
methods were applied, or their application was directed, by the methods’ originators. Our objective is to help the reader make160

a more informed optimization method selection by clearly comparing the pros and cons of a range of methods and presenting

results from each method on a shared wind farm layout optimization case study with reasonable complexity and a provided

objective function. We also hope to provide a set of high-quality wind farm layout optimization results to serve as benchmarks

for other optimization methods. In the remainder of this paper we present our methods, including a description of the case to

be optimized, the wind farm simulation approach, and a detailed description of the eight optimization methods included. We165

then provide results of the case study and optimization method analysis. We conclude with a brief summary and discussion of

future work.

2 Methods

As mentioned in the introduction, this paper describes eight different strategies used to optimize the same wind farm layout.

The objective of this case study was to maximize the annual energy production (AEP) of a wind farm, based on the Borssele170

III and IV wind farms, by optimizing the placement of 81 wind turbines. The turbines are 10 MW machines with 198 m rotor

diameters based on the IEA 10 MW reference wind turbine (Bortolotti et al., 2018). The wind farm boundary for this case study

was split into five discrete regions, shown in Fig. 1. The presence of unconnected regions in the wind farm boundary can be

challenging when an algorithm requires a continuous objective function or derivatives. The wind turbines can be placed in any

of the five regions of the wind farm, but not between them, making the problem inherently discontinuous and non-differentiable.175

We used a simple Gaussian wake model based on Bastankhah’s Gaussian wake model (Bastankhah and Porté-Agel, 2016),

and presented in the IEA case study 3 and 4 announcement documents (Baker et al., 2021), to calculate wind speeds at each

turbine in the wind farm.

�V

V1
=

8
><

>:

h
1�

q
1� CT

8�2
y/d

2

i
exp

✓
�0.5

h
�y
�y

i2◆
, if �x > 0

0, otherwise,
(1)180

where �V is the velocity deficit, V1 is the wind velocity without wake losses, CT = 8/9 is the constant thrust coefficient;

d = 198 is the rotor diameter; �y is the distance from the center of the wake to the point of interest perpendicular to the wind

direction; �x is the distance from the turbine generating the wake to the point of interest in the wind direction; and �y controls

the width of the wake. The value of �y is calculated as

�y = ky�x +
dp
8
, (2)185

where ky is a tuned variable based on turbulence intensity. We used ky = 0.0324555 based on a turbulence intensity of 0.075

(Niayifar and Porté-Agel, 2016; Baker et al., 2021). The individual wake calculations were combined using the square-root-of-

6



Figure 1. An overhead view of the wind farm used for the case study, including the provided example wind farm layout. Numbers in

parentheses indicate region numbers. Wind turbine markers’ diameters are the rotor diameters.

the-sum-of-the-squares method (Katic et al., 1986).


�V

V1

�

total

=

vuut
NTX

k=1


�Vk

V1

�2
, (3)

where NT is the number of wind turbines.190

The objective function code was provided in the Python programming language, but some authors chose to re-implement

the code in a different language. The wind resource, shown in Fig. 2, was divided into 360 different wind direction bins, and

the wind speeds were assumed to follow a Weibull distribution, with 20 speed samples per wind direction. We increased the

number of wind directions from the wind rose given in the original case study documents to make the problem more realistic.

A more complete description of the case study can be found in Baker et al. (2021).195

We compared the results of the optimization algorithms using a range of metrics in an attempt to capture some of the

trade-offs between the algorithms. The simplest comparison was based on the objective function, AEP, calculated as

AEP =


hours
day

�
days
year

� NDX

i=1

NSX

j=1

fij

NTX

k=1

Pijk, (4)

where the power of each turbine k for each wind direction i and speed j is represented by Pijk; the probability of a given

wind speed and wind direction combination is given by fij ; ND and NS represent the number of wind directions and wind200

7



References945

Arnoud, A., Guvenen, F., and Kleineberg, T.: Benchmarking Global Optimizers, Working Paper 26340, National Bureau of Economic Re-

search, https://doi.org/10.3386/w26340, 2019.

Baker, N. F., Stanley, A. P. J., Thomas, J. J., Ning, A., and Dykes, K.: Best Practices for Wake Model and Optimization Algorithm Selection

in Wind Farm Layout Optimization, in: AIAA Scitech 2019 Forum, San Diego, CA, https://doi.org/10.2514/6.2019-0540, 2019.

Baker, N. F., Thomas, J. J., Stanley, A. P. J., and Ning, A.: IEA Task 37 Wind Farm Layout Optimization Case Studies,950

https://doi.org/10.5281/zenodo.5809681, 2021.

Bastankhah, M. and Porté-Agel, F.: Experimental and theoretical study of wind turbine wakes in yawed conditions, Journal of Fluid Mechan-

ics, 806, 506–541, https://doi.org/10.1017/jfm.2016.595, 2016.

Belegundu, A. D. and Chandrupatla, T. R.: Optimization Concepts and Applications in Engineering, Cambridge University Press, 2nd edn.,

2011.955

Bezanson, J., Edelman, A., Karpinski, S., and Shah, V. B.: Julia: A fresh approach to numerical computing, SIAM REV, 59, 65–98, https:

//doi.org/10.1137/141000671, 2017.

BMWi: Internationaler Preisvergleich Elektrizität für Industrie, Tech. rep., BMWi, table 29a, 2021.

Bortolotti, P., Dykes, K., Merz, K., Sethuraman, L., and Zahle, F.: IEA Wind Task 37 on System Engineering in Wind Energy, WP2 -

Reference Wind Turbines, Tech. rep., National Renewable Energy Laboratory (NREL), Golden, CO., 2018.960

Brogna, R., Feng, J., Sørensen, J. N., Shen, W. Z., and Porté-Agel, F.: A new wake model and comparison of eight algorithms for layout opti-

mization of wind farms in complex terrain, Applied Energy, 259, 114 189, https://doi.org/https://doi.org/10.1016/j.apenergy.2019.114189,

2020.

Dykes, K. L., Zahle, F., Merz, K., McWilliam, M., and Bortolotti, P.: IEA Wind Task 37: Systems Modeling Framework and Ontology for

Wind Turbines and Plants, https://www.osti.gov/biblio/1375625, 2017.965

Fischetti, M. and Monaci, M.: Proximity search heuristics for wind farm optimal layout, Journal of Heuristics, 22, 459–474, 2016.

Fleming, P., Ning, A., Gebraad, P., and Dykes, K.: Wind Plant System Engineering through Optimization of Layout and Yaw Control, Wind

Energy, 2015.

Gebraad, P., Thomas, J. J., Ning, A., Fleming, P., and Dykes, K.: Maximization of the Annual Energy Production of Wind Power Plants by

Optimization of Layout and Yaw-Based Wake Control, Wind Energy, 20, 97–107, https://doi.org/10.1002/we.1993, 2017.970

Gill, P., Murray, W., and Saudners, M.: SNOPT: an SQP algorithm for large-scale constrained optimization, SIAM Review, 47, 99–131,

2005.

Gill, P. E., Murray, W., and Saunders, M. A.: SNOPT: An SQP algorithm for large-scale constrained optimization, SIAM Journal of Opti-

mization, 12, 979–1006, https://doi.org/10.1137/S1052623499350013, 2002.

Grady, S., Hussaini, M., and Abdullah, M.: Placement of wind turbines using genetic algorithms, Renewable Energy, 30, 259 – 270,975

https://doi.org/https://doi.org/10.1016/j.renene.2004.05.007, 2005.

Gray, J. S., Hearn, T. A., Moore, K. T., Hwang, J., Martins, J., and Ning, A.: Automatic Evaluation of Multidisciplinary Derivatives Using

a Graph-Based Problem Formulation in OpenMDAO, in: 15th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference,

American Institute of Aeronautics and Astronautics, https://doi.org/doi:10.2514/6.2014-2042, 2014.

41

https://doi.org/10.3386/w26340
https://doi.org/10.2514/6.2019-0540
https://doi.org/10.5281/zenodo.5809681
https://doi.org/10.1017/jfm.2016.595
https://doi.org/10.1137/141000671
https://doi.org/10.1137/141000671
https://doi.org/10.1137/141000671
https://doi.org/https://doi.org/10.1016/j.apenergy.2019.114189
https://www.osti.gov/biblio/1375625
https://doi.org/10.1002/we.1993
https://doi.org/10.1137/S1052623499350013
https://doi.org/https://doi.org/10.1016/j.renene.2004.05.007
https://doi.org/doi:10.2514/6.2014-2042


Gray, J. S., Hwang, J. T., Martins, J. R. R. A., Moore, K. T., and Naylor, B. A.: OpenMDAO: An Open-Source Frame-980

work for Multidisciplinary Design, Analysis, and Optimization, Structural and Multidisciplinary Optimization, 59, 1075–1104,

https://doi.org/10.1007/s00158-019-02211-z, 2019.

Griewank, A. and Walther, A.: Evaluating Derivatives: Principles and Techniques of Algorithmic Differentiation, Society for Industrial and

Applied Mathematics, 2nd edn., 2008.

Guirguis, D., Romero, D. A., and Amon, C. H.: Toward efficient optimization of wind farm layouts: Utilizing exact gradient information,985

Applied Energy, 179, 110 – 123, https://doi.org/https://doi.org/10.1016/j.apenergy.2016.06.101, 2016.

Ha, D.: A Visual Guide to Evolution Strategies, blog.otoro.net, https://blog.otoro.net/2017/10/29/visual-evolution-strategies/, 2017.

Hansen, N., Akimoto, Y., and Baudis, P.: CMA-ES/pycma on Github, Zenodo, DOI:10.5281/zenodo.2559634,

https://doi.org/10.5281/zenodo.2559634, accessed: 2020-07-03 at https://github.com/CMA-ES/pycma, 2019.

Herbert-Acero, J., Probst, O., Rethore, P., Larsen, G., and Castillo-Villar, K.: A Review of Methodological Approaches for the Design and990

Optimization of Wind Farms, Energies, 7, 2014.

IEA: IEA Wind Task 37, https://iea-wind.org/task37/, 2021.

Katic, I., Højstrup, J., and Jensen, N.: A Simple Model for Cluster Efficiency, in: European Wind Energy Association Conference and

Exhibition, European Wind Energy Association, Rome - Italy, 1986.

Koziel, S. and Yang, X.-S., eds.: Computational Optimization, Methods and Algorithms, Studies in Computational Intelligence, Springer,995

Berlin, Heidelberg, 2011.

Kunakote, T., Sabangban, N., Kumar, S., Tejani, G. G., Panagant, N., Pholdee, N., Bureerat, S., and Yildiz, A. R.: Comparative

Performance of Twelve Metaheuristics for Wind Farm Layout Optimisation, Archives of Computational Methods in Engineering,

https://doi.org/10.1007/s11831-021-09586-7, 2021.

Lambe, A. B. and Martins, J. R. R. A.: Extensions to the Design Structure Matrix for the Description of Multidisciplinary Design, Analysis,1000

and Optimization Processes, Structural and Multidisciplinary Optimization, 46, 273–284, https://doi.org/10.1007/s00158-012-0763-y,

2012.

Martins, J. R. R. A. and Hwang, J. T.: Review and Unification of Methods for Computing Derivatives of Multidisciplinary Computational

Models, AIAA Journal, 51, 2582–2599, https://doi.org/10.2514/1.J052184, 2013.

Martins, J. R. R. A. and Ning, A.: Engineering Design Optimization, Cambridge University Press, 2022.1005

MathWorks: MATLAB Direct search function, https://de.mathworks.com/help/gads/patternsearch.html, accessed: 2020-07-03, 2020.

Mobahi, H. and Fisher, III, J.: A Theoretical Analysis of Optimization by Gaussian Continuation, https://www.aaai.org/ocs/index.php/AAAI/

AAAI15/paper/view/9299, 2015.

Mosetti, G., Poloni, C., and Diviacco, B.: Optimization of wind turbine positioning in large windfarms by means of a genetic algorithm,

Journal of Wind Engineering and Industrial Aerodynamics, 51, 105 – 116, https://doi.org/https://doi.org/10.1016/0167-6105(94)90080-9,1010

1994.

Niayifar, A. and Porté-Agel, F.: Analytical Modeling of Wind Farms: A New Approach for Power Prediction, Energies, 9, 741,

https://doi.org/10.3390/en9090741, 2016.

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.: Numerical Recipes: The Art of Scientific Computing, Combridge

University Press, 3rd edn., 2007.1015

Quaeghebeur, E.: equaeghe/wflopg: Initial release, https://doi.org/10.5281/zenodo.4072253, 2020.

42

https://doi.org/10.1007/s00158-019-02211-z
https://doi.org/https://doi.org/10.1016/j.apenergy.2016.06.101
https://blog.otoro.net/2017/10/29/visual-evolution-strategies/
https://doi.org/10.5281/zenodo.2559634
https://iea-wind.org/task37/
https://doi.org/10.1007/s11831-021-09586-7
https://doi.org/10.1007/s00158-012-0763-y
https://doi.org/10.2514/1.J052184
https://de.mathworks.com/help/gads/patternsearch.html
https://www.aaai.org/ocs/index.php/AAAI/AAAI15/paper/view/9299
https://www.aaai.org/ocs/index.php/AAAI/AAAI15/paper/view/9299
https://www.aaai.org/ocs/index.php/AAAI/AAAI15/paper/view/9299
https://doi.org/https://doi.org/10.1016/0167-6105(94)90080-9
https://doi.org/10.3390/en9090741
https://doi.org/10.5281/zenodo.4072253


Quaeghebeur, E., Bos, R., and Zaaijer, M. B.: Wind farm layout optimization using pseudo-gradients, Wind Energy Science, 6, 815–839,

https://doi.org/10.5194/wes-6-815-2021, 2021.

Réthoré, P.-E., Fuglsang, P., Larsen, G. C., Buhl, T., Larsen, T. J., and Aagaard Madsen, H.: TOPFARM: Multi-fidelity optimization of wind

farms, Wind Energy, 17, 1797–1816, 2014.1020

Revels, J., Lubin, M., and Papamarkou, T.: Forward-Mode Automatic Differentiation in Julia, arXiv:1607.07892 [cs.MS], https://arxiv.org/

abs/1607.07892, 2016.

Rios, L. M. and Sahinidis, N. V.: Derivative-free optimization: a review of algorithms and comparison of software implementations, Journal

of Global Optimization, 56, 1247–1293, https://doi.org/10.1007/s10898-012-9951-y, 2013.

Serrano González, J., Trigo García, Á. L., Burgos Payán, M., Riquelme Santos, J., and González Rodríguez, Á. G.:1025

Optimal wind-turbine micro-siting of offshore wind farms: A grid-like layout approach, Applied Energy, 200, 28–38,

https://doi.org/https://doi.org/10.1016/j.apenergy.2017.05.071, 2017.

Stanley, A. P. J. and Ning, A.: Massive Simplification of the Wind Farm Layout Optimization Problem, Wind Energy Science, 4, 663–676,

https://doi.org/10.5194/wes-4-663-2019, 2019.

Thomas, J., Gebraad, P., and Ning, A.: Improving the FLORIS Wind Plant Model for Compatibility with Gradient-Based Optimization, Wind1030

Engineering, https://doi.org/10.1177/0309524X17722000, 2017.

Thomas, J. J. and Ning, A.: A Method for Reducing Multi-Modality in the Wind Farm Layout Optimization Problem, in: Journal of Physics:

Conference Series, vol. 1037, The Science of Making Torque from Wind, Milano, Italy, https://doi.org/10.1088/1742-6596/1037/4/042012,

2018.

Thomas, J. J., Annoni, J., Fleming, P., and Ning, A.: Comparison of Wind Farm Layout Optimization Results Using a Simple Wake Model and1035

Gradient-Based Optimization to Large-Eddy Simulations, in: AIAA Scitech 2019 Forum, San Diego, CA, https://doi.org/10.2514/6.2019-

0538, 2019.

Thomas, J. J., Bay, C. J., Stanley, A. P. J., and Ning, A.: Gradient-Based Wind Farm Layout Optimization Results Compared with Large-Eddy

Simulations, Wind Energy Science, (in review), 2022a.

Thomas, J. J., McOmber, S., and Ning, A.: Wake Expansion Continuation: Multi-Modality Reduction in the Wind Farm Layout Optimization1040

Problem, Wind Energy, https://doi.org/https://doi.org/10.1002/we.2692, 2022b.

Tilli, F.: Greedy wind farm layout optimization using pre-averaged losses, Master’s thesis, Delft University of Technology, http://resolver.

tudelft.nl/uuid:4b118ae1-536d-4e0b-a30b-d88ba818c918, 2019.

Turner, S., Romero, D., Zhang, P., Amon, C., and Chan, T.: A new mathematical programming approach to optimize wind farm layouts,

Renewable Energy, pp. 674–680, 2014.1045

Wasan, M.: Stochastic Approximation, Cambridge University Press, 1969.

Wu, N., Kenway, G., Mader, C. A., Jasa, J., and Martins, J. R.: pyOptSparse: A Python framework for large-scale constrained nonlinear

optimization of sparse systems, Journal of Open Source Software, 5, 2564, 2020.

Yang, Q., Li, H., Li, T., and Zhou, X.: Wind farm layout optimization for levelized cost of energy minimization with

combined analytical wake model and hybrid optimization strategy, Energy Conversion and Management, 248, 114 778,1050

https://doi.org/https://doi.org/10.1016/j.enconman.2021.114778, 2021.

Zergane, S., Smaili, A., and Masson, C.: Optimization of wind turbine placement in a wind farm using a new pseudo-random number

generation method, Renewable Energy, 125, 166–171, https://doi.org/https://doi.org/10.1016/j.renene.2018.02.082, 2018.

43

https://doi.org/10.5194/wes-6-815-2021
https://arxiv.org/abs/1607.07892
https://arxiv.org/abs/1607.07892
https://arxiv.org/abs/1607.07892
https://doi.org/10.1007/s10898-012-9951-y
https://doi.org/https://doi.org/10.1016/j.apenergy.2017.05.071
https://doi.org/10.5194/wes-4-663-2019
https://doi.org/10.1177/0309524X17722000
https://doi.org/10.1088/1742-6596/1037/4/042012
https://doi.org/10.2514/6.2019-0538
https://doi.org/10.2514/6.2019-0538
https://doi.org/10.2514/6.2019-0538
https://doi.org/https://doi.org/10.1002/we.2692
http://resolver.tudelft.nl/uuid:4b118ae1-536d-4e0b-a30b-d88ba818c918
http://resolver.tudelft.nl/uuid:4b118ae1-536d-4e0b-a30b-d88ba818c918
http://resolver.tudelft.nl/uuid:4b118ae1-536d-4e0b-a30b-d88ba818c918
https://doi.org/https://doi.org/10.1016/j.enconman.2021.114778
https://doi.org/https://doi.org/10.1016/j.renene.2018.02.082

