Response to Reviewer 1

Matteo Baricchio, Pieter M.O. Gebraad and Jan-Willem van Wingerden

Before responding, we would like to thank you for the time spent on reading our work and we highly
appreciate your relevant comments that have helped us to improve the quality of the manuscript. We
have included below our response to your comments, which are shown in blue. The main modifications
made in the paper are included in this document in magenta.

The paper describes a new way to tackle a combined wind farm layout and wake steering optimization
problem by applying a genetic algorithm. With some clever methods to handle mutation and crossover,
it is able to produce better results than with a basic implementation available in PyGAD, which has
trouble converging. Moreover, the paper builds on the work of Stanley et al. (2023) to avoid a nested
optimization and does so by proposing a new formulation for the geometric yaw relation. The AEP
gains are in the order of 0.4%, which is significant for a commercial wind farm and worth pursuing.
The authors explain the method very thoroughly and included a couple of helpful drawings to help the
reader understand at key points in the story. It is also very valuable that the results are presented in
a statistical fashion to show the random nature of the algorithms.

Nevertheless, I would like to make some suggestions to improve the paper. First, it would be good
to explain (qualitatively) how the geometric yaw expressions depend on the assumed wake shape and
possibly the wind turbine type. This could explain why the expression from Stanley et al. (2023) does
not translate well to this study. The tuning parameter 7,,,, could also benefit from some introduc-
tion, especially since it can be linked to physical actuation limits and may be a first step towards a
multi-objective optimization with structural loads.

Thanks for these questions and remarks. These are relevant points that have been included in the
paper as follows. First, in the Discussion section a paragraph has been added to comment on the
limitations of our study concerning the wake models and reference turbine chosen for our simulation.
Specifically, the effect of adopting a wake added turbulence or changing the size of the reference turbine
is discussed qualitatively. Second, a paragraph is added in section 4.3 to highlight the “meaning’ of
the Yimae parameter, mentioning the possibility of adapting its value in case structural loading and/or
actuation limits are taken into account.

Added paragraph in the Discussion: The results described in these sections are limited to the con-
ditions tested in this study, which give a broad quantitative overview of the co-design potential but
leave some points of discussion that can be addressed qualitatively as follows. First, the wake models
adopted in this work can influence the results of this analysis. Specifically, the adoption of a wake
added turbulence model such as Crespo-Hernandez (Crespo and Hernandez, 1996) is expected to widen
the wake shape and enhance its recovery. This could decrease the effectiveness of wake steering and
the co-design approach in case of large wind farms. However, these choices are not expected to impact
significantly neither the geometric yaw relations nor the magnitude of the AEP gains described in this
study. Second, the results presented in this research refer to the chosen reference turbine, i.e. the DTU
10MW, and therefore can differ in case of a different turbine type. Nevertheless, all the geometric re-
lations presented here are normalized with the rotor diameter, hence they are not sensitive on the size
of the turbine. However, the mismatch between the geometric models, which generally scale with D,
and the wind turbine power, proportional to D?, can influence the analysis. This is expected to have
a consequence on the coefficients of the geometric yaw relations, requiring additional tuning, whereas
the final conclusion should not be impacted significantly.

Added paragraph in the section 4.3: Among the various coeflicients present in the geometric yaw rela-
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Figure 1: Regular layout for a 16-turbines wind farm

tions and included in Table 4, ¥,,4. has a clear physical interpretation since it represents the maximum
absolute value for the yaw angles of the turbines. In this study, Yma: has been tuned targeting the
maximization of the AEP without applying any restriction. However, the tuning of 7,4, could be
constrained to take into account actuation limits or requirements on the structural loading, since it
has been demonstrated that wake steering can have a negative impact on some load channels (Shaler
et al., 2022).

Furthermore, with 36 wind direction bins (i.e., 0, 10, ..., 350°), there may be a danger that the op-
timizer is gaming the cost function by orienting the turbines along the edges of the wind direction
bins (i.e., along 5, 15, ..., 355°). Since the AEP increases are only < 0.5%, this could play a role.
Have the authors checked the resulting layouts for such artefacts and whether they impact the result
significantly?

Thank you so much. We did not realize this aspect and we did an extra study concerning the sen-
sitivity on the wind direction resolution, i.e. the size of the wind direction bins. This turned out
to provide significant insights related to our work. Therefore, we have added a new section (6.6) in
the manuscript where this analysis is described. In the following paragraphs we will provide further
comments to motivate and clarify the content added to the manuscript.

In summary, the base-case described in section 5.2 has been simulated with different wind direction
resolutions, affecting both the layout-optimization phase and the subsequent yaw optimization per-
formed through the serial-refine method. Decreasing the size of the wind direction bins, i.e. using a
finer resolution for the wind direction, a drop in the AEP improvement has been obtained, as shown
in the added Fig. 19 of the manuscript.

To gain further insights on this behaviour, a toy example consisting of 16-turbines in a regular 4x4
layout is studied, keeping the other characteristics of the base-case (e.g. power density 20 W/m?).
This example is chosen since the directions of the main wake losses are clear and intuitive. Therefore,
this layout is shown in Fig. 1 whereas Fig. 2 indicates the increase in the power generation (at a wind
speed of 8 m/s) when wake steering is applied for different wind directions (x-axis) and bin sizes used
for the discretization (different colors).

As we have mentioned in section 6.6, we have identified two main effects in this trend.

Drop in AEP from 10 deg to 5 deg. This is caused by the limitations of our base-case, whose
simplicity enhances the influence of this parameter. Specifically, the wind direction of 45 deg is not
simulated when a bin size of 10 deg is used. Since for both the co-design and the sequential layouts the
turbines tend to be positioned at the borders of the domain to maximize the area usage, the directions
that are multiples of 45 deg are still the ones characterized by the highest wake losses. Therefore, when
the 5 deg bin size is used, such directions are all included in the AEP calculation, increasing the total
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Figure 2: Power increase obtained by applying wake steering for different wind directions and bin sizes.
A wind speed of 8 m/s is considered.

wake losses of the farm and therefore decreasing the AEP values. Even though this effect regards both
the sequential and the co-design layouts, it results in an overall reduction of the AEP improvement.
As mentioned in the discussion and the conclusion of the manuscript, we believe that this effect can
increase the uncertainty concerning the magnitude of the AEP gains mentioned in the paper. However,
the trends between the different geometric yaw relations and the relevant variables (e.g. power density,
number of turbines, wind direction variability) are expected to remain valid. Moreover, this effect is
expected to have minor impact in case larger layouts are simulated, where the wake losses would be
more uniform along the wind directions.

Drop in AEP improvement from 5 deg to lower bin sizes. In this case another behaviour is
observed: whereas the AEP of the co-design layouts seems not to be affected by the wind direction
bin size, in case of the sequential layouts the AEP values increase as the wind direction resolution gets
finer. As a consequence, the AEP improvement of the co-design approach tend to converge to 0% as
the bin size decreases. In the example that we have provided about the regular layout (Fig. 1 and
2), it can be observed that the main power increase caused by wake steering occurs in the neighbour-
hood of the directions characterized by the highest wake losses (not in that exact direction), therefore
simulating such directions leads to a relevant increase in the AEP. For this reason, using smaller wind
direction bins while performing the yaw optimization (serial-refine method) causes an increase in total
AEP value. The substantial magnitude of this effect can be detected in Fig. 2, especially for the wind
direction of 90 deg. Therefore, this effect becomes dominant with respect to the benefits of co-design
approach, which would be ineffective if such conditions were applied. However, as we have mentioned
in the paper, these conditions require very precise wind direction measurements and minimal yaw offset
errors, which are far from the real possibilities. In conclusion, this analysis enhances the necessity of
adopting a yaw optimization method that includes the uncertainty on the wind direction if we want to
understand the actual potential of the co-design approach, indicating the pathway for a future research.

We believe that this conclusion is now a fundamental part of our work and we would like to thank you
again for your comments and remarks. Therefore, we have mentioned this aspect also in the Abstract,
the Discussion and the Conclusions of the manuscript.

Added section:
6.6 Effect of wind direction discretization

The AEP calculation within this study is based on the traditional procedure of discretizing the wind
direction, selecting appropriate bins at which the power production of the farm is computed. The
resolution of this discretization can have a significant impact on the WFLOP since a sufficiently high
resolution is required to consider all the wake interactions between the turbines. On the other hand,
using a fine resolution for the wind directions can increase significantly the computational cost of the



optimization. As mentioned in section 5.2, 36 wind direction bins are adopted in our simulations,
namely the wind direction is discretized using bins of 10°.The purpose of this section is to investigate
the influence of this parameter on the co-design approach described in this study.

The simulations of the base-case are repeated modifying the size of the bins adopted for the wind
direction, hence altering the objective function used to calculate the AEP. Since such function is used
also during the tuning phase of the LO-GA hyperparameters, their values are recalculated accordingly.
Specifically, a higher randomization of the initial population has shown to be beneficial for both the
sequential and the co-design approach, obtaining higher AEP values. This is applied for all the wind di-
rection resolutions tested in this section to provide consistency between the results. Moreover, for each
case the same resolution is applied for the layout optimization and the subsequent yaw optimization
performed with the serial-refine method.

The results are presented in Fig. 3, which shows a significant drop in the AEP improvement obtained
through the co-design approach as the wind direction resolution is increased, i.e the size of the bins
becomes smaller. Moreover, the AEP values correspondent to the sequential and the co-design layouts
are also shown individually to gain further insights on this behavior. These results are limited to
exponential corrected relation since the influence of the wind direction resolution does not vary for
the different geometric yaw approaches. In general, the values of AEP improvement obtained for 10°
bin size are lower with respect to the results presented in Fig. 12, as a consequence of the higher
randomization of the initial population.

Two different effects can be detected from this analysis. First, the AEP values decrease for both the
sequential and the co-design methods when the bin size is halved from 10° to 5°. Increasing the wind
direction resolution, more wake interactions are simulated within the farm, amplifying the wake losses.
This sensitivity on the wind direction resolution is enhanced by the characteristics of the base-case,
where the limited number of turbines and the higher power density lead to fewer wake interactions and
prevent wake expansions. Moreover, the squared shape of the domain causes the wind directions that
are multiples of 45° to be characterized by high wake losses. This occurs due to the tendency of the
turbines to be positioned at the corners of the domain to maximize the use of the available area. All
of these directions cannot be simulated in case the bin size is set to 10°, limiting the accuracy of the
results. However, the AEP reduction obtained for the 5° bin size is more evident for the co-design case,
diminishing the improvement obtained through this approach. Nevertheless, this effect is expected to
decrease when the number of turbines is larger, due to the occurrence of wake interaction for a wider
range of wind directions. The second effect that can be detected from Fig. 3 concerns the AEP trends
as the wind direction bin size is reduced from 5° to lower values. It can be observed that AEP values
of the co-design layouts remain stable whereas those of the sequential layouts increase when a finer res-
olution is adopted. Therefore, they tend to converge towards the AEP values of the layouts optimized
using the co-design method, i.e. leading to an AEP improvement equal to 0% and nullifying the useful-
ness of this approach. However, such result is highly conditioned by the application of the serial-refine
method for yaw optimization with a fine wind direction resolution. For instance, when a bin size of
1.25° is adopted for the simulations, the optimal yaw angle is recalculated for every 1.25°. Therefore,
it is assumed that during the farm operation the wind direction is measured with an accuracy higher
than 1.25° and the yaw angles of turbines are modified every time such change of 1.25° is detected.
These conditions are far from being realistic, as mentioned by Quick et al. (2020). Therefore, the
results presented in Fig. 3 are altered by this assumption which is not consistent with current wind
farm operational limits. Nevertheless, it can be concluded that the application of an extremely pre-
cise wake steering control would saturate the benefits of the co-design approach proposed in this study.

Added sentence in the Abstract: However, these AEP gains are affected by the size of the wind direc-
tion bins adopted in the simulations, enhancing the necessity of taking into account the wind direction
errors and the yaw actuation constraints for a realistic evaluation of the co-design approach.

Added paragraph in the Discussion: Lastly, the analysis on the effect of the wind direction resolution
adopted for AEP calculation with wake steering has highlighted the importance of this parameter for
the evaluation of the co-design approach. Specifically, the simplicity of the base-case chosen to enable
a straightforward comparison between the different methods has caused a high sensitivity with respect
to the wind direction bin size. In general, the use of a fine resolution seems to decrease the benefits
of the co-design method, increasing the uncertainty on the results presented in this work. However,
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Figure 3: Effect of wind direction resolution to the co-design approach, in terms of AEP for the
sequential and the co-design layouts (on the left) and AEP improvement (on the right). The areas
surrounding the lines (median values) refer to the range between the 25" and 75" percentiles, being
the results of multiple simulations of the same case.

whereas the magnitude of the AEP improvement is seriously affected by the size of the wind direction
bins, the trends with the variables of interest are expected to remain valid. Overall, this analysis has
emphasized the necessity of including uncertainties within the yaw optimization process, as suggested
by the work of Quick et al. (2020). This would enable a more realistic evaluation of the co-design
approach.

Added paragraph in the Conclusion: An analysis on the effect of the wind direction resolution has
shown that the magnitude of the AEP gains is significantly affected by this parameter. Decreasing
the size of the wind direction bins has resulted in a negative effect on the benefit of the co-design
approach. However, such influence is partially caused by the unrealistic assumption of minimal error
in wind direction measurements and absence of constraints in yaw actuation. Therefore, this analysis
has raised the necessity of integrating uncertainties within the yaw optimization to provide an accurate
evaluation of the co-design method, indicating an interesting pathway for future research.

The discussion section would benefit from some reflection on the 15-W/m? saturation point. Particu-
larly whether it is a universal limit or case-specific — would one expect the same with different wind
farm plot shapes, or is this simply driven by the turbine spacing and how much a wake can actually
be deflected from the downwind turbine?

We agree that some additional analysis about the presence of this saturation point can add significant
value to our work. Therefore, the sensitivity analysis on the power density has been repeated for two
additional shapes of the available surface. These additional results have been included and discussed in
section 6.4.1. As mentioned in the manuscript, this saturation point at 15 W/m? is indeed dependent
on the domain shape. Therefore, slight modifications have been made to the Abstract, Discussion
and Conclusions of the manuscript. In these sections, it is emphasized that the decrease in the AEP
improvement for low power densities persists regardless of the domain shape, rather than indicating a
precise value as saturation point.

Added paragraph in section 6.4.1: Further analysis is performed to investigate whether the satura-
tion limit of 15 Wm™2 is dependent on the squared shape of the domain or it remains valid for other
geometries. For this purpose, the simulations are repeated for two different rectangular areas, char-
acterized by a ratio between the sides equal to 1.5 and 2.0, respectively. The results are limited to
the exponential corrected relation and are included in Fig. 4. It can be observed that the magnitude
of the AEP gains decreases and the saturation behavior identified in the previous case is not evident
anymore, concluding that such results are dependent on the shape of the area where the turbines can
be positioned. However, the decreasing trend for the AEP gains in case of lower power density values
remains valid, hence it can be considered a general conclusion for this sensitivity analysis.
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Figure 4: AEP gain obtained with co-design method (exponential corrected relation) for different
power densities, showing the trend for different shapes of the available surface, identified through the
ratio between the sides of a rectangle. The areas surrounding the lines (median values) refer to the
range between the 25" and 75" percentiles, being the results of multiple simulations of the same case.

Some other minor points that may be considered for a next revision:

There are a couple mix-ups between US vs. British English (e.g., recognize vs. recognise,
favorable vs. favourable). Thanks for pointing it out. It has been fixed in the manuscript.

For one who wants to reproduce the work, it would be helpful to add a reference to the HKN
site conditions shown in Fig. 8 (they are public). We agree. A reference about the wind resource
data of HKN has been added in section 5.1.

The shaded areas in Fig. 10 are very light and difficult to read from screen. Thanks for the
comment. The color of the shaded areas has been made darker both in Fig. 1 and Fig. 10.

It is very difficult for a reader who quickly browses through the paper to understand what is
meant with “Std of the probability of occurrence” (Fig. 16). I would suggest renaming the axis
label to “wind direction variability” and/or spent a line in the caption to explain. We agree. The
x-axis of the figure has been changed according to your suggestion and additional explanation
has been included in the caption.

It would be helpful to state what happens with the area of the wind farm plot under different
power densities and higher numbers of turbines in Section 6.4.1 and 6.4.2, respectively. Now it is
not immediately clear whether the wind farm plot increases in size with an increasing number of
turbines. We agree on this point and to make this step clear some additional explanations have
been included in section 5.3.

I feel that renaming the sections 6.4.2 and 6.4.3 to simply ”Number of turbines” and ”Wind
direction variability” woud reflect the contents better. A browsing reader could also connect
those better to the axis labels of Fig. 15 and 16. Thanks for the suggestion. The titles of these
sections have been changed accordingly.



Overall, nice work and I hope to see the final paper soon!

Thanks! We really appreciate your feedback.



Response to Reviewer 2

Matteo Baricchio, Pieter M.O. Gebraad and Jan-Willem van Wingerden

Before we proceed with our reply, we want to express our gratitude for reading our work and con-
tributing to further improve the content of our paper and future work. We have included below our
response to your comments, which are shown in blue. The main modifications made in the paper are
included in this document in magenta.

Thank you for this contribution! In general, writing is well done and figures are clear. References to
literature is thorough. The innovation of optimizing for the coupled condition that wake steering is or
isn’t applied to the co-designed farm is a valuable contribution.

Thanks for the feedback! We truly appreciate it.

Figure 17: T understand the pareto front for the multi-objective points, and for the co-design points,
I understand they improve with wake steering, but lead to losses without. The sequential points are
more mysterious to me, there are some that appear to lose AEP with and without wake steering ap-
plied?

Thanks for your comment, we agree that additional explanation is required. Multiple points are in-
cluded in Fig. 18 (Fig. 17 in the previous version of the manuscript) also for the sequential and the
co-design methods as a result of multiple simulations of the same case. This strategy is adopted to
prevent a bias in the results caused by the random nature of the genetic algorithm. Therefore, whereas
in practice only the best solution is chosen, in our work multiple solutions are presented to enable
a probabilistic interpretation of the results. In particular, in this figure there are some solutions for
the sequential approach (green dots) that are clearly better than the other solutions obtained with
this approach for both objectives, however, all of them are included for the reason explained in this
paragraph. To clarify this concept to the reader, an additional explanation is added in the caption
of the figure, mentioning that multiple solutions are included also for the sequential and co-design
approaches to keep the consistency with the other plots.

Modified caption of Fig. 18: Multi-objective co-design approach based on the multi-objective opti-
mization. Each data point indicates an optimized layout. Multiple data points are included also for
the sequential and the co-design approach, resulting from different simulations and providing a proba-
bilistic interpretation of the results in accordance with the other graphs. The axis of the plot refer to
the AEP increase with respect to the average AEP value obtained through the traditional sequential
approach. The Pareto front is present on the top-right of the plot, resulting from a max-max problem.
A cross is included to identify a possible robust solution.

The algorithm for the geometric yaw of Stanley is also implemented and publicly availble within
FLORIS: (see for example here: https://github.com/NREL/floris/blob/main/floris/optimization/
yaw_optimization/yaw_optimizer_geometric.pyand here: https://nrel.github.io/floris/examples/
examples_control_optimization/006_compare_yaw_optimizers.html)

Thanks for pointing this out. The availability of this algorithm in FLORIS has been mentioned in the
manuscript, adding this information to the Introduction as follows: This approximation of the opti-
mal yaw angles has also been implemented in the open-source software FLORIS (National Renewable
Energy Laboratory, 2024).

This could be interesting to point out. Figure 15 also gives the impression that these improvements
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can be fairly critical, and perhaps one of the improved algorithms from this paper could be submitted
as a pull request back to FLORIS.

Thanks for your suggestion. We are working on decoupling these algorithm from the software that
we have adopted in this work, i.e. PyWake, and we will be keen to integrate them into FLORIS.
Therefore, we will soon submit a pull request to FLORIS for this purpose.



