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Abstract 

The use of wind energy has been developing fast over the last years. The global cumulative wind 

power capacity increased by 10.5% in 2019, most of which comes from onshore wind farms. One 

of the consequences of this continuous increase is the use of land for onshore wind farms. There 

are already cases worldwide where lack of well-established plans and strategies have caused 

delays in projects. The need for efficiently using land for wind farms will be mandatory in the 

short term. In this work, we present a numerical analysis to evaluate wind farm land-use. By 

defining the ratio between mechanical output power over an area as a parameter called land-

use ratio, this work focused on comparing several cases of aligned and staggered layouts. 

Mechanical output power was estimated using a validated code based on Blade Element 

Momentum code, and the wake velocities and wake interaction effects were estimated using a 

validated wind turbine CFD model. In terms of output power, staggered designs are more 

efficient than aligned designs. However, the results showed that even though staggered designs 

produced higher output power, aligned farms with tight lateral spacing could be as efficient as 

staggered ones in terms of land-use but using fewer turbines. In summary, tightly aligned designs 

should be a tendency in the future towards efficient use of land in wind farms. 

 

Keyword: wind farm layout optimization problem, wind farm land-use, wind turbine wakes, wind 

turbine aerodynamics, tip speed ratio control. 

 

1. Introduction  

The use of wind energy has been developing fast over the last years. According to GWEC 

(2020) [1], the global cumulative wind power capacity has reached 651 GW at the end of 2019, 

which represents a 10.15% increase compared with 2018 (591GW). The year of 2019 represented 

only the second time in history that surpassed the 60GW milestone of yearly added capacity. The 

onshore market accounted for 54.2GW of the 60.4GW added in 2019, representing a 17% 

increase only for onshore compared with 2018 [2]. The onshore market indeed dominates the 

wind energy industry with a total of 95.5% in terms of global cumulative wind power capacity. 

Given the fast growth of onshore wind farms, the use of land for wind energy has been 
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tremendously increasing. One of the consequences is that many projects that would increase 

even more the onshore capacity are experiencing delays due to the lack of development of land 

use plans. For instance, a plan to add 10GW of onshore capacity in Germany was unable to be 

completed due to land-use constraints and barriers in getting permits [1]. Another example is the 

conflict caused by land-use in Brazil, where wind farms located on dune fields and coastal systems 

restricted community access to natural resources [3]. Aspects such as competing interest for 

land-use for other purposes and environmental constraints associated with natural wildlife have 

urged the wind industry to establish clear strategies for land-use in wind farms. Despite of that, 

no previous efforts in literature have rigorously investigated how to optimize land-use in wind 

farms.  

When dealing with land-use, many issues may arise. Land-use issues include actual land 

required per energy output or capacity per unit of land area, the amount of land disturbed by a 

wind farm, non-exclusive land use and compatibility, rural preservation, access roads, location of 

electrical lines, government regulations and permitting (zoning, building permits, and approval 

of aviation authorities), and public acceptance [4]. Furthermore, wind energy systems have been 

limited to areas with consistent wind resources over a long period. In the USA, the development 

of wind farms has occurred primarily in open areas or rural fields. These are areas often used for 

agriculture, recreation, scenic areas, wildlife habitat, and forest management. Wind farm 

facilities in the USA may occupy only 3-5% of the total acreage, leaving the remaining available 

for other uses. European wind farms are more efficient in that regard, usually occupying 1-3% of 

the land. In the UK, turbines and access roads typically cover 1% of the land. Actions for mitigating 

land use in wind farms include the use of equipment with minimal structural support, electrical 

lines placed underground, maintenance off-site, consolidating equipment on the turbine tower 

or foundation pad, use of more efficient or larger turbines, optimize turbine spacing to reduce 

density, roadless construction,  restricting most vehicle travel to existing access roads, limiting 

the number of new access roads. Permitting agencies usually evaluate the cost associated with a 

particular strategy, type and level of impact, land use-objectives of the community, the 

significance of any potential land-use inconsistency or incompatibility, and available alternatives 

[4]. By reducing the amount of land required for wind farms, while still maintaining similar 

productivity, some barriers to the implementation of new onshore projects can be overcome. 

Optimization of wind farm land-use will significantly contribute to the more sustainable 

development of future wind energy projects. 

Most of the wind farm optimization efforts have focused on output power, energy 

production, and costs. One approach that these studies have used to increase power production 

is to apply control strategies in each rotor [5 – 7].  Other studies have manipulated parameters 

of wind turbines, such as pitch angle [7], operation conditions ([9 – 12]), rotor diameter ([13], 

[14]), and yaw misalignment ([15 – 20]). Previous efforts in literature have addressed the 
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influence of spacing between turbines in a wind farm ([21 - 25]), some of which suggest that the 

current wind farm layout solutions in literature have characteristics with considerably lower 

spacing than computationally optimized layout solutions [24]. Additionally, reference [23] found 

that the distance of 10 or 15 diameters between turbines would minimize the cost per unit of 

energy production. Using these values would result in significant increase in land use, as the 

values usually applied in wind farms are between 6-10 turbine diameters.  Even though these are 

significant efforts to optimizing output power, energy, and costs, they did not necessarily 

consider land-use optimization.  

Some of the studies on turbine spacing have focused on aligned versus staggered 

configurations ([26 – 34]), and most of them have suggested that staggered configurations yield 

higher output power. In a wind tunnel experimental study [31], the staggered configuration 

achieved higher overall power generation potential than the aligned one and allowed better 

wake recovery. Another wind tunnel experiment [33- 34] found that the output power of a 

staggered second row of turbines was 90% of the first-row output power for a given streamwise 

distance of 12 diameters, providing more advantages than the aligned design. Draper & Nishino 

[30] found that, when considering output power, staggered designs are more advantageous than 

the aligned ones. Chamorro et al. [32] found that a staggered layout produced 10% more output 

power than an aligned design. Yang & Sotiropoulos [26] found that staggered layouts are suitable 

for locations without a prevailing wind direction, while aligned layouts are suitable for wind sites 

with fixed prevailing wind direction. Even though staggered versus staggered seems to be a 

critical factor in layout optimization, the referred studies did not address the influence of 

staggered/aligned designs on land-use. Although there have been many efforts focused on 

control strategies to enhance output power, energy production, and costs, there is a lack of 

studies focusing on the problem of improving wind farm land-use and footprint. Previous efforts 

focusing on wind farm land-use and footprint optimization included landowner modeling with 

cost-economic analysis [35] and land footprint analysis considering land-use constraint [36]. By 

analyzing the literature on wind farm land-use, it is clear that there is a need for more 

investigation on the role of land-use in wind farms. What seems to be the central aspect is to 

integrate land-use into the investigation of the influence of staggered versus aligned 

configurations on wind farms.  

 All these efforts in the literature described above provided relevant contributions to wind 

farm optimization and turbine spacing research. However, none of them have focused on how to 

improve wind farm optimization while also reducing land-use. Thus, no previous work in the 

literature has rigorously addressed the problem of land-use in wind farms. The easiest option to 

improve energy production in wind farms would be to place turbines far apart from each other 

to mitigate wake interaction effects. However, this strategy will not achieve the most efficient 

use of land. Land use is already a problem in some countries, and for others will become a 
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problem in the long term for the sustainable development of onshore wind energy. This work 

uses a novel approach of CFD models to investigates the effect of spacing between turbines, both 

laterally and streamwise, on wind farm land-use. The work focuses on comparing the effects of 

staggered and aligned configurations on wind farm land-use by evaluating the land-use ratio. The 

objective is to evaluate turbine spacing in wind farms such that the most efficient use of land can 

be achieved in wind farms, while still guaranteeing optimized energy production. 

 

2. Methods  

Various design configurations were evaluated to assess wind farm land-use. For each 

respective design configuration, key outputs were defined to evaluate each design: 1) Land-Use: 

total area occupied by a wind farm; 2) Land-Use ratio: kW produced per total area of a wind farm; 

3) Wake velocity deficit for each of the wind turbine rows; 4) Total output power. The simulations 

were performed adopting the designed conditions for the MEXICO rotor (ω=424.5rpm, U=15m/s 

and ϴ=-2.3°), as defined in the report of the MEXICO experiment [37]. To make sure our trends 

reflect a broader range of operation besides the ones based on the MEXICO rotor, the sensitivity 

of the land-use ratio to the Tip Speed Ratio (TSR) and to the rotational speed was also assessed. 

This evaluation is necessary because wind farms experience instantaneous TSR variations during 

operation, so it is important to know in which level the findings of this work are sensitive to the 

operational rotational speed. The following sections go into more details on each of the pieces 

evaluated in this work. 

 
2.1 Wind Farm Land-Use Ratio  

The wind farm area is the area occupied by all the rows of turbines, which corresponds to 

be Lx * Ly * nrows in Figure 1, where nrows is the number of rows, Lx is the streamwise spacing, 

and Ly is the lateral spacing. For the intent of this work, we adopted nrows=3 because of 

computational limitations: three rows allowed us to get a nuanced effect of the staggered design, 

while still requiring manageable computational power. For the staggered design, each row had 

three turbines (2 plus one in the middle of the cluster between the rows), whereas for the aligned 

design, each row had two turbines. The wind farm land-use ratio was defined based on the ratio 

between the output power and the area occupied by all the rows of turbines, according to 

equation (1). Various types of layouts were designed considering staggered (Figure 1a) or aligned 

(Figure 1b) configurations, in which the spacing Lx and Ly between the turbines were varied, 

resulting in an increase or decrease of the land-use area. For the aligned design (Figure 1a) 

analysis, Ly varied within a range from 2D (rotor diameter) to 5D, while Lx varied within 5D to 

15D. For the staggered design (Figure 1b) analysis, Ly varied within a range within 3D to 5D, and 

Lx varied within 5D to 15D. Those distances were adopted because they reflect typical distances 
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in commercial wind farms. The omission of the case in which Ly=2D for the staggered case is 

because the turbine in the middle of the cluster could have severe issues with wake interaction 

effects, experiencing a high turbulent wake field with consequences related to components 

fatigue lifetime. 

 

 
(a)                                                                              (b) 

Figure 1. Wind farm design configurations for a) Staggered design; b) Aligned design. Each row has two and three 

turbines for the aligned and staggered cases, respectively. The figures show two rows for each design and is omitting 

the third row used in the analysis. 

 

To calculate the land use ratio, which considers the output power relative to area of 

land used by all wind turbines combined, we used equation (1): 

 

𝐿𝑎𝑛𝑑 𝑈𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 =
𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 [𝑘𝑊]

𝐴𝑟𝑒𝑎 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑟𝑜𝑤𝑠 𝑜𝑓 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 [𝑚2]
                 (1)  

 

2.2 Hybrid Approach: CFD and BEM Methods 

In this work, we implemented a hybrid approach to evaluate the wind farm output power: 

1) The wake characteristics were evaluated using a CFD model of a wind turbine such that the 

incident wake velocity could be estimated in a position right in front of each rotor; 2) Taking into 

consideration the incident velocity in each rotor, the output power was estimated using a 

computational code based on the Blade Element Momentum (BEM) method. Both codes were 

validated against experimental data from literature: the CFD model was validated against near 

wake velocity and rotor thrust data [9], and the BEM code was validated against rotor thrust 

experimental measurements [37]. The following sections will provide details about each of the 

methods. 

2.2.1 CFD Model 
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A wind turbine CFD model of the MEXICO rotor, previously developed and validated 

against near-wake velocity and rotor thrust data [9], was implemented to estimate wake effects 

such as wake velocity. After validation, the extended model included the far wake of the wind 

turbine, and more turbines in the physical domain [10]. Major details of the CFD model 

implemented (e.g., geometry and mesh sensitivity study) in this work can be found in the 

literature [9 – 10]. The blade geometry, including twist angle and variable chord, was modeled 

using SolidWorks, and then imported to ANSYS Design Modeler to build the other turbine 

components (tower, hub) and the physical domain. The dimensions Lx and Ly dictated the size of 

the domain for each design. A rectangular block was built and broken into smaller pieces. By 

defining them as the same part in ANSYS Design Modeler, local meshing for the near and far wake 

avoids dealing with local mesh gradients at the interfaces on the several rectangles. The mesh 

was composed of unstructured triangular elements for both the rotor and the near and far wake, 

using a sphere of influence surrounding each rotor. The mesh sensitivity study is available in 

literature [9 - 10]. The approach to simulate the rotation of the wind turbine uses a steady-state 

Moving Reference Frame (MRF) approach. The steady-state MRF approach for the CFD solver 

allows the user to set up a rotational speed value for the wind turbine to analyze off-design 

conditions. The wind resource incident on the first row of wind turbines and the rotational speed 

for all rotors is set in the CFD solver to match the same experimental conditions of the MEXICO 

rotor (ω=424.5rpm, U=15m/s and ϴ=-2.3°). The experimental conditions aforementioned 

corresponds to the designed condition for the MEXICO rotor, which results in the highest 

aerodynamic performance. There is no velocity gradient in any direction for this simulation. 

Additionally, we tested the wind farm land-use ratio's sensitivities to the TSR (or rotational 

speeds) conditions. The turbulence model selected was the k-ω SST, which is suitable for swirl 

flow and used in the literature studies as their main turbulence modeling technique. Additional 

setup included pressure-far-field boundaries for the lateral and superior boundaries (which 

require the larger exterior rectangle to achieve convergence), pressure-outlet for the exit, and a 

special type of wall with no shear for the inferior boundary. The flow field solution is determined 

using the CFD solver ANSYS Fluent17, two computers with 64GB RAM/ 8 processes for each 

machine with the processor Intel Xeon CPU E5-1620 v2 3.7GHz. The computational time for each 

simulation was approximately 10 hours. The approach adopted to simulate wake interaction 

effects between rows was first introduced in reference [10]. Each row is solved separately, taking 

an output from the outlet of the previous row to use as the inlet of the next row. Essentially, the 

outlet of the 1st row becomes the inlet of the 2nd row though the definition of a profile function.  

The same happens for the 3rd row, which uses the outlet from the 2nd-row simulation. A sketch 

of the blade geometry, physical domain, and computational mesh can be found in references [9] 

and [10], as well as in the Appendix. 
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2.2.2 BEM Model 

The method to estimate output power relied on a model using the Blade Element 

Momentum (BEM) theory to estimate mechanical output. Figure 2 shows the aerodynamic 

conventions for the BEM model developed in this work. The implementation of the code includes 

a set of equations is to estimate the induction factors (Equations 2 to 7), and a 7-steps iterative 

algorithm [38] (Figure 3). Lift and Drag data were consulted in the literature [39]. Equation 8 

represents the mechanical output power production from each segment, and the total 

mechanical output power is the sum of the contribution of each blade segment multiplied by the 

rotational speed. The relative velocity in Equations 9, 10, and 11 is a function of the axial (a) and 

tangential induction factors (a’), dependent on the local velocity in each blade segment. Figure 3 

shows a diagram of the algorithm implemented by the code, where a=0.005. The code took 

around only five iterations to converge, and Figure 4 (in the Results section) shows the validation 

of the code implemented in this work against experimental rotor thrust data. 

 
Figure 2. Aerodynamics definitions and signal convention to develop the numerical code based on Blade 

Element Theory. 

 
tan 𝜙 = 𝑈(1 − 𝑎) 𝜔𝑟(1 + 𝑎′)⁄                                 (2) 
 

𝛼 = 𝜙 − 𝜃                                                  (3) 
 

𝐶𝑛 = 𝐶𝑙 cos 𝜙 + 𝐶𝑑 sin 𝜙                      (4) 
 

𝐶𝑡 = 𝐶𝑙 sin 𝜙 + 𝐶𝑑 sin 𝜙                                 (5) 
 

𝑎 = 1 [1 + 4 (sin 𝜙)2 𝜎𝐶𝑛⁄ ]⁄                                (6) 
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𝑎′ = 1 [1 + 4 (sin 𝜙 cos 𝜙) 𝜎𝐶𝑡⁄ ]⁄                                 (7) 
 

𝑑𝑃 = 0.5𝜌𝐵𝑈𝑟𝑒𝑙
2 𝐶𝑛𝑐𝑟𝑑𝑟                                  (8) 

  

𝑈𝑟𝑒𝑙 = 𝑈(1 − 𝑎) sin 𝜙⁄                      (9) 
 

𝑈𝑟𝑒𝑙 = 𝜔𝑟(1 + 𝑎′) cos 𝜙⁄                    (10) 
 

𝑈𝑟𝑒𝑙 = 𝑈(1 − 𝑎) 𝜔𝑟(1 + 𝑎′)⁄                 (11) 
 

Where a: axial induction factor; a’: tangential induction factor, φ: flow angle; ω: rotor rotational 

speed; r: local radius; U: free-stream velocity; σ: blade solidity; B: number of blades, P: 

Mechanical Power. 

 

 
Figure 3. Workflow of the 7 steps iterative process proposed by Hansen113. 

 

 

3. Results 

3.1 Validation of the BEM Code 
 

Figure 4 shows the validation of the code implemented in this work against experimental 

rotor thrust data. The data from the computational code implemented in this work mostly agrees 

with the MEXICO rotor experimental data, demonstrating the effectiveness of the tool to 

estimate mechanical output power. In the region closer to the root of the blade, the data have a 

better agreement compared to the region closer to the blade tip. The data for the designed 

condition (Left: U=15m/s, TSR=6.6) have a better agreement than the other condition analyzed 

(Right: U=10m/s, TSR=10). As there is no availability of experimental data for the mechanical 
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output power, the only way to validate the BEM code is to perform such a comparison against 

experimental rotor thrust data.  

 
Figure 4. Validation of the BEM code for the MEXICO rotor considering rotor thrust measurements. Experimental 
data were consulted om reference [30].  

 

3.2 Land-Use: Staggered vs Aligned  

Figure 5 presents the land-use ratio for aligned and staggered designs as a function of the 

streamwise distances between rows. Each of the curves represents a different lateral spacing (Ly) 

condition. These graphs provided some critical trends to characterize the use of land in wind 

farms. Decreasing the streamwise spacing (Lx) between rows can be an alternative to improve 

the efficiency of land use in wind farms. Even though a tighter streamwise spacing between rows 

leads to lower incident velocity on further rows due to lower wake velocity, a decrease in the 

area makes the land-use ratio more efficient. The slope of the curves in Figure 5 shows 

improvement on the land-use ratio within approximately 7.5% and 13.5% per diameter. 

Decreasing lateral spacing (Ly) between rotors in the same rows plays a critical role in improving 

wind farm land-use. There is still a portion of wake interaction effects between 2 and 3 diameters 

of lateral spacing for the aligned design. Beyond 3D, wake effects no longer have significant 

interaction, and the relationship that represents the percent of improvement in land-use per 

diameter becomes approximately constant and around 33% per diameter. Thus, wind farms with 

tighter lateral spacing (Ly) between rows are much more efficient regarding land-use. 
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Figure 5. Land-Use of aligned and staggered design configurations, and the spacing Effect under the same TSR and 
Ufreestream conditions. 
 

The percentage of improvement of the land-use ratio per diameter is more sensitive to 

Ly than Lx because there is no variation of the wake velocity for Ly, meaning that only the area 

varies and not the output power. On the other hand, Table 1 shows that as Lx increases, the total 

output power increases (wake velocity increases) while also increasing the land area, resulting in 

smaller changes in land-use ratio with changes in Lx. Staggered designs with very tightly spaced 

rotors in the same row (Ly) may have severe issues for turbulence intensity (which will reflect on 

the fatigue lifetime of the components) as well as decreased output power for the turbine in the 

middle of the cluster. In comparison, aligned designs do not experience as pronounced issues 

due to tightly spaced rotors as staggered ones. Because of the staggered design spacing 

sensitivity, we excluded the option of a 2D laterally spaced staggered turbines in this work. Figure 

5 shows a key finding: an aligned design 2D laterally spaced produces a similar land-use ratio 

compared to staggered designed 3D laterally spaced. As each row in the staggered design has an 

extra turbine compared with the aligned design, this result means that in the most tightly spaced 

designs, the aligned design would need fewer turbines to achieve the same levels of land-use 

ratio as the staggered design. Thus, the aligned design would be the most cost-effective option. 
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Table 1: Estimated mechanical output power produced by aligned or designed designs, both with Ly=4D. 

Cases Lx (m) P [kW]1st row P [kW]2nd row P [kW]3rd row P [kW]total 

Aligned 12 29.66 16.31 11.46 57.42 

Staggered 12 44.49 24.465 17.19 86.145 

Aligned 9 29.66 14.12 8.13 51.92 

Staggered 9 44.49 21.18 12.195 77.865 

Aligned 7 29.66 11.26 3.94 44.86 

Staggered 7 44.49 16.89 5.91 67.29 

 

As commented in the previous paragraph, staggered designs that are too tight laterally 

(Ly) can have severe issues by inducing a highly turbulent wake field, as well as a more significant 

wake velocity deficit. Figure 6 shows the velocity and turbulent kinetic energy contours for two 

staggered cases: Ly=3D and Ly=4D. It is easy to see that for the case of Ly=3D, the wake 

interaction effects are more substantial. In the middle of the cluster between the first row and 

the second row, the wake of the staggered turbine interacts with the wake of the first two 

previous rotors. The effects felt by the second row are much stronger than the effects 

experienced by aligned designs. The third-row experiences even more turbulent wake field, and 

the wake velocity field can be compromised with severe wake velocity decay. The consequences 

on the output power and turbine components fatigue lifetime can be severe. 
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Figure 6. Velocity and Turbulence Intensity Contours for staggered designs with: a) Ly=3D; and b) Ly=4D. 

 

3.3 Sensitivity of Land-Use to TSR Control  

The estimation of the land-use ratio is sensitive to the turbines operating conditions, 

including TSR and Free-Stream Wind Velocity (Ufree-stream). Here in this section, the goal is to 

show in which level the ratios estimated in the previous section are sensitive to the TSR of the 

turbines, and the free-stream velocity (U). Table 2 shows an example of the aligned-design case, 

considering the same wind condition (Ufree-stream = 15m/s) and spacing (Lx and Ly). In 

(a) 

(b) 
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comparison with the design condition (15m/s and TSR=6.6), the land-use ratio (kW/m2) varied 

7.6% for a TSR =4, and 16% for a TSR=5. The variation in the total estimated mechanical power 

happens because even though the first row of turbines produces less mechanical output power 

for lower TSR values, the wake velocity is higher. As a consequence, the second and third rows 

have a higher mechanical output power. Even though we demonstrated that the land-use ratios 

indicated in the previous section are sensitive to the operating conditions, the trends pointed out 

in Figures 5 remain valid. The only aspect that would change in Figure 5, for instance, would be a 

vertical shift in all the curves.  

     

Table 2: Sensitivity of the land-use ratio to the TSR, considering the aligned-turbines design.  

Ufreestream [m/s] TSR 1st row Ly (m) Lx (m) Ratio (kW/m2) P [kW] total 

15 6.6 4D 7D 0.025 44.86 

15 5 4D 7D 0.029 47.84 

15 4 4D 7D 0.0269 51.78 

10 6.6 3D 9D 0.009 15.34 

 

 

 4. Discussion 

Even though the output power production increases as we further increase the spacing 

between rows, the area will increase in this case. Increasing the wind farm area is a problem 

because wind energy is growing and developing fast, and the offer of the windiest and most 

profitable sites will be shrinking in the long term. Besides, some of the land-use barriers 

associated with the development of onshore wind farms also require clear strategies. It will be 

mandatory to consider using more compact designs to use land most efficiently. There are no 

well-established universal standards for wind farm spacing. For instance, typical dense arrays in 

California have up to 6 to 7 hectares (15 to 18 acres) per megawatt of installed capacity, whereas 

typical European wind farms generally occupy 13 to 20 hectares (30 to 50 acres) per megawatt 

of installed capacity [3]. A map showing the placement and the location of all wind turbines in 

the USA can be found in the literature [40], and it is easy to recognize that there is neither 

standardized spacing distance between the turbines nor consistency in layouts symmetry. 

Currently, there is a lack of a protocol and long-term plans towards more efficient use of land in 

onshore wind farms. 

This work demonstrated the level of improvement achieved in wind farm land-use when 

comparing staggered and aligned designs. When designing a wind farm, it is common to assume 

that a staggered design would be more advantageous because of the higher output power 

production. However, Figure 5 demonstrated that, depending on the spacing between rows, 

tightly aligned farms (both laterally and streamwise) could achieve similar land use ratios 
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(kW/m2) compared to staggered farms, but with the advantage of using fewer turbines. Thus, 

tightly aligned farms will positively impact project costs since fewer turbines would be required 

to produce the same wind farm ratio. All in all, more compact aligned farms should be a tendency 

in the long-term future for onshore wind farms.  

Our current study shows new insights on efficiently designing wind farm layouts, taking 

into consideration land-use aspects. We demonstrated that, depending on the spacing, aligned 

designs can be as efficient as staggered ones but using fewer turbines, which will have a better 

cost-benefit. One can point out that we did not consider staggered farms with Ly=2D, which 

would decrease the area and improve the wind farm land-use ratio. We chose not to use this 

layout based on findings from the literature [29] showing a severe increase in fatigue loads on 

downstream rows for staggered farms due to wake interaction effects. Figure 6 shows the effects 

that tightly spaced staggered configurations can produce on the wake, showing that wake 

interaction effects increase for lower lateral spacing (Ly) values. 

The literature shows possibilities of improvements in turbine spacing, but none of these 

contributions specifically addressed the problem of efficiently using land in wind farms. As a rule, 

they all focused on output power, energy production, or costs. For instance, Draper & Nishino 

[30] found staggered designs to be more advantageous for output power. Similarly, Hamilton et 

al. [33, 34], Chamorro et al. [32] and Markfot et al. [31] found advantages of staggered 

configurations for the output power. Importantly, Meyers & Meneveau [24] and Stevens et al. 

[23] achieved similar findings that the current wind farms layout solutions in literature have 

characteristics with considerably lower spacing than computationally optimized layout solutions. 

Thus, wind farms should use more land area than they currently use to achieve more energy 

production. The idea in this work of investigating lateral and downstream spacing and its impact 

on land-use is based on the findings by Stevens et al. [23] and Meyers & Meneveau [24]. 

Increasing land use for wind farms is currently non-realistic for many countries that already have 

restrictions on land use and will probably be a problem for most countries in the future.  

Wind farm land-use can be improved not only by designing optimal layouts but also by 

using Tip Speed Ratio (TSR) control or adjusting operating conditions. Indeed, TSR control can be 

promising in the future to achieve better land-use efficiency.  Table 2 briefly showed that the 

wind farm land-use ratio could achieve 16% improvement by implementing TSR control. These 

results were consistently comparable with data from the literature. Some examples in the 

literature showed the benefits of reducing output power from upstream turbines to enhance the 

total farm output power due to increasing the amount of available power for downstream rotors. 

Pitch Angle and yaw angle control have also been demonstrated effectiveness on output power 

enhancement. For instance, the optimization of Pitch Angle performed by Lee et al. [15] resulted 

in 4.5% improvement, whereas the optimization of both the TSR and Pitch Angle performed by 

González et al. [6] resulted in 7.55%. Kazda et al. [16] achieved a 9.7% increase in the sum of the 
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upstream and downstream turbines by applying sub-optimal operation for the upstream rotor, 

operating with a 12.5% reduction in output power production. Gil et al. [7] achieved up to 6.24% 

in energy captured using sub-optimal operating points. Gebraad et al. [20] demonstrated 

enhancement of 5% in AEP for a wind farm by combining wake steering control and layout 

optimization. The findings of all these referred studies are numerically consistent with the 

findings from Table 2. These examples show that the benefits of controlling wake conditions 

should be explored in the future, opening new possibilities of control strategies to suggest better 

solutions for the wind farm optimization problem.  

This work approached the novel problem of improving wind farm land-use. Possible 

limitations of this work arise from the CFD model implemented to evaluate wake characteristics, 

the number of rows evaluated, and the impact that the turbulence wake field can have on 

components fatigue lifetime. First, it is essential to have further work using other CFD modeling 

techniques to estimate the wind farm land-use ratio. In this work, we simplified this task by using 

a steady-state model previously validated against experimental results. However, there is room 

for improvement using transient models such as Large-Eddy Simulation (LES) ([26], [41]), but 

always considering that the more complex the model is, the higher the computational costs. 

Additionally, considering complex terrain effects (such as the model introduced in [42], and 

reference [43]) can be a further contribution to evaluate the extent in which the findings pointed 

out in this work are valid in other circumstances. Moreover, introducing atmospheric boundary 

layer effects in the model can be an important further improvement. As pointed out by Veers et 

al. [44], one of the grand challenges in wind energy is to improve the understanding of the 

atmospheric flow, therefore LES models could give further insights on the role of the atmosphere 

on wind farm land-use. Second, even though we considered the turbulence wake field in our plot 

of the wake contours (Figure 6), further investigation is needed in future works to correlate wind 

farm land-use ratio and components fatigue lifetime. For instance, Tian et al. [29] found that 

staggered farms considerably increased fatigue loads on downstream rows because of the wake 

interaction effects. Third, a possible limitation arises from the fact that the model in this work 

considered three rows of turbines to explore better layout design options. The goal was to reduce 

the demand for computational resources, while still analyzing such a complex problem of wind 

farm layout.  According to Stevens [24], the optimal spacing depends on wind farm length, which 

is dependent on the number of rows. Future research could increase the number of rows to get 

a better sense of the impact of additional rows on the wind farm land-use ratio. 

 

5. Conclusions 

For the first time in literature, a WFLOP focused on evaluating and improving land-use. 

This work evaluated wind farm layout design and its implications on wind farm land-use, defined 

by the ratio between mechanical output power and the area occupied by the wind turbine rows. 
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A literature review on turbine spacing showed that the options for layout are essentially 

staggered and aligned configurations. By implementing validated computational codes to 

estimate mechanical output power according to the incident wake velocity, this work focused on 

estimating the wind farm land-use as a function of turbine spacing (lateral and streamwise). As a 

rule, staggered layouts (Figure 1a) produce more output power than aligned farms under the 

same operating conditions because of the extra turbine in the middle of the cluster (Figure 1). 

However, staggered layouts should not be as tight as aligned ones in lateral spacing (Ly) because 

the staggered turbine in the middle of the cluster would experience increased turbulence wake 

field and reduced mechanical output power. As a consequence, staggered farms may need more 

area. We found that tightly spaced aligned configurations can produce almost the same values 

of wind farm land-use ratio compared to staggered ones. A comparison between a tightly spaced 

(Ly=2D) aligned configuration and a staggered (Ly=3D) one shows similar wind farm land-use 

ratios, even though the referred aligned case uses fewer turbines than the staggered one. The 

mechanical output power of the referred aligned case was lower than the referred staggered 

one, but a lower amount of land is required.  Therefore, there would be other opportunities for 

the remaining land, either for more turbines or other uses.  
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Appendix  
 

 

 
 

Figure 1. Geometry of the physical domain and wind turbines showing: a) Physical domain and boundary 
conditions; b) Front view of the wind turbines; c) Blade geometry; d) Lateral view of the near wake. The figure 
was adapted from reference [10]. 
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Figure 2. Physical domain and computational mesh of the physical domain showing: a) Front view of the physical 
domain; b) Lateral view of the mesh showing the wake; c) Top view of the mesh of the wake; d) Mesh of the central 
rotative disc; e) Mesh close to the rotor, showing inflation layers. The figure was extracted from reference [10]. 
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