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Executive Summary  

Renewable energy will play a crucial role in India's effort to become a net-zero emission nation 

by 2070. Among the major renewable energy sources available in India, the potential of wind 

energy is largely untapped. India has the fourth largest installed capacity of wind energy in the 

world, with the addition of 41 GW as of June 2022. However, this figure is quite low when we 

consider India’s potential of 695.5 GW at 120 m hub height and 302 GW at 100 m hub height. To 

unlock the true potential of wind energy in India and generate power efficiently, current wind 

farm designs need to be optimised. Increasing the hub height and optimising the positioning of 

turbines are two options that play a huge role in efficient power generation and land utilisation. 

In our study, we developed a techno-economic model of on-shore wind power to optimise wind 

farm designs. We designed a wind farm by optimising land to achieve higher electricity generation 

(higher capacity utilisation) using mathematical modelling.  The Monte Carlo method was used 

to optimally position turbines for generating maximum annual power. Indicative power, a new 

concept, was used to minimise the simulation time while performing the optimisation. Indicative 

power estimation considers effective input values of wind speeds and wind directions instead of 

considering yearly data (effective data sets are calculated using the historical wind data). Wake 

effects were accounted for the modelling using various analytical techniques, viz the Jensen 

model, the Frandsen model, and the Bastankhah model. 

Superposition techniques were used to account for the interaction of wake fields. Further, 

different shapes of land (square, triangle, rectangle, and circle) were examined while modelling 

and optimising the wind farm.  Multiple runs of Monte Carlo simulation helped in identifying 

optimum positions of turbines.  Finally, optimum positions of turbines were used to estimate the 

technical and economic performance of the plant, considering hourly simulation. 

A case study is presented to discuss the results of the application of the developed model in 

designing a wind farm in Nagercoil. For this, a farm capacity of 36 MW with 10 wind turbines of 

equal hub heights was chosen. The results indicate that the model optimised wind turbine 

positions by reducing the wake losses from 7% (initial layout) to 3% (optimised layout) and 

generated electricity at a capacity utilisation factor of 56%.  The results have been validated using 

the System Advisor Model (SAM). The developed model reduces wake losses compared to SAM 

and generates more electricity. 

A web-based graphical user interface (GUI) tool was developed from this model for performing 

land optimisation and techno-economic analyses for a range of inputs. Users can provide 

customised inputs (land area or farm capacity, resource data of a chosen location, land shape, 

topography characteristics, turbine sizes, etc.) and simulate the tool. The tool uses the Monte 

Carlo method to optimise turbine positions by minimising wake losses and maximising electricity 

generation. The tool provides a variety of results, including resource characteristics, turbine 

characteristics, wake losses, wind farm optimisation, and economic insights to optimise a wind 

farm.  
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Abbreviations 

CFD Computational fluid dynamics 

GA Genetic algorithm 

kW Kilowatt 

MCO Monte Carlo optimisation 

MW Megawatt 

MWh Megawatt hour 

NREL National Renewable Energy Laboratory 

PSO Particle swamp algorithm 

RE Renewable energy 

SAM System Advisor Model 

TMY Typical meteorological year 

WPD Wind power density 

 

Nomenclature 

a Axial induction factor 

A1 Area of cross section of C1 

A2 Area of cross section of C4 

Ar Area of the wind turbine rotor 

C1, C2, C3, C4 Different cross sections in the actuator disk model in a wind stream 

CP Coefficient of power 

CT Coefficient of thrust 

di Direction weights for each wind sector 

Dr Turbine rotor diameter 

i Wind sector numbers (1 to 16) 

j Wind speed bin numbers (0 to 9) 



 
 

  

N Number of days in a year 

ni Number of values in each wind sector 

Ntur Number of turbines 

P Total wind farm layout power 

p0 Ambient pressure 

pd Pressure at cross section C3 in the actuator disk model 

Pin Power available in the free stream wind 

PN,i,j Power corresponding to the representative wind speed 

pu Pressure at cross section C2 in the actuator disk model 

r2 Radius of the near wake 

rr Wind turbine rotor radius 

Rrad Rotor radius of the downstream turbine 

si,j Wind speed weights at each sector 

T Thrust force 

T1 Turbine 1 

T2 Turbine 2 

T3 Turbine 3 

T4 Turbine 4 

Tmax Maximum thrust force 

v0 Inflow wind speed 

vx Regain wind speed at the farthest wake 

Wrad Wake field radius of the upstream turbine 

x Distance between the upstream and downstream wind turbine 

x1 Distance between the rotor and the near wake region 

x2 Distance between the near wake and far wake regions 

α Slope of wake expansion from the near wake to the farthest wake 

αin Slope of wake expansion from the rotor to the near wake 

ρ Density of air 
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1. Introduction 
The Indian electricity sector has seen remarkable contributions from the renewable energy 

(RE) sector in recent years. Depletion of conventional energy sources and adverse effects 

associated with the utilisation of such resources have driven significant RE penetration, and 

recent stats on installed capacity and its electricity share from non-fossil fuels confirm this 

trend (see Figure 1). India is aiming to add a non-fossil energy capacity of 500 GW by 2030, 

and wind energy could play a huge role in achieving this target. It is a major renewable energy 

resource that contributes substantially to electricity generation in India, with 100% of the 

share coming from onshore wind at present.  However, the current installed capacity of wind 

energy (onshore) is low compared to the country’s potential of 695.5 GW at 120 m hub height 

and 302 GW at 100 m hub height.  

Also, wind farms require huge tracts of land. A one square kilometre land area can house only 

a 5–9 MW wind farm (though the footprint area required is just 3%–4%).  Therefore, land 

resources should be used carefully when wind farms are installed. The right positioning of 

wind turbines is critical to utilise land resources optimally and generate power efficiently to 

achieve national targets. The current study aimed at developing a model to design a wind 

farm that generates maximum power with efficient utilisation of land resources. The model 

considered engineering and economic aspects in detail to optimise the wind farm. 

Relevant literature was reviewed prior to developing the model.  Various studies have 

attempted the optimisation of wind farms (Baker, Stanley, Thomas, Ning, and Dykes, 2019; 

Balasubramanian, Thanikanti, Subramaniam, Sudhakar, and Sichilalu, 2020; Gebraad et al., 

2016; Gualtieri, 2019; Niayifar and Porté-Agel, 2015). Baker et al. proposed gradient-based 

optimisation methods and analysed physics and strategies related to wind turbines. 

Balasubramanian et al. compared different approaches to wind farm optimisation based on 

various parameters such as technologies, convergence speed computation, and complexity. 

Gebraad et al. coupled wind farm controls and layout positioning to establish a new 

engineering optimisation possibility. Gualtieri analysed the possible combinations of turbine 

placement by considering site specifications and wind characteristics through an irregularly 

staggered turbine array configuration. Niayifar and Porté-Agel performed a detailed 

accounting of wake interaction in wind farms by considering the boundary layer turbulence 

and its comparison with a large eddy simulation to understand the associated energy deficit. 

All these works present different approaches to cost-efficient optimisation of wind farms and 

associated power generation.  

The current study evaluated different analytical wake modelling approaches and land 

optimisation techniques for designing a wind farm. It broadly covers the following: 

• Wind resource assessment 
• Analytical wake models 
• Turbine power characteristics 
• Overlap of wakes and effective incoming wind speed to each turbine in a farm 
• Optimisation of the wind farm for maximum energy output using the Monte Carlo method 
• Economic modelling 
• Results and analysis of key techno-economic indicators using a case study 
• Web-based graphical user interface (GUI) tool 
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Figure 1: Installed capacity of non-fossil fuels in India 
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2. Modelling Approach 

This section covers the modelling approach for designing a wind farm for a given plant 

capacity or a given land area.  

2.1. Resource assessment 

Assessment of wind resource at a given location is essential to estimate the potential of a site 

and design and operate a wind farm. The assessment includes the analysis of two important 

parameters of a wind resource at a given hub height: wind speed and wind direction. These 

parameters and wake modelling help in siting wind turbines at right locations in a wind farm. 

Resource data are typically available from three sources: in-situ measurements, satellite 

images, and analytical/mathematical methods. The time interval of such data can be in 

seconds, minutes, or hours. Finer temporal resolution data help in building a better 

meteorological system as micro-scale changes in a system can be captured accurately. The 

current study considered five-minute interval data for the wind resource assessment. The 

performance of a wind turbine depends on wind speed and wind direction. Resource data 

from a typical meteorological year, with 8760 values of wind direction and wind speed each, 

were considered in the study. To minimise the computational time for optimising the wind 

farm, the study considered 16 sectors of wind direction and nine wind speed bins while 

optimising land for a given plant capacity. Specific nomenclature was assigned to indicate the 

16 sectors of wind direction, and anticlockwise direction was considered (see Table 1 and 

Figure 2).  

Table 1: Classification of wind directions  

Sector no. Wind direction Sector no. Wind direction 

Sector 1 N Sector 9 S 

Sector 2 NNW Sector 10 SSE 

Sector 3 NW Sector 11 SE 

Sector 4 WNW Sector 12 ESE 

Sector 5 W Sector 13 E 

Sector 6 WSW Sector 14 ENE 

Sector 7 SW Sector 15 NE 

Sector 8 SSW Sector 16 NNE 
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Figure 2: Classification of wind direction sectors 

The study considered a total of nine wind speed bins (see Table 2): eight between cut-in wind 

speed and rated wind speed and one between rated wind speed and cut-out wind speed. Wind 

turbines generate power between cut-in (~3 m/s) and cut-out wind (~25 m/s) speeds, and 

they receive wind from directions between 0° and 360°.  

Table 2: Wind speed bins 

Wind speed (m/s) Bin 

3 to 4.1875 1 

4.1875 to 5.375 2 

5.375 to 6.5625 3 

6.5625 to 7.75 4 

7.75 to 8.9375 5 

8.9375 to 10.125 6 

10.125 to 11.3125 7 

11.3125 to 12.5 8 

12.5 to 25 9 

The weightage of wind direction and wind speed (based on typical meteorological year data) 

was introduced to account for their effect while optimising the wind farm (better positioning 

of wind turbines) at a given location.  

The following steps were considered while estimating the wind direction weight: 

1. Read input values of wind direction (8760 values in an hourly weather data file) 
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2. Estimate the effective values of wind direction (<=cut in wind speed and >=cut out wind 

speed), N out of 8760 values 

3. Estimate the number of values of wind direction in each sector, 𝑛𝑖 (i=1 to 16) 

4. Estimate the direction weight in each (ith) sector   

 𝑑𝑖 = 𝑛𝑖/𝑁, (2.1.1) 

  where i = ith wind direction sector. 

The following steps were considered while estimating the wind speed weight: 

1. Segregate the 8760 values of wind speeds according to wind direction sectors (16 

sectors) 

2. Classify wind speeds in each sector into nine bins (refer to Table 2; eight bins from cut-

in speed to rated speed and one bin from rated to cut-out speed) 

3. Estimate the weight of wind speed in each sector as follows: 

 

 
𝑠𝑖𝑗 =

𝑛𝑖𝑗

𝑛𝑖
, 

(2.1.2) 

 

 where j = 1 to 9 (represents wind speed bins).  

The effective weight of resource represents the weightage of wind direction and wind speed. 

This was estimated for each wind direction sector as follows: 

 
Effective weight = 𝑑𝑖 × ∑ 𝑠𝑖,𝑗  ∀𝑖 = 1 𝑡𝑜 16

9

𝑗=1

. 
(2.1.3) 

 

2.2. Indicative power of the wind farm 

Indicative power is a term used in the study to optimise the wind farm based on representative 

wind speed (average of the wind speed in each speed bin), wind direction, and corresponding 

weights associated. The available wind speed for each turbine in the wind farm differs as per 

the wake interaction among turbines at any instant.  

The uncertainty in wind direction and speed was addressed through their weights while 

estimating the indicative power of the wind farm. The indicative layout power is estimated as 

 
𝑃 = ∑ (∑ 𝑑𝑖

16

𝑖=1

𝑁𝑡𝑢𝑟

𝑁=1

× ∑ 𝑠𝑖,𝑗 × 𝑃𝑁,𝑖,𝑗),

9

𝑗=1

 
(2.2.1) 

 

where 𝑃𝑁,𝑖,𝑗 indicates the power corresponding to the representative wind speed (average of 

each velocity bin). Power from the representative wind speed was calculated using the power 

curve information of the selected wind turbine (see Section 2.3). 

2.3. True power of the wind farm 

The layout was optimised (placing turbines at optimised positions) considering the indicative 

power using the Monte Carlo method. True power from optimised positions of turbines was 

estimated with hourly resource data from over a year and power curve data of a selected size 

of the turbine. The power performance of the chosen size of the turbine varies from one 

manufacturer to other. The study considered a 3.6 MW turbine from Siemens Gamesa (see 
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Figure 3 for the power curve) for the representative case (the web tool provides a list of 

various turbines from different manufacturers). The turbine started generating power from 

a wind speed of 3 m/s (cut-in wind speed) and met the design turbine power at ~12 m/s 

(rated wind speed). From 12 m/s to 25 m/s (cut-out) of wind speed, the turbine generated 

only the design turbine power irrespective of the increase in wind speed. Beyond the cut-out 

wind speed, the turbine went to the stow position (generated no power) because of 

operational challenges. 

 

Figure 3: The power curve of a 3.6 MW wind turbine 

2.4. Wake modelling 

When wind flows across a rotor, an aerodynamic wake region is produced in its downstream. 

The wake region is associated with velocity deficit, differential pressure, and increased 

turbulence along its expanded area (Charhouni, 2015; Göçmen et al., 2016; Tong et al., 2012). 

The decreased wind speed and increased turbulence impact neighbouring turbines. Two 

major effects caused by wakes are the increase in mechanical loads and the decrease in energy 

output from turbines. To avoid this, turbines must be positioned at optimal distances to each 

other in a given layout.  

Wake modelling helps in optimum positioning of turbines, enhancing the performance of a 

wind farm. There are two general approaches considered for developing the wake model: 

mathematical/analytical and computational fluid dynamics (CFD). Some of the analytical 

approaches are the Jensen model, the Frandsen model, Bastankhah model and the Ishihara 

model. CFD methods consider complex algorithms (FUGA and EllipSys3D) predominantly 

using Navier–Stokes equations (Göçmen et al., 2016). This complex algorithm accounts for 

various uncertain atmospheric parameters. CFD-based methods are more accurate as they 

solve the wake effect by considering various characteristics of uncertain weather and climate 

parameters than simple mathematical approaches. However, CFD models require high-end 

computational devices. Further, the wind farm model must undergo several runs accounting 

for the wake effect to arrive at the optimum outcome. Overall, CFD models are expensive and 

time-intensive. On the other hand, mathematical approaches are simple (neither expensive 

nor time-intensive) though their accuracy is less compared to CFD methods. The current 
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study used Jensen’s wake model to assess the wake impact on wind farm performances. 

Before delving into these specific models, the general wake aspects are discussed below. 

2.4.1. Understanding wake 

Wake is a low-frequency meandering wind that has lower speed and higher turbulence 

compared to the free-stream wind (Sizhuang & Youtong, 2014). It forms downstream behind 

a turbine when the turbine absorbs some of the energy from the free-stream wind. The lower 

wind speeds due to wake affect the power production from a wind farm and add a mechanical 

load to turbine blades, thereby reducing life. An in-depth understanding of a wake field 

(combination of wakes) is important to study these aspects and design an optimised wind 

farm. Figure 4 illustrates a rotor and the boundary layer of a wind stream. The associated 

model considers no cross flow of wind from the outer body to the stream tube cross section. 

Further, a steady flow is assumed within the tube. The rotor of the turbine has been 

considered as an infinitesimally thick actuator disk that reduces the momentum of the axial 

wind.  

 
Figure 4: Actuator disk model of the wind stream 

The cross section is divided into two tubes: Tube 1 and Tube 2 (see Figure 4). The upstream 

tube has a small cross section, and the downstream tube has a large cross section. The lateral 

boundary of Tube 1 touches the actuator disk. C1, C2, C3, and C4 are the four cross sections in 

the stream where wind is distributed at varying speeds. The cross section 𝐶2 is right in front 

of the actuator disk, and 𝐶3 is behind the disk. 𝐴1, 𝐴𝑟, and 𝐴2 are the cross-sectional areas of 

𝐶1, the actuator disk (rotor), and 𝐶4, respectively. The wind speed at 𝐶1, 𝐶2, 𝐶3, and 𝐶4 cross 

sections are 𝑣0, 𝑣1, 𝑣1, and 𝑣2, respectively. The whole cross section from the rotor to C4 is 

considered the near-wake region. The overall cross section is assumed to be characterised by 

equal ambient pressure (𝑝0) on both sides of the tube. Here, 𝑟2 is considered the downstream 

wake radius at a distance of 𝑥1 from the rotor (the length of the near-wake region). The key 

parameters used in the wake modelling are discussed in the next section. 

2.4.1.1. Mass flow rate 

As indicated earlier, when the free-stream wind passes through the rotor, a part of it is  

A1 Ar 
A2 
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extracted by the rotor, decreasing wind speed in its immediate downstream. The axial 

induction factor captures this variation of speed between the free-stream wind and the 

immediate downstream wind. This is defined as 

 𝑎 =
𝑣0 − 𝑣1 

𝑣0

. (2.4.1) 

Under ideal conditions, the value of the induction factor is 1/3. This axial induction factor can 

be related to the power generated by the turbine (the wind speed at the rotor, 𝑣0, determines 

the power from the turbine). If 𝑎 = 1, the power generated by the turbine is zero as there is 

no wind flow through the blades of the turbine. If 𝑎 = 0, no power is generated from the 

turbine because the kinetic energy before and after the turbine blades remains unchanged. 

This condition violates momentum conservation as the rotor does not impact the wind flow 

through its thrust force. 

2.4.1.2. Thrust force 

Wind turbines generate power only when there are differential speeds of wind across the 

rotor in upward and downward directions. The change in wind speeds across the rotor causes 

differential pressure, which helps in the rotation of blades through lift force (drag is small) 

and thrust. The rotor extracts kinetic energy, reduces wind speed, and loses part of the wind 

momentum. The thrust force of the rotor is equal to this lost momentum of the wind. Pressure 

parameters can also be used to represent momentum.  It can be inferred from Figure 4 that 

the pressure acting on 𝐶1 and 𝐶4 are same though the cross-sectional area differs. The thrust 

force is given by 

 𝑇 =
1

2
𝜌(𝑣0

2 − 𝑣2
2)𝐴𝑟. (2.4.2) 

The thrust coefficient is defined as the ratio of force applied on the rotor by the wind and the 

maximum force carried by the free-stream wind. It is given by 

 𝐶𝑇 = 
𝑇

𝑇𝑚𝑎𝑥

. (2.4.3) 

This has been further simplified in terms of the axial induction factor using the following 

equation: 

 𝐶𝑇 = 4𝑎(1 − 𝑎). (2.4.4) 

 

2.4.1.3. Power coefficient 

Power is the quantity of work or energy extracted in a specific time. In the current case, the 

rotor extracts a fraction of energy from the free-stream wind and reduces the wind speed in 

its downstream. Power coefficient is defined as the ratio of power, P, extracted by the rotor 

to the power available in the free-stream wind, 𝑃𝑖𝑛:  

 𝐶𝑃 = 
𝑃

𝑃𝑖𝑛

. (2.4.5) 

𝐶𝑃 in terms of the axial induction factor is expressed as 

 
𝐶𝑃 = 4𝑎(1 − 𝑎)2. 

 
(2.4.6) 
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2.4.1.4. Mass conservation 

The farthest wake cross section is important to estimate the downstream wind speed. This is 

estimated considering the known parameters such as the rotor cross section and the axial 

induction factor.  

According to the mass conservation law (see Figure 4), the downstream side of the stream 

tube for the rotor can be represented as 

 𝜌𝐴𝑟𝑣1 =  𝜌𝐴2𝑣2 or 𝜌𝜋𝑟𝑟
2𝑣1 =  𝜌𝜋𝑟2

2𝑣2. (2.4.7) 

 

2.4.2. Analytical wake models 

The analytical models used in the study are discussed in this section. 

2.4.2.1. The Jensen wake model 

The Jensen wake model is a popular analytical model used in assessing the wake field 

associated with a wind turbine. The basis of the Jensen model is the actuator disk theory 

(Jensen, 1983; Tong, Chowdhury, Zhang, and Messac, 2012). The model assumes that the far 

wake expands linearly from the rotor (see Figure 5). The 𝑥1regime indicates the nearest wake 

and the 𝑥2 regime indicates the farthest wake (Sizhuang and Youtong, 2014). 

 

Figure 5: Illustration of wake expansion in the Jensen model 

The control volume of the farthest wake is represented as a trapezoid with a blue shade. This 

model does not account for wake expansion from the rotor to the nearest wake. This is 

because the wind speed in the immediate downstream of the rotor is assumed to be the same 

as the upstream side of the rotor. Also, no assimilation of external wind happens in this region. 

In other words, the wake field would not have external disturbances from the rotor to the 

nearest wake. The model assumes that every cross section in the wake field expands linearly 

from the nearest wake to the farthest wake. Jensen considered four different theories while 

developing the wake model (Zhang and Wang, 2009).  
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Version 1: In this version, the control volume includes wake expansion from the rotor to the 

farthest wake (indicated as a trapezoid with a blue shade in Figure 5). The wake velocity at 

the farthest downstream is given by 

 

𝑣𝑥 = [1 −
2𝑎

(1 + 2𝛼(
𝑥
𝐷𝑟

))2
] 𝑣0, 

(2.4.8) 

where 

α= slope of wake expansion, 

𝐷𝑟= rotor diameter, 

and 

𝑥 = distance between the upstream and downstream turbine (assuming the next 

turbine is located at the farthest wake position from the base turbine).  

Version 2: The wake expands from the rotor in two different linear ways:  

(1) a slope of α0 from the rotor to the nearest wake with a distance of x1  

(2) a slope of α1 from the nearest wake to the farthest wake with a distance of x2  

However, this model does not account for wake expansion from the rotor to the nearest wake. 

The region between the nearest wake and farthest wake is considered in this version. This is 

because the wind speed in the immediate downstream of the rotor is assumed to be the same 

as the upstream side of the rotor. Also, no assimilation of external wind happens in this region. 

In other words, wake effect is negligible from the rotor to the nearest wake. The model 

assumes that every cross section in the wake field expands linearly from the nearest wake to 

the farthest wake. The control volume is represented as a trapezoid with a blue shade (see 

Figure 5). 

The regained wind speed at the farthest wake region is given by  

𝑣𝑥 = [1 −
2𝑎

(
𝑟𝑥
𝑟2

)2
] 𝑣0. 

 

(2.4.9) 

Here, 𝑟𝑥 = 𝑟2 +  𝛼𝑥2. 

Version 3: In this case, the model accounts for the linearity of wake expansion between 

Section 1 (the rotor and the nearest wake) and Section 2 (the nearest wake to the farthest 

wake). No assimilation happens in Section 1 (see Figure 5), whereas assimilation (mix of 

downstream wind and external wind) happens in Section 2 of the cross section. Therefore, 

the study assumes that the wake in Section 1 expands with an infinite slope (𝑥1 becomes 

minimal).  

The regained wind speed at the farthest downstream is given by 

 

𝑣𝑥 = [1 −
2𝑎

(1 + 𝛼(
𝑥
𝑟2

))2
] 𝑣0, 

(2.4.10) 

where 𝑟2 = 𝑟𝑟√
1−𝑎

1−2𝑎
. 
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Version 4: This model accounts for all aspects within the control volume in both sections. 

The model considers the linear way of wake expansion between Section 1 (the rotor and the 

nearest wake) and Section 2 (the nearest wake to the farthest wake). Unlike other versions of 

Jensen’s model, here wake expansion is considered in terms of a dynamic variable. The slope 

of wake expansion in Section 1 is 𝛼𝑖𝑛 and Section 2 is 𝛼. The slope of wake expansion in 

Section 1 is given by 

 𝛼𝑖𝑛 =
𝑟2 − 𝑟𝑟

𝑥1

. (2.4.11) 

The slope of wake expansion in Section 2 is given by 

 𝛼 =
𝑟𝑥 − 𝑟2

𝑥2

. (2.4.12) 

The regained wind speed is given by 

 

𝑣𝑥 = [1 −
2𝑎

(0.8 +
𝛼𝑥
𝑟2

 )2
] 𝑣0. 

(2.4.13) 

2.4.2.2. The Frandsen model 

The basis of the Frandsen model is also the actuator disk theory. The major difference 

between the Jensen and Frandsen models is that the former holds the conservation of mass, 

whereas the latter considers momentum conservation (Frandsen et al., 2006; Kim, Kim, 

Bottasso, Campagnolo, and Paek, 2018). The selection of control volume also differs in both 

models (Sizhuang and Youtong, 2014). Figure 6 presents the control volume of the Frandsen 

Model. 

 

Figure 6: The illustration of wake expansion in the Frandsen model 

The control volume accounts for near wake, farther wake, and free-stream regions. As seen 

in the figure, the fluid entering the control volume is 𝜌𝜋𝑟𝑥
2𝑣0 but that of leaving is 𝜌𝜋𝑟𝑥

2𝑣𝑥. 

Since 𝑣0  ≠  𝑣𝑥, the conservation of mass theory does not hold.  

The final regained wind speed is given by 
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𝑣𝑥 =

[
 
 
 
 
1

2
+

1

2√
1 −

2𝐶𝑇

(
𝑟2
𝑟𝑟

)2 (0.8 +
𝛼𝑥
𝑟2

)
2

]
 
 
 
 

𝑣0, 

where 𝑟2 = 𝑟𝑟√
1−𝑎

1−2𝑎
 and CT is the thrust coefficient. 

(2.4.14) 

2.4.2.3. The Bastankhah model 

According to the theory of fluid dynamics, the flow in the downstream part of a bluff body 

follows the Gaussian profile. This is most commonly observed in wind tunnel experiments. 

The current model considers a similar approach for velocity deficit estimation downstream 

of the bluff body. Further, it holds both mass and momentum conservation. Figure 7 presents 

the control volume and wake expansion of the Bastankhah model. 

The velocity deficit from the Bastankhah model is given by (Bastankhah & Porté-Agel, 2014) 

 
∫

∆𝑣

𝑣0

𝑑𝐴 = 2𝜋𝜖2 𝐷𝑟
2 (1 − √1 −

𝐶𝑇

8𝜖2
), 

(2.4.15) 

where  

𝜖 = 0.25√𝛽,   𝛽 =
1

2

1+√1−𝐶𝑇

√1−𝐶𝑇
,  and 𝐷𝑟 = rotor diameter. 

 

Figure 7: Illustration of the Bastankhah model 

After estimating the wake width and velocity deficit (between two turbines) using one of the 

analytical wake models, multiple wake interactions were accounted for to estimate the 

overall impact of the wind farm. Major factors considered to estimate the total power output 

are as follows: 

• the overlap of wake fields, 

• change in the wake field interaction between turbines as the wind direction changes, and  

• the superposition of turbine power output.  
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2.5. Overlap 

As mentioned earlier, wake formation happens downstream of a turbine. The position of the 

next turbine in its downstream can be completely or partially covered by the wake field, 

depending on the distance at which it is located. The downstream turbine can have no wake 

coverage if it is located at a farther distance. The downstream distance from the upstream 

turbine, wake width, and wind direction are all factors that come into play in such a scenario. 

Generally, analytical models account for the wake recovery by considering a complete wake 

field interaction of upstream and downstream turbines. The wake recovery or regained wind 

speed changes depending on the fraction of wake overlap on the downstream turbine. This 

effect has a direct impact on the power generation by targeted turbines.  

 

Figure 8 shows different modes of wake interaction on the downstream turbine. The large 

circle represents the maximum possible wake field (generated in the downstream side of an 

upstream turbine), and the smaller one indicates the downstream rotor area. Red dots 

represent the centre of the wake and the rotor. Subplots 1, 2, and 3 represent a complete 

overlap of the wake field and the downstream rotor. Subplot 4 shows partial interaction and 

Subplots 5 and 6 show null interaction. 

                                     

 

Figure 8: The axial view of various modes of wake field interaction of upstream and downstream turbines 

The theory of intersection of circles was used to mathematically estimate the overlap fraction 

of wake in downstream turbines (Yang and Cho, 2019). Figure 9 indicates a representative 

interaction of the wake created by an upstream turbine and the rotor of a downstream 

turbine. A1 and A2 represent the fraction of the intersected area of the extended wake field of 

the upstream turbine and the area of the rotor in the downstream turbine. 
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Figure 9: The interaction of wake field and rotor based on the intersection of circles 

According to Pythagoras theorem and similarity theory of triangles, 

 
d1 =

𝑊𝑟𝑎𝑑
2 − 𝑅𝑟𝑎𝑑

2 + 𝑑2

2𝑑
, 

 

      (2.5.1) 

          𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐴1 + 𝐴2, and 

 

(2.5.2) 

 
𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑊𝑟𝑎𝑑

2 cos−1(
𝑑1

𝑊𝑟𝑎𝑑
) − 𝑑1√(𝑊𝑟𝑎𝑑

2 − 𝑑1
2) +

 𝑅𝑟𝑎𝑑
2 cos−1(

𝑑2

𝑅𝑟𝑎𝑑
) − 𝑑2 √𝑅𝑟𝑎𝑑2 − 𝑑2

2). 

 

(2.5.3) 

Equations 2.5.1, 2.5.2, and 2.5.3 are used to estimate the fraction of overlap of the rotor area 

with the wake field according to the interactions. The overlap fraction can be written as 

 𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝑅𝑜𝑡𝑜𝑟 𝑎𝑟𝑒𝑎
 = 

𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝜋𝑅_𝑟𝑎𝑑2 . 

 

(2.5.4) 

Figure 10 presents overlap fractions for the cases mentioned above. The value of the overlap 

fraction varies between 0 and 1. The value 0 indicates no overlap and 1 indicates complete 

overlap. A fractional value between 0 and 1 indicates partial overlap.  
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Figure 10: The overlap fraction of downstream turbines 

A target turbine in a wind farm might interact with multiple wakes from different upstream 

turbines. Therefore, the overlap fraction has to be estimated for multiple wakes by considering 

appropriate upstream turbines according to the wind direction. These overlap fractions are 

cumulated and then multiplied with the velocity deficit (estimated using wake models) to 

estimate the overall velocity deficit at the targeted turbine. The overall velocity deficit at the 

targeted turbine is developed as  

𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑑𝑒𝑓𝑖𝑐𝑖𝑡 =  
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑑𝑒𝑓𝑖𝑐𝑖𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
. (2.5.5) 

 

2.6. Identification of neighbours and rotation of turbine plane 

All turbines in a wind farm are associated with the wake field caused by the surrounding turbines 

at any given wind direction. Downstream turbines that fall under the wake field of upstream 

turbines are considered neighbours of upstream turbines. Varying wind directions create new 

neighbours for turbines at any given instant. Overlap fractions and the power production from 

each turbine vary accordingly. Thus, identification of neighbours at each instant of time is 

important to estimate the true power production of the wind farm. 

A Cartesian coordinate system is used to rotate the wind field plane according to the wind 

direction to identify neighbours. This implies that the coordinates of all turbines are changed to 

new coordinates according to the wind direction. The new coordinates are used to estimate the 

wake width of upstream turbines and identify neighbours.  

An example is given below to illustrate the concept. As shown in Figure 11, Figure 10 turbines 

(labelled with numbers starting from 0 to 9) were located in a square-shaped wind farm. 

Neighbours of upstream turbines were identified for a given wind direction of 270°; for example, 

neighbour turbines for Turbine 9 are 4, 2, and 1. The number of neighbour turbines for each 

turbine is shown in panel b of the figure. 
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(a) Turbine neighbours                                (b) Number of neighbours for each turbine 

Figure 11: Identified turbine neighbours in the wind farm layout for a wind direction of 2700 

Once new neighbours were identified for a given direction, the velocity deficit and recovered 

wind speeds at each turbine position were estimated (Zhang and Wang, 2009). The process was 

repeated for all wind directions (the study considered 16 sectors of wind direction), and the total 

representative power was estimated using the superposition method.  

The total velocity deficit at each turbine was required to estimate the representative power. This 

was calculated using superposition techniques. The details of superposition are discussed in the 

next section. 

2.7. Superposition 

Superposition is a method used to estimate the net effect of an interested variable caused by 

multiple dependent stimulants. The same principle is used to estimate the net wind speed of any 

targeted turbine by considering the multiple interactions of the wake caused by the surrounding 

turbines. The net velocity deficit at each turbine is estimated after the identification of 

neighbours for each turbine in the classified wind sectors. Some methods of superposition to 

estimate the net velocity deficit or regained wind speed are discussed below. 

2.7.1. Geometric sum 

In the geometric sum case, the velocity ratios of upstream and downstream turbines were 

assumed to be geometrically superposed. The velocity ratio at a particular turbine (for free-

stream wind speed) was estimated as a geometric sum of velocity ratios of all the upstream 

turbines and downstream turbines with wake interactions. This is given by (Shao et, al., 2019) 

 𝑣𝑖

𝑣0
= ∏

𝑣𝑗𝑖

𝑣𝑗

𝑁
𝐽 , (2.7.1) 

 

where N = total number of upstream turbines, i = the target turbine, 𝑣𝑖= inflow wind speed of the 

target turbine i , 𝑣𝑗 = inflow wind speed of the upwind turbine j, 𝑣𝑗𝑖= wind speed at turbine i 

because of the single wake from the turbine j, and 𝑣0= free-stream wind speed. 
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2.7.2. Linear sum 

In the linear sum method, the velocity deficits are taken as the basis while estimating the net 

recovered wind speed at the target turbine. The velocity deficit at a particular turbine (for free-

stream wind speed) is estimated as a linear sum of velocity deficits at all upstream turbines and 

downstream turbines with wake interactions. This is given by (Shao et, al., 2019) 

 (1 −
𝑣𝑖

𝑣0
) = ∑ (1 −

𝑣𝑗𝑖

𝑣𝑗
)𝑁

𝑗 . (2.7.2) 

 

2.7.3. Sum of squares 

This method is almost similar to the linear sum; however, it accounts for the quadratic sum of 

the velocity deficits to arrive at the wind speed at the targeted turbine. This is given by (Shao et 

al., 2019)  

(1 −
𝑣𝑖

𝑣0

)
2

= ∑(1 −
𝑣𝑗𝑖

𝑣𝑗

)

𝑁

𝑗

2

. 
                                      (2.7.3) 

2.7.4. Energy balance 

The basis for this method is the kinetic energy conservation between upstream turbines and the 

turbine with wake interactions. It follows the approach of linear summation. This is given by 

(Shao et, al., 2019)  

 
𝑣0

2 − 𝑣𝑖
2 = ∑(𝑣𝐽

2 − 𝑣𝑗𝑖
2

𝑁

𝑗

). 
(2.7.4) 

 

All superposition methods except the geometric sum method use the velocity deficit approach to 

estimate the wind speed at the targeted turbine. The variation in results from all of these 

methods is not significant. Therefore, the linear sum method was used in the study due to its 

simplicity.  

An example is provided to illustrate the concept. As shown in Figure 12, turbine T3 is in the wake 

field of turbines T1 and T2. Turbine T4 is in the wake field of T3, underlying the effect of wake 

fields generated by T1 and T2. The inflow wind speed at T1, T2, T3, and T4 are indicated as 𝑣0 

,𝑣0 , 𝑣3, and 𝑣4, respectively. The inflow wind speed at T3 is a fraction of the outflow wind speed 

from T1 and T2.  

The wind speed at the targeted turbine, T4, is estimated using the linear sum method as  

 1 −
𝑣4

𝑣0

= (1 −
𝑣14

𝑣0

) + (1 −
𝑣24

𝑣0

) + (1 −
𝑣34

𝑣3

). (2.7.5) 
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𝑣3 

𝑣4 

 

 

Figure 12: Wake expansion among four turbines 

2.8. Layout optimisation 

2.8.1. Layout geometries 

The shape of a given land parcel and geography play a significant role while mathematically 

optimising (positioning the turbines at optimum positions) a wind farm. The first step in layout 

optimisation is to discretise the land layout into smaller grids. The turbines are positioned inside 

these grids based on the selected optimisation technique and relevant numerical simulation. 

The inputted land area in the model was discretised into square grids because of its simplicity 

for mathematical simulation. The common rule-of-thumb method is to assign a minimum of 

5 × 𝐷 (5 times the rotor diameter) space between two turbines. The spacing can be considered 

less than 5 × 𝐷 upon optimisation to nullify the wake effect. Therefore, to start with, the 

minimum distance between two turbines is considered as 3 × 𝐷. Square grids are developed 

with a length and breadth of 5 × 𝐷. The available area for movement of each turbine is (5 × 𝐷) 

2.  

The optimisation criteria is based on the given farm capacity or land area.  

Based on farm capacity: 

The basis of this approach was wind farm capacity. Using this approach, the number of turbines 

and the land area were estimated. The details are given below: 

Maximum distance between two turbines = 5 × 𝐷 

Single grid area = Maximum distance between two turbines2 

Number of turbines = 
𝑊𝑖𝑛𝑑 𝑓𝑎𝑟𝑚 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
  

Total land area = Number of turbines × Single grid area 

T3 
𝑣0 

T

T

T1 

T2 

T4 
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Based on a land area:  
The basis of this approach is the land area. The number of turbines in the wind farm is 
estimated as follows: 
Number of turbines = Land area / single grid area 

The study considered different types of geometries for the layout. To illustrate the 

geometries, a sample case of a wind farm with a farm capacity of 36 MW and a single turbine 

capacity of 3.6 MW was chosen. A non-dimensional layout was developed using the rotor 

diameter (D) for this analysis.  

Square layout 

Number of turbines = Wind farm capacity / single turbine capacity 

Total area = Number of turbines × Single grid area 

Length = √𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 

Breadth=√𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 

 
Figure 13: Illustration of the square layout with an example 

Rectangle layout 
Number of turbines = Wind farm capacity / single turbine capacity 

Total area = Number of turbines × Single grid area 

Breadth = √No. of turbines × Minimum distance between turbines 

Length = Total area / Breadth 

 
Figure 14: Illustration of the rectangle layout with an example  

Isosceles triangle 
Number of turbines = Wind farm capacity / Single turbine capacity 

Total area = Number of turbines× Single grid area 

Length = √2 × Total area 

Breadth = √2 × Total area 

Farm capacity = 36 MW 

Single turbine capacity = 3.6 MW 

Total no. of turbines = 10 

Total area = 10 × (5)2  

Length = √250 = 15.81 

Breadth =√250 = 15.81 

 

Farm capacity = 36 MW 

Single turbine capacity = 3.6 MW 

Total no. of turbines = 10 

Total area = 10× (5)2   

Breadth = 𝑖𝑛𝑡(√10) × 3 = 9 

Length = 250/9=27.7 
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Figure 15: Illustration of the isosceles triangle layout with an example  

The space available for positioning the turbines is allocated in the white grids (see Figure 15). 

The turbines are considered only within the grid boxes, and the edges outside the white grids 

are discarded for easy numerical calculation. 

• Circle layout 
Number of turbines = Wind farm capacity / Single turbine capacity 

Total area = Number of turbines × Single grid area 

 

Figure 16: Illustration of the circle layout with an example  

2.8.2. Representative power calculation 

Based on the chosen geometry, turbines are placed within the grids of the layout randomly. The 

power generated by each turbine and wind farm is estimated. This wake velocity and power are 

estimated based on representative wind speeds, wind directions, and power curve information, 

as explained in Section 2.1. The turbines are moved to different grids using a selected 

optimisation technique and estimate different representative power sets. The optimised layout 

(turbines siting) is decided based on a layout with maximum representative power. Details about 

the optimisation methods are discussed in the following section. 

2.8.3. Wind farm layout optimisation 

Optimisation criteria is based on the minimum and maximum power generation at different 

positions of the turbine in a given layout on an annual basis. This optimisation is crucial for cost 

minimisation and efficient land utilisation (Barnes and Morozov, 2016; Chen, Li, He, Wang, and 

Jin, 2015; Song, Chen, He, and Zhang, 2012). Some of the prominent optimisation methods are 

discussed below.  

Farm capacity = 36 MW 

Single turbine capacity = 3.6 MW 

Total no. of turbines = 10 

Total area = 10 × (5)2   

Breadth = √2 × 250 = 22.3 

Length = √2 × 250 = 22.3 

Radius = √
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎

𝜋
 

Length = 2 × Radius 

Breadth = 2 × Radius 
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a. Genetic algorithm  

Genetic algorithm is based on the selection of best chromosomes from the random population 

by repetition, selection, crossover, and mutation (Mittal, 2010; Mosetti, Poloni, and Diviacco, 

1994). The selection process identifies the best possibilities of the items with the desired 

probability. Crossover generates different items with different probabilities. Mutation randomly 

selects the better ones and retains the diversity in the probabilities. The algorithm is repeated 

till the desired condition is met (maximum power generation).  

b. Ant colony algorithm 

Ant colony algorithm computationally replicates the behaviour of ants in search of food. This 

method is a probabilistic way of finding the proper path. In search of food, ants move in colonies 

and secrete pheromones, a chemical compound that makes them follow a particular path. Based 

on the quantity of food, the pheromone secreted along the path will get denser. This increases 

the chance of more ants following the right path and reaching the destination. If there are more 

probabilistic paths to reach food, ants will eventually choose a path with a shorter distance from 

the nest by repeating the to and fro motions. Ant density and cycle determine the best 

probabilistic approach. 

c. Particle swarm optimisation  

Particle swam optimisation is an iterative computational method that is used to arrive at the 

optimum solution (Mann et al., 2000). The method evolved by mimicking swarm properties of 

schooling fish or flocking birds (Oliveira, Falcao, Rangel, and Pinto, 2007). The important feature 

of the particle swarm optimisation topology is the exchange of information with particles. The 

swarm of particles can be treated as turbines in the wind farm, and its movement in the layout 

can be used to obtain maximum/optimum energy production with minimum cost.  

d. Monte Carlo optimisation  

Monte Carlo (MC) is an evolutionary algorithm to choose the best individuals from a random 

population in an iterative process. The current study considered MC-based optimisation for the 

wind farm because of its sophistication.  

The Cartesian coordinate system was used in the layout to site the positions of turbines. Initially, 

turbine positions were set randomly and followed step-by-step to arrive at the maximum energy 

output and minimum cost. Velocity deficit or the available wind speed for each turbine was 

estimated for initial turbine positions. Using this, power from all turbines was estimated. 

However, the total power may not be the maximum energy that can be obtained in the layout. 

The study defined two important terminologies for performing the MC simulation: step and cycle.  

MC steps 

In an MC step, turbine positions are displaced randomly each time. The total number of MC steps 

is equal to the number of turbines in the layout. The displacement of turbines to different cells 

(square grids) is also random. Random displacement can happen with nine possibilities, that is, 

x = [-1, 0, 1] and y = [-1, 0, 1] at each MC step for each turbine (see Figure 17). The displacement 

of each turbine will be accepted if it satisfies the acceptance criteria. Thus, all MC steps will be 

completed. Figure 18 presents the probability of trial displacements of different turbines. As 

shown, in MC Step 1, the first turbine position is randomly displaced by the neighbouring grid. 
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The layout power is estimated, and the new turbine position will be considered if it meets the 

acceptance criteria. In MC Step 2, the displacement of the second turbine takes place. The process 

of estimating the power and meeting the acceptance criteria continues until the last turbine in 

the layout to complete all MC steps.  

 

Figure 17: The trial displacement of a turbine within the layout 

The movements of turbines in MC Step 1 can be represented as follows: 

 

The movements of turbines in MC Step 2 can be represented as follows: 

  

Figure 18: Different MC steps and associated trial displacements 

The acceptance criterion used in the simulation is based on the exponential difference in power 

(𝑒−∆𝑝>0) between the previous and current positions of turbines. Further, this acceptance 

criterion is defined using a random number 

generator between 0 and 1. If Δp is 

considerably small, the chance of acceptance 

probability is large. If the Δp value is high, the 

probability of acceptance reduces. Figure 19 

represents a sample case with a variation of 

Δp and the acceptance criteria. As seen, if the 

power difference is higher in the new 

configuration of the wind farm, the random 

value will be taken as 1. The random value of 

1 indicates the acceptance of the new wind 

turbines layout (note that the random value of 0 indicates the rejection of the new layout because 

of no improvement in plant performance) for further optimisation. From the number of MC 

cycles, the layout with maximum energy output is selected as the optimised layout. 

MC cycles 

The completion of all MC steps is treated as one MC cycle, and it is an input value, which can be 

decided based on computational power and the desired result. The optimum power generated 

in the 1st MC cycle (at different displacements) and its corresponding turbine positions will be 

Figure 19: Acceptance criteria of trial displacements 
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the input for the 2nd MC cycle. Similar to the 1st MC cycle, all MC steps will be followed for the 

2nd MC cycle to arrive at the optimum power and turbine positions. This process is repeated 

until the defined number of MC cycles.  

2.9. Overall flow chart 

Figure 20 presents the overall flow chart of the modelling and simulation to estimate the 

optimum positions of turbines in the wind farm and the techno-economic analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calculations 

• Estimate number of turbines 
• Generate random positions of turbines  

 

The Monte Carlo method 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MC Cycle 1 MC Step 1 

• Trial displacement of 1st turbine 
• Estimate the cumulative velocity deficit and representative power 
• Accept/reject the displacement based on selected criteria 

 
MC Step 2: 

• Trial displacement of 2nd turbine 
• Estimate the cumulative velocity deficit and representative power 
• Accept/reject the displacement based on selected criteria 

 
• Repeat MC steps (equal to total number of turbines) 
• Identify the MC step with maximum energy generation and turbine positions 

 

MC Cycle 2 • Input the optimum turbine positions estimated in MC Cycle 1 
• Repeat MC steps (equal to total number of turbines) 

• Identify the MC step with maximum energy generation and turbine positions 

 

Repeat MC cycles and finalise the optimum layout with maximum representative energy generation 

Calculate 

• True energy generation using hourly resource data 
• Capacity utilisation and economic indicators 

 
 

Inputs 

• Land size or wind farm capacity 
• Performance characteristics of turbines 
• Terrine characteristics (wind shear and roughness) 
• Geometry of the wind farm or land 

 

 

Figure 20: Overall flow chart of the MC simulation 
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3. Results and Analysis: A Case Study 

This section discusses the results of the application of the developed model in designing a wind 

farm in Nagercoil (88.18°N, 77.41°E) as a case study (web tool allows users to choose any desired 

location).  The hourly wind resource data from the National Renewable Energy Laboratory 

(NREL) were used for the analysis. The study considered a wind farm capacity of 36 MW with 10 

turbines, each with a size of 3.6 MW. The hub height and the rotor diameter of each turbine were 

90 m and 120 m, respectively. The cut-in and cut-out wind speeds were 3 m/s and 25 m/s, 

respectively. Key results on the following aspects are presented and analysed in this section: 

1. Resource assessment for the chosen location 

2. Comparative analysis of different wake models  

3. Random positioning of turbines in the chosen shape of the layout 

4. Displacement of turbines and representative power using MC steps 

5. MC cycles and optimised layout  

6. Wake recovery upon optimisation 

7. Annual energy output 

8. Model validation 

3.1. Wind resource assessment 

A site's potential to set up a wind farm is determined based on wind power density (WPD). WPD 

is largely a function of wind speed over the year. Historical data are typically used to determine 

WPD and site potential. Because of limited data availability, the study considered a particular 

year’s (2014) data for the analysis. A wind rose diagram provides information on wind 

characteristics at a location both in terms of magnitude and direction. Figure 21 presents the 

wind rose diagram for Nagercoil. The current study considered 16 sectors of wind directions 

(see Table 1) and nine wind speed bins (see Table 2). Each spoke in the figure indicates how 

frequently wind blows in different directions with different wind speed intensities (shown in 

different colour bands). The analysis indicates that wind flows mainly from westerly, WNW, and 

NNE. These three sectors constitute more than 60% of the total wind (see Figure 21 and Figure 

22), with wind speed intensities between 12–15 m/s. Most wind turbines generate rated power 

at >12 m/s. This indicates that turbines facing westerly, WNW, and NNE directions would 

generate more power at the chosen location.  

The variation of the wind speed in each direction impacts power generation. Therefore, weights 

were assigned to wind speeds and wind direction (details are indicated in Section 2). The sum of 

all wind speed weights at each sector was one. Similarly, the sum of the product of wind direction 

weights and its related sector wind speed weights was also one.  

Figure 23 presents a sample case of wind speed variation in select sectors. Table 3 indicates 

sector weights based on the wind direction over the year with effective wind speeds.   
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Figure 21: Wind rose diagram for Nagarcoil 

 

Figure 22: The wind flow distribution in different wind sectors 
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Figure 23: Wind speed bin weights in selected sectors 

Table 3: Wind direction sectors and their weights  

 

The weights of the wind speed and wind direction (a total of 144 values) were useful to estimate 

the representative power of turbines during simulation instead of considering 8760 values in a 

year. This saves a lot of computational power while optimising a wind farm.  

3.2. Comparative analysis of different wake models 

Wake impacts the power generation from any given turbine, and it needs to be accounted for to 

estimate the true energy output. The current study considered three wake models to present the 

wake effect. Jensen and Frandsen follow linear expansion with slight changes in the near and far 

Sector Weight Sector Weight 

1 0.026826 9 0.016781 

2 0.00708 10 0.016438 

3 0.032078 11 0.011872 

4 0.2638 12 0.013014 

5 0.213 13 0.02911 

6 0.055365 14 0.030594 

7 0.01758 15 0.037717 

8 0.016438 16 0.201598 
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wake regions. Bastankhah shows a Gaussian wake expansion and is entirely different from the 

other two models. 

To present the impact of wake, two turbines located at a distance of 1 × rotor diameter were 

chosen with different wind speeds. Figure 24 shows the comparison of wake models in terms of 

regain wind velocities at different positions of wake field behind the rotor.  As seen, the wake 

contracts radially (along y-axis) with equal distribution from the centre of the rotor. Jensen and 

Frandsen have top hat regains, and Bastankhah follows the Gaussian curve. More wake loss 

occurs just behind the rotor with a radian wake expansion between -1 and +1. Similarly, Figure 

25 presents the variation for an inflow wind speed of 24 m/s. These figures (Figure 24 and Figure 

25) indicate that wake effects are minimal when the inflow wind speeds are higher. The study 

considered the Jensen model for estimation of overlapping wake fields because of its simple 

mathematical formulae.  

 

Figure 24: Comparison of different wake models to examine the regain velocity for an inflow wind of 14 m/s 

 

Figure 25: Comparison of different wake models to examine the regain velocity for an inflow wind of 24 m/s 
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3.3. Initial turbine layout configuration 

The study considered land with a square shape for illustrating the case study. Figure 26 presents 

this scenario. The red dots in the figure indicate the position of turbines (generated randomly), 

and each grid has equal length and breadth. The case is presented below, considering a wind 

farm capacity of 36 MW. 

Farm capacity = 36 MW 

Single turbine capacity = 3.6 MW 

Total number of turbines =
𝐹𝑎𝑟𝑚 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
  = 10 

Length of a single grid = 5 × D  

Single grid area = Length of a single grid2 

Area of the layout = Number of turbines × Single grid area = 10 × (5D)2  

Length = √250 = 15.81 

Breadth =√250 = 15.81 

The total square area was divided into small grids of 3.16 × 3.16 (using the length, breadth, and 

number of grids in each axis), in terms of rotor diameter, where true dimension of each grid = 

length or breadth of the farm / length of the single grid. 

 

Figure 26: Initial layout of turbines 

The area of the layout was discretised with a total number of grids of 5 × 5, in terms of rotor 

diameter. However, a minimum distance between turbines of 3 × 3 (in terms of rotor diameter) 

is considered to have maximum movements of turbines in the layout. The total representative 

power of the farm was estimated for this initial configuration using equation (2.1.4) along with 

wake effects. Thus, the evaluated indicative power of the initial layout was 23,000 kW. 
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3.4. Approach for the displacement of turbines 

As per the initial layout, 10 turbines were positioned randomly in various grids and their 

representative power was estimated. A change in the position of turbines might result in an 

increase or decrease in the overall representative power. Therefore, a systematic procedure, 

using the Monte Carlo algorithm, was followed for the trial displacement of turbines. 

According to the flow chart provided in Section 2.9, the position of turbines was moved, 

considering the MC steps in each MC cycle. From this, positions of turbines corresponding to 

the optimum representative power were considered as the basis for the next MC cycle. In each 

cycle, 10 positions of turbines were displaced. An acceptance criteria was used to choose the 

layout with optimum power.  Users can choose the number of MC cycles of interest to run the 

simulation for obtaining the optimised wind farm layout. The MC cycle iteration repeated 

until it reached the optimum representative power. Figure 27 indicates the positions of 

turbines obtained in MC Cycle 1. The corresponding indicative power was 23,170 kW.  

 

Figure 27: Position of turbines at MC Cycle 1 

Figure 28 indicates turbines’ positions at MC Cycle 9. Turbine positions were varied in this 

configuration compared to the initial layout and MC Cycle 1. The indicative power of this 

configuration was 23,900 kW. An increase of 900 kW of power was observed compared to the 

initial layout. Figure 29 indicates turbines’ positions at MC Cycle 10. This layout resulted in a 

representative power of 24,000 kW (an increase of 100 kW).  

 

Figure 28: Position of turbines at MC Cycle 9 
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It was evident that the displacement of turbine positions increases power. The freedom of 

turbine movements was restricted to an extent within the cells in the discretised layout. 

Therefore, increasing MC cycles beyond a particular limit will have nil effect on the power 

increment. Hence, MC cycles was limited to a finite number to reduce computational time.  

 

Figure 29: Position of turbines at MC Cycle 10 

3.5. Optimised farm layout 

As indicated in Section 2.8.3, the position of turbines was displaced using MC cycles until 

optimum power was obtained. The study considered a total of 100 MC cycles to see the 

improvement in power and observed nil effect beyond a limit. From all the cycles, the layout 

with maximum power was considered as optimum configuration. Upon simulation, the study 

arrived at maximum power (24,000 kW) at MC Cycle 10. Figure 30 presents this optimum 

configuration.  

 

Figure 30: Optimised farm layout 

Figure 31 presents the indicative power generated by each turbine at the initial and optimised 

layout in MC Cycle 1. A significant improvement was seen with the MC simulation.  

Figure 32 presents the indicative power of the wind farm for 100 MC cycles. The increment 

in power beyond the 10th MC Cycle plateaued. It indicates that a higher number of MC cycles 

may not be significant for a small wind farm. Users have to choose the number of MC cycles 
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judiciously based on the farm capacity, the number of turbines, and land size to minimise the 

computational time and cost.  

 

Figure 31: Indicative power of the initial and final layout of MC Cycle 1 

 

Figure 32: Indicative layout power for 100 MC cycles 

3.6. Comparison of Initial and Optimised Layout with MC runs 

Each MC run performs the displacement of all turbines considering MC cycles and MC steps. 

Multiple MC runs offer more number of solutions to arrive at the optimum power. In this 

regard, parallel computing of MC runs would help in optimising the time for simulation. The 

initial and optimised positions of turbines were different for each MC run because of random 

positioning, displacement of turbines, and accountancy of wake effects. Figure 33 presents 

the initial and optimised layout for the first MC run. The maximum indicative power was 

obtained at MC cycle 10 (see Figure 32). The indicative powers from the initial and optimised 

layout during the first MC run were 23,000 kW and 24,000 kW, respectively.  
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Figure 33: Turbine positioning of initial (a) and optimised layouts (b) for the first MC run 

Figure 34 presents the initial and optimised layout of turbine positions for the second MC run. 

In this case, the maximum indicative power was obtained at the 94th MC cycle (see Figure 

35). The indicative powers from the initial and optimised layout during the first MC run were 

23,200 kW and 24,000 kW, respectively. In both these MC runs, the indicative powers and 

turbine positions of the initial layouts were different. However, the indicative powers from 

the optimised layout were the same but the turbine positions were different. It can be noted 

that multiple MC runs might offer higher, lower, or equal indicative powers. Among these 

runs, users have to choose the best configuration that generates maximum power.  

 

Figure 34: Turbine positioning of the initial (a) and optimised layout (b) for the second MC run 

 

a b 

a b 
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Figure 35: Indicative power output throughout the MC cycles for the second MC run 

3.7. Comparison of wake recovery  

As indicated earlier, the model accounts for wake effects, considering the neighbouring 

turbines and overlap associated with the wake. Using the Jensen model and the linear sum 

method of superposition, the net effect of all the turbines was accounted for to estimate the 

regained wind speed. Figure 36 and Figure 37 present the regained wind speed of all the 

turbines in different directions for initial and optimised layouts. The wind directions of 308°, 

180°, and 31° were considered to illustrate the case. The wake recovery was better in the case 

of the optimised layout compared to the initial layout. The wake losses reduced to 3% 

(optimised) from 7% (initial). The same can be witnessed for the indicative power generated 

by these layouts (refer to Section 2.8.2).  

 

Figure 36: Wake recovery of the initial layout 
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Figure 37: Wake recovery of the optimised layout 

3.8. Annual electricity of the optimised wind farm  

The indicative power was considered to minimise the simulation time while optimising the 

positions of turbines. The optimised layout was taken as the basis, and the annual electricity 

generated by the farm, considering hourly resource data (set of wind speed and wind 

direction), was estimated. Figure 38 presents the electricity generated by each turbine for the 

initial and optimised layout. The electricity generated by all the turbines in the optimised 

layout was better compared to the turbines in the initial layout. The annual electricity 

generated in the initial and optimised layouts was 1,69,000 MWh and 1,77,300 MWh, 

respectively. The associated plant load factors were 54% and 56%.  

 
Figure 38: Annual electricity generated by the turbines from the initial and optimised layouts 

3.9. Economic analysis 

A standard levelised cost of electricity (LCOE) model was used to perform the economic 

analysis (Ramaswamy et al., 2012). LCOE is the ratio of the net present value of the expenses 
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to the energy. A capital cost of INR 5.92 crore per MW was considered as the basis (Ramesh, 

2017). Civil, electrical and grid connection, and planning and miscellaneous were considered 

as 25%, 17%, and 14% of the capital cost, respectively (IRENA, 2012). For operation and 

maintenance expenses, 4.5% of the capital cost was accounted. The analysis considers a plant 

life of 25 years. The estimated net present value of expenses and energy was INR 483 crore 

and 1,244 million units, respectively. Therefore, the wind farm (36 MW) generated electricity 

at INR 3.88 per kWh.  

3.10. Validation of the current model with the System Advisor 

Model 

The current model is compared with the System Advisor Model (SAM) for validation. The 

study considered a total of 32 turbines each with a 3.5 MW capacity (the overall size is 115.2 

MW). Table 4 provides the comparison of the current model and SAM.  

Table 4: Model validation with SAM 

 

Current Study SAM 

Farm capacity (MW) 115.2 115.2 

Single turbine capacity (MW) 3.6 3.6 

No. of turbines 32 32 

Minimum distance between turbines 3D (maximum allowance for 

movement 5D) 

5D 

Wake loss 6.6% 9.5% 

Annual power output (MWh) 2,92,000 (only wake based) 

2,54,000 (wake + other losses) 

2,53,000 (wake + 

other losses) 

 

The comparison was performed in terms of wake losses and the annual electricity generation. 

The current model was developed considering only wake effects. SAM considers 8D × 8D grid 

size and accounts for wake effects and other losses such as electrical, plant availability, 

environmental, and operational aspects. The current model considered 3D × 3D distance 

between the turbines to allow the maximum number of movements for effective positioning 

of turbines in the reference farm. Therefore, the comparison was performed considering both 

scenarios. The current model resulted in lesser wake losses compared to SAM and generated 

more electricity. However, both models generate nearly the same amount of electricity if all 

losses are considered.  
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Figure 39 and Figure 40 present the comparison of optimum turbine positions for the current 

model and SAM. The current model generated a better layout with turbine positions to 

account for the wake effects. However, the SAM model positioned the turbines linearly at 

different distances.  

 
Figure 39: The sample layout from the current model 
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Figure 40: Layout of the sample farm from the SAM model 

Also, SAM shows a single line arrangement pattern in case the number of turbines is a prime 

number. Figure 41 presents this scenario for a wind farm with 13 turbines. It indicates that 

SAM was eliminating wake effects by positioning turbines at a fixed distance in a single line.  

 
 

                                                           Figure 41: Wind farm layout from SAM for 13 turbines  
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4. Graphical user interface web tool  

A graphical user interface (GUI) based web tool was developed based on the model to perform 

the techno-economic analysis for a range of inputs. Users can provide customised inputs and 

simulate the tool. The tool provides a variety of results, including resource characteristics, 

turbine characteristics, wake losses, wind farm optimisation, economic insights to optimise the 

wind farm, and related economic analysis. Figure 42 provides the sample screen for a resource 

assessment. This window in the tool enables users to perform resource assessments for default 

locations and locations of interest (a topographic feature is provided to choose the desired 

location). So, users can select the location with customised terrain characteristics. 

 

Figure 42: The sample screen of a resource assessment in the web tool 

Figure 43 provides the sample screen for turbine characteristics. The tool allows users to choose 

default turbines and input relevant details of any chosen turbine. This information will be used 

along with a power curve to estimate the power generated by the turbine.  

 

Figure 43: The sample screen of turbine characteristics in the web tool 
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Figure 44 provides the sample screen to optimise the wind farm layout. The tool allows users 

to choose relevant criteria for optimisation based on either land area or wind farm capacity.  

Users can choose one of these criteria to meet their objective function: maximum utilisation 

of land to achieve higher installed capacity and electricity production or maximum electricity 

generation for a given wind farm capacity.  The technical optimisation will ensure that power 

generation happens at a low cost of electricity. Further, users can choose the size of the grid 

and the minimum distance between turbines to analyse the best scenario. Default wake model 

options indicated in the web tool are to be considered to estimate the wake loss. The overlap 

of wakes between turbines can be solved by selecting any desired superposition techniques 

listed in the tool.   

 

Figure 44: The sample screen of the wind farm layout in the web tool 

For optimising of a wind farm using the Monte Carlo method, users need to decide the number 

of trial displacements of turbines within the area chosen to get maximised electricity 

generation.  Higher number of MC cycles require a long time for computation. . Users can 

perform parallel runs of the tool for seeing quick performance comparisons and identifying 

optimum positions of turbines.   

Figure 46 and Figure 46 present other sample screens of the tool related to plant availability, 

losses other than wind wakes, plant life, and economics.   

 

Figure 45: Losses and other wind characteristics incorporated in the tool 
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Figure 46: Economic model in the tool 

Overall, the tool helps in providing insights on resource assessment, optimum positions of 

turbines, land-use efficiency, annual electricity generated by a wind farm, capacity utilisation 

factors, and economic indicators.   
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5. Conclusion 

The study presented a detailed engineering and economic modelling to optimise a wind farm 

at any given location. The model considered wind resource characteristics, different shapes 

of land, landscape parameters, and wake effects while optimising the wind farm using the 

Monte Carlo method.  A new concept of indicative power was used to minimise the simulation 

time using effective wind speeds and wind directions. A case study was presented to 

emphasise the techno-economic results of the application of the developed model for 

designing a wind farm in Nagercoil.  The results are explained in terms of wind potential at a 

site, performance comparison of wake models, detailed approach to the Monte Carlo method 

to position turbines, and plant performance (capacity utilisation and generation costs). The 

case study indicates that the model helps in positioning wind turbines optimally by 

minimising wake losses (3% wake loss in the optimum layout vs. 7% wake loss in the initial 

layout) and maximising electricity generation (the optimised layout has a 5% electricity 

improvement on an annual basis). Results have been validated using a System Advisor Model 

(SAM). The current model provides better optimised turbine positions by minimising wake 

losses and utilising land effectively, compared to SAM.  Further, a graphical user interface 

(GUI) web tool was developed for application of the model. This is an interactive simulation 

tool for users to input customised technical and economic parameters and analyse plant 

performance. 
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