 

the MP model are easy to explain. Generally, the MP model targets the public who lack 

professional knowledge regarding wind resource assessment.  

Another potential factor that can affect wind power production is that different analytical 

modeling is used in two models. In the WAsP model, N.O. Jenson wake model, which is to 

predict the average velocity deficit in wind turbine wakes, is applied. However, in the MP 

model, the Frandsen wake model is used to predict the vertical distribution of average wind 

velocity in infinite wind farms. Although those two wake models are analytical models, they 

do not focus on the same mass conservation for a control volume. Therefore, the wake loss 

value would be different, and hence different the wind power production values. The small size 

of the Lillgrund wind farm would be another reason. The momentum equilibrium between the 

aerodynamic boundary layers is not fully estimated (Sørensen and Larsen, 2021). In other 

words, the MP model is suitable for modern-sized wind farms. In this thesis, the experimental 

data is based on the NEWA data, which is chosen from the wind data in 75 m. In practice, the 

hub height in the Lillgrund wind farm is around 70 m, and thus, the different hub heights may 
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cause different power production results. The results are probably acceptable since the aim of 

the MP model is to obtain a rough wind power prediction result. 

Compared to wind conditions on land, offshore wind conditions are more stable, and the wind 

shear from the vertical direction is relatively smaller than on-land wind farms. The higher hub 

height seemly brings more power production. The value of AEP could increase to some extent. 

Specifically, when the hub height increase, the friction on the ground will gradually decrease, 

so the wind speed could further increase. However, pursuing the wind turbines with higher hub 

height is not preferred for improving the energy production because when the hub height 

doubles, the power production only increases by 10%. The micro-sitting for offshore wind 

farms is more difficult than onshore wind farms since it includes other engineering factors that 

should be taken into account. For example, the cost of offshore wind turbine foundations, wind 

towers, logistics, and hoisting for wind turbines with higher hub heights would be higher than 

that for wind turbines with lower hub heights. The energy revenue from more powerful wind 

turbines should offset extra investment for wind turbines with higher capacity.  

The wake effect could impact the performance of AEP due to the close distances between the 

wind turbines. When the distances between wind turbines continue to increase, the influence 

of the wake effect would gradually disappear. From the energy production perspective, the 

close distances between wind turbines ensure the maximum energy power yield per square 

kilometer. However, the close distances between wind turbines would impact the wake effect, 

and thus, the distance should be chosen wisely in order to find an appropriate distance to 

balance those two considerations. If the offshore wind farm is planned too large, the wake 

effect could be avoided between wind turbines, but the maximum energy power yield per 

square kilometer cannot be ensured. Apart from that, from the financial perspective, if the 

distances between wind turbines are large, the cable costs, including the distance between wind 

turbines and the grid substation point for a small offshore wind farm, would be dramatically 

higher than that for a modern-sized offshore wind farm (Mathern, von der Haar and Marx, 

2021). 

Overall, designing a wind farm is a process full of trade-offs. It is essential to pursue rich wind 

resources to guarantee promising wind energy production. However, the financial income is 

crucial to determine whether it is suitable to expand the wind farm areas or deploy powerful 

wind turbines with higher hub heights (Gonzalez-Rodriguez, 2017). Apart from the financial 
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aspects, the planning regulation from the government, the attitude from the nearby 

communities may impact the wind farm design as well (Fitch, 2015). 

With the development of the offshore wind farm industry, an increasing number of wind farms 

will be deployed. Currently, the MP model is used for a single wind farm, and the wake effect 

between wind farms is not considered. Based on that, this model can be used to study the impact 

of the interaction between wind farms on wind energy production in the future. Another 

potential development for the MP model is to expand its scope to evaluate the performance of 

results. For example, some future case studies can be transferred to other regions (IRENA, 

2019), where the offshore wind farm industry will be increased dramatically in the next 

decade(Wei, Zou and Lin, 2021). It is beneficial to use the MP model to predict wind energy 

production in those regions.  
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6. Conclusions 

This study conducted a comparison study of two models in modeling energy production at the 

Lillgrund wind farm. Based on the wind condition data from the NEWA database, the wind 

resources were analyzed, and the relationship between wind power production and the size of 

the wind farm, hub heights were investigated. 

The wind resources at the Lillgrund wind farm had promising performance in wind power 

production. The wind speed was around 8 m/s to 8.9 m/s at 75 m, and the prevailing wind 

direction was from the WSW. Ten-year NEWA data on wind condition was used in the MP 

model and the WAsP model to calculate the annual wind power production. Between the 

individual wind power production results over ten years calculated by two models, the result 

from the WAsP model is generally higher than the one from the MP model. The average result 

over ten years was 329 GWh in the WAsP model. The average power production result over 

ten years was 280 GWh in the MP model. Several factors may have contributed to this result. 

The WAsP model required more specific wind farm layout parameters, but the MP model 

computed a rough wind power production result as an initial prediction power production 

model. As for the MP model, due to the limitation of the size of the wind farm, the momentum 

equilibrium between the aerodynamic boundary layers was not fully estimated. 

With the increase in the size of the wind farm, wind power production increased to some extent. 

From the size of 4.8 km2 to 22.8 km2, the wind power production would increase by 40% since 

the wake effect can be minimized. However, when the wake effect was not a dominant factor 

to influence wind power production, the maximum energy power yield per square kilometer 

cannot be guaranteed. Apart from that, financial aspects should be taken into account. If the 

size of a wind farm is large, the cable cost would be dramatically higher than that for a modern-

sized offshore wind farm. Improving hub heights of wind turbines was another way to improve 

wind power production. When the hub height increased from 75 m to 200 m, the wind speed 

increased from 9.36 m/s to 10.6 m/s. Wind energy production increased as well, from 281 GWh 

to 336 GWh. Powerful wind turbines are usually coupled with higher hub heights, and thus 

when the increase in power generated by increasing the height of the hub cannot offset the 

increased investment, a lower hub height scheme was highly recommended. 

The MP model could be used to evaluate more potential offshore wind farms, especially in the 

rest regions of the world. The scope of the model can be further expanded to focus on the 

interaction wake effect between wind farms within the same region. 
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