Answers to Reviewer #1

The paper proposes a method to solve the wind farm layout optimization problem while taking
into account alignment constraints. These can be relevant when the navigability of vessels within
the wind farm is considered. This method is based on an algorithm that parametrizes the possible
turbines’ positions within the domain through the intersections of a grid based on parallelograms.
This enables to reduce the size of the problem and to obtain an effective convergence. The
problem is rigorously formulated and the algorithm is widely described within the document.
Finally, the selection of the hyperparameters are discussed and the algorithm is used to solve a
widely known example to prove its effectiveness. Overall, this work introduces an interesting
method to tackle the challenging layout optimization problem, but it could be further improved by
making some modifications. Here | have included my suggestions.

GENERAL COMMENTS

The contributions of this paper should be highlighted more within the methodology. This comment
mainly refers to the identification of the innovative aspectintroduced in this research with respect
to the several works available in literature where the turbine layouts are parameterized through
the angles and distances of a regular grid. For instance, many studies do not consider the
possibility of “not occupying” a grid intersection (which is considered here). Another innovative
aspect is the application of a domain composed by multiple regions. Such aspects (along with
the other differences) should be highlighted.

We have added the following paragraph on lines 35-38:

By alignment constraint, we place the turbines at the intersections of a regular grid composed of
parallelograms, whose shape and orientation are to be determined, while considering the
possibility of not occupying all the grid's intersections. This possibility is a key feature of the
proposed algorithm, and its interest is illustrated in the numerical examples presented in the

paper

Overall, the paper defines the optimization problem using clear and rigorous mathematical
expressions and definitions. However, a more detailed description of such expressions within the
text could facilitate the readability of the work.

The aspect of introducing the alignment constraint to focus for instance on the navigability of
vessels within the farm is innovative and interesting. To give additional value to this aspect, | would
suggest to add some references where this requirement is mentioned.

The authors of this paper contributed their expertise to industrial partners responding to tenders
for offshore wind farm projects. All these projects required alignment constraints, as formulated
in this paper. Unfortunately, the technical specifications are not publicly available. However,
regular layout constraints are mentioned in two technical reports from the French Ministry of
Transport and the Maritime and Coastguard Agency from the UK. These reports are now cited in
the introduction on lines 39-40

The fact that the parameters Delta_1 and Delta_2 do not depend on each turbine ensure the
alignment constraint. However, it could be interesting to mention (as future work) that allowing
small deviations of these parameters for every turbine could be the starting point for a sensitivity
analysis based on the relaxation of such constraint.



We have added the following sentence in the conclusion of the paper.

Finally, to quantify the effect of alignment constraints on the wake losses, one could perform a
sensitivity analysis by allowing small displacements of each turbine, resulting in an almost aligned
layout.

Several times the authors refer to the description of the algorithms included in the Appendix. To
facilitate the reading, | would suggest to include a description of the algorithm (e.g. using some
block visualizations) within the main text.

Done

SPECIFIC COMMENTS

e |nthe lines 33-34, it is mentioned that there is no method in the literature that takes into
account the alignment constraints. However, these are implicitly taken into account when
the turbines are placed at the intersection points of a regular grid. Despite the number of
optimization variables that define such a grid are limited in most of the studies, this should
be mentioned in the introduction.

We have added the following paragraph on lines 35-38:

By alignment constraint, we place the turbines on the intersections of a regular grid made of
parallelograms whose shape and orientation are to be determined while considering the
possibility of not occupying all of the grid's intersections. This possibility is a key feature of the
proposed algorithm, and its interest is illustrated in the numerical examples of the paper

e |n section 3.1, the parameters used for the parameterization of the grid shape are
described only by referring to the Figure 1. However, a brief description within the text
could facilitate the reading

We have added the following paragraph on lines 101-103:

The grid is a parallelogram-based tiling of the plane, the parameters 1,1, are the two sides’
length of the parallelogram, the parameter 0, (resp. 8,) is the angle formed between the side
of the parallelogram of length r; (resp. r,) and the x-axis. Finally the parameters vy, v,, is the
offset between the origin of the Cartesian and the parallelogram-based grids

e The mathematical formulation of the objective function (Equation 8) is clear but “over-
complicated” with respect to the ones usually present in the literature (even though they
are equivalent). | would suggest to provide further description within the text to facilitate
the reading.

We have rewritten the definition in a less abstract fashion and including more details to
facilitate the reading.

e | would suggest to modify the notation used to indicate the turbine diameter to make the
expressions more clear.

Done, the notation is now Dy,

e Figures 4 and 5 are quite difficult to understand and interpret. | would suggest to use a 2d
visualization including various lines/points for the different parameters.



We have modified these Figures according to the reviewer suggestions.

In section 5.1 the method used to compute the AEP is described. | would include also the
discretization adopted to for the wind speed and the wind direction values, which are
relevant for the computational time that is further described.

We included the discretization bins to compute the AEP (line 206)

In table 2, it is not clear if the computational time column refers to the step 4 of the
algorithm described in section 4.1. If this is the case, it would be helpful to mention also
the computational time required for the step 2 (section 4.1) as a function of the
hyperparameters. Moreover, please highlight why only some combinations of angles are
presentin the table.

In these tables, the shape parameters displayed are the optimal ones corresponding to the best
layout. To avoid any ambiguity, we now name the column “optimal shape parameters.”

Done

In every table that the computational time is mentioned, the processor that has been used
should be mentioned to facilitate the reading.

The title of section 6 does not match exactly its content. | would recommend to modify it
in order to enhance that a new method is introduced to increase the performance.
Moreover, in this section it is not clear why the focus of the modified algorithm is on the
AEP increase instead of the computational time reduction, please provide some
arguments. My concern arises since at the beginning you highlight the need of increase
the speed of convergence instead of the need of converging to a better result. Finally, |
would consider using a visualization to show the increased performance of this method
(more effective than a table), e.g. increase of AEP as a function of the number of turbines,
also to enhance the linear behavior mentioned in the text.

We have explained in more detail that fine-tuning the shape parameters using the proposed
method is too computationally expensive. However, it is necessary to get a good layout AEP-wise.
Therefore, an efficient shape-parameter-space exploration method allows for fine-tuning these
parameters while keeping computation time reasonable. This explanation ranges from line 243 to

249

Answers to reviewer #2

The reviewer strongly believes that the paper presents critical wind farm layout optimization
aspects. The results appear original and very well written.

Page1: Title. While it is generally understood why the author is discussing wind farm layout, it
might be clear to revise the title to explicitly mention "offshore" wind farm layout to clarify the



study's focus, as offshore constraints differ widely from onshore. This would also improve clarity
for future citations.

We have changed the title to “Offshore Wind Farm Layout Optimization with Alignment
Constraints”.

Page1: Lined. “to the authors’ best knowledge” is unnecessary. It is expected that the author
performs extensive research and could state that they performed an extensive literature review
and did not find any prior studies on the topic.

This useless sentence has been removed.

Page1: Abstract. Generally, improve clarity in the abstract. For instance, when stating, “the
contributions of this paper are twofold,” explicitly mention the method - heuristics - rather than
vaguely referring to it as a method to handle the optimization problem.

The abstract has been modified as follows

This paper makes two contributions. First, we propose a model of AEP maximization with
alignment constraints as a mixed-integer nonlinear problem, where the continuous parameters
are the parallelogram-based tiling parameters and the discrete variables are the turbines’
positions at the tiling’s intersections. Second, we provide a heuristic derived from the DEBO
algorithm from Thomas et al. (2023) developed by the same team.

Page1: Line13. Provide reference to the claimin Line 13/14

We have added two references, the recent paper on Flowers and the review by Porté-Agel and al.
from 2020

e |oCascio, M. J.,, Bay,C. J., Martinez-Tossas, L. A., Bastankhah, M., and Gorlé, C.: FLOWERS
AEP: An Analytical Model for Wind Farm Layout Optimization, Wind Energy, 27, 1563-
1580, 2024

e Porté-Agel, F., Bastankhah, M., and Shamsoddin, S.: Wind-Turbine and Wind-Farm Flows:
A Review, Boundary-Layer Meteorolgy, 174,1-59, 2020

Page3: Line60. Z* is redundant. Not utilized in the rest of the paper

Infact, Z, is used once in the paperin Eq (17) to define the minimal distance constraint. Therefore,
we propose to keep this definition in the notations.

Page3: Line81. Clarify how the random wind variable was determined. Because the probability
distribution of wind speed and direction were introduced on Page 4.

The whole definition 3 has been rewritten according to reviewer #1 and #2 comments.

Page4-8: Study domain. Was a regularization term introduced to prevent overfitting specific wind
conditions for wake? How will this change the result?

This is an excellent question which raises the question of the robustness of the solution to the
wind probability distribution. The sensitivity or the objective function with respect to the
distribution is easy to compute when the support the probability measure is unchanged, thatis to
say, when a modified probability writes P := YN_;(p(w w}) + Ap(w, WZ;))5(W§1’W3) , where

YnAp(wd,w}) = 0. In this case the cost variation writes



N
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However, if the support is changed, things are more involved and one could consider using
Distributionnally Robust Optimization methods which are out of the scope of the present paper.
Nevertheless we have added this problematic as a potential future work in the Conclusion.

Pageb: Line116. 61 is a constraint as provided in Fig1, which means the wind farm is constrained
to 81 between —90 and 90. Are wind farms never alighed outside these angles? See comments on
Fig7.

We constraint 8; € [—90,90] because of the periodical behavior of the tiling. Indeed, the grid
parameterization with 8; = 110° is the same than 8; = 110 — 180 = —70. We have added the
following sentence in the paper:

We only consider 81 €(-rt/2, /2] since 61 >1/2 (resp. 61 < -1t/2) yields the same tiling as 61 — /2
(resp. 61 + 1t/2).

Pageb: Line18. Dmin and Dmax are not specified as a multiplication of rotor diameter. Some wake
models utilize 5D, 6D, 7D etc of the rotor diameter (D)

We use this parameterization in the numerical examples, but for the sake of readability we chose
not to use this parameterization in the definition of the minimal distance.

Page8: Line184. The authors compare their case study to Thomas et al. (2023) DEBO algorithm,
but they do not provide a direct numerical comparison of the results

The problem we are facing here is that no other algorithms are dealing with alignment constraints.
Therefore, comparing with a layout not satisfying an alighment constraint is unfair since relaxing
these constraints allow for a substantial increase in AEP.

Page14: Line246. The conclusion claims that their proposed method outperforms a baseline but
does not specify by what percentage.

The increase in AEP with respect to the baseline layout is 0.41% , we have added this figure in the
paragraph

General comments:

The heuristic model lacks sufficient detail in the explanation. Because it did not compare with the
baseline models to see how they outperformed the others.

We decided to show the increase of performance when using the exploration heuristic without
giving details on the exploration method just to illustrate that future works could focus on this part
of the overall algorithm since it is possible to both accelerate the algorithm and find better layouts
with a good exploration heuristics.

Results lack error analysis, confidence intervals, or sensitivity to other wake model assumptions.

Reviewers #2 and #3 have opposite thoughts on the matter. In the authors' opinion, a sensitivity
analysis of the wake models would indeed be interesting, but it should be addressed in a separate



paper that focuses on the robustness of optimization models with respect to uncertainties,
including the wake model.

Basic explanations for the choice of constraints made are generally not provided. For instance,
how does reducing Ar (grid spacing) affect AEP and computational cost?

We have made numerous changes regarding the impact of these parameters on the AEP and
computation time. The 3D plots are now 2D and are much easier to read, better illustrating the
effects of these parameters on the algorithm's performance.

Answers to reviewer #3

The article tackles a relevant and interesting topic in wind energy: alignment constraints imposed
on wind farm developers by maritime authorities to secure the navigation of boats near wind
farms. Despite being well-written from the mathematical point of view, in my view, the article
needs improvements in all the bullet points described below.

Line 18: Many other reviews have come up since Herbert-Acero.
We have added more recent reviews.

Line 25: “12” should be written as “twelve”.

Done

Introduction: I didn’t understand the criteria for this literature review. For instance, why are genetic
algorithms and particle swarms even mentioned? Did you do anything related? The idea of
randomly mentioning a few papers does not seem scientifically sound. | would stick to papers
that are at least more or less related to the general topic. What are the papers that were the closest
to analyzing alignment constraints? For instance, line 39 would align well with Fischetti's work
cited in line 24.

It is true that our optimization method does not belong to the same category as genetic
algorithms. However, all of these papers produce aligned layouts. This is ho prerequisite, but a
consequence of their modelization using a coarse orthonormal discretization of the admissible
domain. Therefore, we decided to include these references in the bibliography. The paper by
Fischetti, describes the problem at hand as a MINLP problem. This model allows for a finer
discretization of the admissible domain which can output wind farms which do not satisfy any
alignment constraint.

In the Introduction, it is not clear (or not easy to identify) what benchmark the authors refer to. Is
this the benchmark by Thomas et al. (2023)? What are you benchmarking? AEP?

The benchmark is indeed the numerical example treated in this paper.

Line 71 and 72: | tried the search for “conjonction” in some dictionaries, but | am suspicious there
is a typo mistake in there.

We have corrected this mistake
Figure 1 legend: there should be an endpoint on that sentence (and all the other subfigures).

We have corrected this mistake



Section 5.2: why do you need to use Dmax? Not clear.

Dmax can be chosen as large as one needs. In practice it is convenient to limit this value to avoid
running Algorithm 5 for shape parameters such that the number of admissible intersections is
inferior to Nmax. We have added the following explanation in the algorithm’s description

There is no upper limit to the Dmax value. However, it is useless to set this parameter at a large
value. Indeed, beyond a certain value d > Dmin, any shape parameters configuration such thatr1,
r2 > d will produce coarse grids with less than Nmax admissible intersections.

Figure 2. This figure seems a bit raw and could be further improved. Probably, at the very least,
with the names of each zone. The size can be reduced. It is right now occupying unproportional
space in the article.

We have deleted the figure since the zones are well visible in the numerical results illustrations.

The whole section 5.2 talks about the influence of hyper-parameters on the AEP. How does that
relate to your storylines? Aren’t you showcasing your methodology for alignment constraints?
Shouldn’t you only have sections that support that? | didn’t understand the point of this section
and how that supports the storyline.

This reviewer has an opinion opposite to reviewer #2. The authors of this paper agree with the
reviewer's point of view and focus on the optimization algorithm rather than the hyperparameters
of wake models. However, the hyperparameters we refer to are the optimization algorithm’s
hyperparameters. Therefore, we analyze the effect of these tuning parameters on the
performance of the optimization algorithm in terms of the objective function (AEP) and
computation time.

Line 227: what kind of heuristics? | get that it is confidential, | just don’t get why are you showing
itin this open-access scientific publication. No one can replicate/confirm/compare the results.

We chose to present these results to illustrate the strong incentive for improving the exploration
method to enhance the algorithm's performance.

Line 249: not demonstrated (the benefits of heuristics).
The benefits are showcased on Table 4 and mainly consist in finding a layout with a better AEP.
Line 250: The wind community cannot use the heuristics; it is proprietary.

The purpose is to illustrate that future works should focus on shape parameter exploration
techniques.

In my opinion, the paper should focus on showcasing the methodology for the alignment
constraints. | think it is well contextualized in that sense, as lines 35-38 describe. Other than that,
| couldn’t understand how all the hyperparameter analysis contributed to advancing the state of
the art in the topic.
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