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Abstract. A theoretical limit for the energy extraction of offshore wind farms has been suggested by Simao Ferreira et al.
(2026) based on a simple analytical model that was originally designed to provide an estimate of the wake loss of an infinite
wind farm. Simao Ferreira et al. (2026) validated the model with 72 offshore wind farms using an ad hoc and undocumented
method to correct the model for application to finite wind farms. In this work, we discuss a number of concerns regarding the
reproducibility of the finite wind farm correction and its sensitivity to the model results and validation, as well as the application
of the model to assess national policies. We conclude that the limit proposed in Simao Ferreira et al. (2026) is not a theoretical

limit but a model limit that is strongly dependent on the finite wind farm correction.

1 Introduction

In a recent paper, Simao Ferreira et al. (2026) suggested a theoretical limit for the energy extraction of offshore wind farms
in terms of the capacity factor. Simao Ferreira et al. (2026) applied simplified analytic models of a wind turbine power curve,
the wind resource and the interaction between the atmospheric boundary layer and a wind farm of infinite size. Furthermore,
a largely unspecified model correction for finite wind farms is applied that depends on the wind farm layout, wind rose and
neighboring wind farms. The model is validated against measured net capacity factors of 72 offshore wind farms situated in
the Baltic, North, and Irish Seas. Finally, national policies for planned offshore wind farms are investigated, and some of these
are stated to assume capacity factors significantly in excess of the proposed theoretical limit, especially for the Netherlands.
The latter led to a public hearing in the Dutch parliament where the authors were interviewed regarding their findings.

Simdo Ferreira et al. (2026) addresses an important issue regarding the saturation of offshore wind farms in waters with
limited space leading to reduced energy yield, mainly due to wind turbine and farm wake losses. The wind industry and
academia have developed a range of complex models to calculate such losses Fitch et al. (2012); Volker et al. (2017); Fischereit
et al. (2022), which due to their complexity and computational cost, may not be accessible to policy makers. For this reason,
Simao Ferreira et al. (2026) proposed a simplified analytical model that can potentially be applied in a simple spreadsheet,

based on the work of Frandsen (1992); Sgrensen and Larsen (2021).
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In this paper, we address several concerns regarding the validation and application of the model in Simao Ferreira et al.
(2026). We also offer a number of clarifications, as the chosen terminology in Simao Ferreira et al. (2026) can lead to misin-

terpretation of their results. Our main concerns are:

1. The proposed limit of the capacity factor is not a theoretical limit in the same way as, for example, the Betz limit is
considered to be for the power coefficient of a single turbine. Instead, the proposed limit is an analytical model limit,

meaning that a different choice in model parameters can lead to a different limit.

2. The plotted limit labelled as theorerical limit (solid line) in Fig. 4, 5 and 9 in Simdo Ferreira et al. (2026) represents a

normalized gross annual energy production (AEP), but this is not clear from the paper.

3. The validation of the analytical model with 72 wind farm in Figs. 3, 4 and 5, is not reproducible. This is because the
model is corrected by manually counting the free stream turbines for each wind farm, taking into account the wind farm
layout, wind rose and neighboring wind farms. This manual approach is only briefly described by Simao Ferreira et al.
(2026), while a scientific method is not provided. In addition, the model correction is very sensitive to the outcome of

the validation, which is not described in Simao Ferreira et al. (2026).

4. The analytical model of the infinite wind farm wake loss is implicit in Simdo Ferreira et al. (2026) due to the need
for solving a geostrophic drag law numerically. However, for the application of the 72 wind farms, the model can be
expressed as a simple explicit relation that only depends on the turbine spacing, due the use of a constant latitude, thrust
coefficient, and roughness length, and the fact that the 72 wind farms have turbines with similar hub heights in logarith-
mic space. It should be noted that the turbine spacing depends on the wind farm area, but the latter is mathematically
undefined for a wind farm layout with a concave shape, which can lead to model uncertainties. Furthermore, the pro-
posed wind farm wind factor mainly depends on two parameters, the finite wind farm correction and the turbine spacing,

which is not clear in the work of Simao Ferreira et al. (2026).

5. Simao Ferreira et al. (2026) calculated that the Dutch national policy overestimates the analytical maximum capacity
factor (assuming 10% losses) by 49%. However, the references provided by Simao Ferreira et al. (2026) state a range
of values for the planned installed rated wind farm power per unit area, or capacity density, of between 4 and 10.5 MW
km2, and also mention different values of the expected annual full load hours, namely 3700, 4750-5100 hours, which
correspond to capacity factors in between 0.42 and 0.58. While a capacity factor of 0.58 is indeed an optimistic estimate,
the lower value of 0.42 is in the range of the measured capacity factors of the 72 wind farms. In addition, given the model
sensitivity to the finite wind farm correction, it is difficult to claim that the Dutch policy exceeds the modeled capacity
factor by 49%. Finally, if the planned wind farm with an installed capacity of 10000 MW is realized, it is unrealistic
to consider it as one large wind farm with a uniform turbine density. A more realistic scenario is a wind farm cluster
where separate wind farms with a size of 1000-2000 MW are installed over time including space between them, which

the analytical model cannot account for.
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To understand our principal concerns with the work of Simdo Ferreira et al. (2026), the main model equations are summarized
and discussed in Sect. 2. The finite wind farm correction is addressed in Sect. 3, where we also compare results of an automated
method with the results of the undocumented manual method of Simao Ferreira et al. (2026). Several simplifications are shown
in Sect. 4, which we use to understand the main parameters of the model. Finally, we address the problems with the validation

method in Sect. 5.

2 Model definition

The main model equations of Simdo Ferreira et al. (2026) are repeated here. We start with a simplified model of the wind
distribution at the location of a wind farm, which is the well known Weibull distribution of wind speed, being a function of a

shape parameter, k£ = 2.4, and a scale parameter, \:

f(U)i(Ti)klexp (g)k Up = AT (14 1/k). 0

Here, Uy is the mean wind speed and I" is a Gamma function. Note that we use the subscript 0 to denote freestream conditions
while the subscript co is used for infinite wind farm variables.

Subsequently, a simplified model of a wind turbine power curve, P, as function of the wind speed, U, is defined as:

P(U):PT(U%)3 UsU, S

_ 2
P(U) =P, U, <U pCprD?

Here, P, is rated electric wind turbine power generation and U, is the wind speed at which rated power is achieved. Further-
more, p = 1.225 kg m™ is the air density, Cp is the constant below-rated power coefficient and D is the rotor diameter. The
wind turbine model does not have a cut-in, Ui, and cut-out wind speed, Ucyt—out. For the energy yield calculations, this
simplication holds if Ucyt—in /A << Uy, /A << Ucut—out/A- In Simio Ferreira et al. (2026), values of k = 2.4 and C'p = 0.46
are assumed for all sites.

The integration of the power curve and Weibull distribution, normalized by the rated power, leads to the capacity factor of a

single turbine, which can be expressed as function of z = U,. /A and k:

Cio=flz,k)= 270 (1 + 2) e (1 + 2,xk> + exp (f;ck), 3)
with I';. as the incomplete Gamma function. The equation for C'y o multiplied by a loss factor for losses unrelated to wake
effects, floss, 1S the analytical upper limit that Siméo Ferreira et al. (2026) propose, though this is not clearly stated in their
work. Hence, the limit represents a normalized gross AEP X fi,s. The variable x is a parametric variable in Eq. 3 which gives
a single line for a fixed k. This variable can also be defined as the ratio of U,./Uy, using the constant co =I' (1 +1/k) from
Eq. 1. Furthermore, Eq. 3 is reused several times by Simdo Ferreira et al. (2026) (their Eqns. 12, 13 and 16) but it is the same

as Eq. 3 with different = definitions.
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For an infinite wind farm with uniform turbine spacing, the model of Frandsen (1992); Sgrensen and Larsen (2021) can be

used to calculate the corresponding wake loss:

Une 147 <G> <h> Nz , \
oo =— = s 'y:ln -5 | 5:11’1 — |y S:—, f:fe (4)
UO 1+% ﬂ.Sg;T +(%)2 fh, 20 D(\/Ntot_]-)

with k = 0.4 as the von Karmén constant, G as the geostrophic wind speed, f as the Coriolis parameter taken at a latitude
of 55°, h as the turbine hub height, zy = 10~* m as the offshore roughness length, C7 = 0.75 as a constant turbine thrust
coefficient and s as the turbine spacing normalized by the rotor diameter, which depends on the wind farm area, A,y and the

total number of turbines in the wind farm, N;,. For large wind farms, /N, >> 1, one can express the normalized turbine

spacing in terms of installed wind farm power, P, ¢, per unit area: s ~ \/ pCprU3/8/ \/ P, ;/Aw . Equation 4 can be used to
calculate the geostrophic wind speed using an iterative numerical method by setting C'r = 0. Furthermore, Eq. 4 can be used
to calculate the capacity factor of an infinite wind farm C . by the substitution of 2 = coU, /(Aex) in Eq. 3. The latter is an
analytical model for the lower limit of the wind farm capacity factor. It should be noted that the infinite wind farm wake loss
may never be reached for a large finite wind farm. For example, Volker et al. (2017) showed that a wind farm covering an area
of 10° km? has not yet reached a wake loss limit. The latter was obtained from mesoscale simulations including a simplified
wind farm model representing a square wind farm using a wind farm length of 338 km, and a range of uniform turbine spacing
and wind climates.

Simdo Ferreira et al. (2026) introduced the wind farm wind factor, ¢ = U,./(Uye), which represents x = c¢g/A¢ in Eq. 3.
The wind farm wind factor corrects the mean wind speed or Weibull scale parameter to account for wake losses. It should be
noted that ¢ in ¢ is the wake loss for a finite wind farm. An additional model is required to calculate the capacity factor of a
finite wind farm, C'y, from Cy o and C o, and is discussed in detail in Sect. 3. Furthermore, Siméo Ferreira et al. (2026) also
included external wind farm wake losses in their finite correction model. Simao Ferreira et al. (2026) set C'y equal to Eq. 3 and

solved for x using a numerical root finding method, from which ¢ can be calculated.

3 Model correction for finite wind farms

The model summarized in Sect. 2 can provide two values of the capacity factor, representing a normalized gross AEP, C/ o,
and a capacity factor including wake losses for an infinite wind farm, Cf .. These values provide analytical bounds of the
capacity factor of a finite wind farm. Sgrensen and Larsen (2021) introduced a model to interpolate between C'f g and C'f o to

obtain a capacity factor of a finite wind farm, C':
C’f:wa70+(1fw)Cf7oo, w=——-" (®))

with w as a weight determined from the ratio of free stream turbines, Ng.e, to the total number of turbines. The problem
with this method is that the weight has a large impact on C'y and it is not trivial to obtain the weight for real finite wind
farms that range in size and can have irregular shapes, as well as non-uniform turbine spacing. Sgrensen and Larsen (2021)

determined Ny by assuming a square regular turbine layout, Ng..e = av/Nyot, and initially proposed a = 3, later revised to a
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value between 4.1 and 5.9 (Sgrensen et al., 2024) based on a fit using an engineering wake model applied to six offshore wind
farms. This gave a corresponding average value of a = 5.3. One problem with this method is that the weighting variable can
become larger than one for a wind farm with fewer turbines than a? (i.e. fewer than 29 for a = 5.3). Hence, one should limit
the weight to one. In a non-peer-reviewed work, Simao Ferreira (2024) proposed an alternative approach by determining the

weight as:
Nfrcc = Mrowthurbincs (6)

where M ows = 2.5 and Miurbines 1S the number of wind farm edge turbines that operate in free stream conditions. Simao
Ferreira et al. (2026) determined Myy,hines manually for a given wind farm layout, wind rose and neighboring wind farms and
their results were provided in a database Simao Ferreira (2024). However, a scientific method was not provided, meaning that
one cannot reproduce the results given in Simao Ferreira (2024). In this work, we have made an attempt to automate the manual

method by calculating M ;bines as follows, performed for each wind farm layout:
1. A concave polygon shape is fitted to determine the edge turbine and the connections between them.

2. An outward normal vector for each edge turbine is calculated by taking the average of the outward normal vectors of the

neighboring connecting edge lines.

3. For each wind direction sector, [, with steps of 30°, the dot product of the wind direction vector (representing the sector
midway-direction, 6;), with the turbine outward normal vectors, 77; is calculated and the inflow edge turbines, M urbines,i»

are flagged for ; - m; < 0.

4. The inflow edge turbines are removed if they are in the shadow of an upstream wind farm located within a distance L

using a ray casting method.

5. The number of remaining inflow edge turbines for all sectors is aggregated using a wind rose frequency, fi; Miurbines =

=12
Zl=1 fl Mturbines,l .

The wind rose is taken from the Global Wind Atlas 4.0 (Davis et al., 2023). The wind farm layouts are obtained from the Open
European offshore wind turbine database (Fischereit et al., 2025) with the exception of the Fryslan offshore wind farm layout,
which is taken from the Open Street Map database (OpenStreetMap contributors (2026)).

An example of our automatic method is shown in Fig. 1, where the Amrumbank West offshore wind farm layout is used.
Figure la depicts a concave polygon (although it has become convex for the present example), the edge turbines and the
obtained free stream turbines for a wind direction of 240°, namely, Mt ;bines = 16. It is clear that the polygon does not find all
edge turbines at the Eastern side of the farm, and this is related to the fact that a concave polygon is mathematically undefined.
The Amrumbank West wind farm is part of the N4 wind farm cluster, and the upstream neighboring wind farms are used to
filter the free stream turbines if they are located in their wake with a distance L = 105 = 59D, which reduces Mt bines to 8.

These steps are then repeated for all twelve sectors and the results are averaged using weights from the wind rose frequency
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Figure 1. Example of the automated method for determining the number of free stream edge turbines, Mturbines, of the Amrumbank West
offshore wind farm. (a) without considering neighboring wind farms, (b) considering neighboring wind farms. The black arrows are the

turbine outwards normal vectors and the magenta arrow is the wind direction set to 240°.

leading to Miyrbines = 11.3. The manual method of Simao Ferreira et al. (2026) reported My bines = 15 in Simao Ferreira
(2024) for this wind farm. The results of our automated method are compared with the results of the manual method of Simao
Ferreira et al. (2026) in terms of the ratio of free stream turbines to the total number of turbines in Fig. 2. Our results are shown
including and excluding upstream wind farms (Step 4). In addition, the results of the analytical method of Sgrensen et al.
(2024) with a = 5.3 are also shown in Fig. 2. Sgrensen et al. (2024) never intended to use their method for including effects
of the wind rose and neighboring wind farms; therefore, the comparison of their model results shown in Fig. 2 should not be
compared directly with the other results. Overall, our method replicates the trends of Simdo Ferreira et al. (2026) when taking
upstream wind farms into account. However, there are also large differences, for example, for the Anholt offshore wind farm,
possibly because many turbines are located at the edge of the farm. The impact of the different methods of obtaining Ngec is
large and is described in Sect. 5

It should be noted that we do not recommend our automated method to be used as a correction for finite wind farms situated
in a wind farm cluster. For example, it is not trivial to determine the distance, L, at which upstream wind farm wakes should
be taken into account. In addition, the original model from Frandsen (1992); Sgrensen and Larsen (2021) was developed for
uniformly spaced wind farms excluding effects of the wind rose, wind farm layout and upstream wind farms. In our opinion,
a better application of the model is to include a wind farm cluster as one large wind farm with an effective turbine spacing,

although the results may not compare well with higher fidelity models.
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Figure 2. Results of automated model correction for finite wind farms compared to Siméo Ferreira et al. (2026).



165

170

175

https://doi.org/10.5194/wes-2026-59 WIND

~
Preprint. Discussion started: 24 April 2026 ENERGY
(© Author(s) 2026. CC BY 4.0 License. e We \

european academy of wind energy S C I E N C E

4 Model simplifications and main parameters

The model from Simio Ferreira et al. (2026) is implicit but it can be shown that simple explicit expression for €, and ¢ can
derived, when the model is applied to the 72 wind farms. These simplifications are not used in the model validation of Sect. 5.
However, it allows us to better understand the main model parameters.

The equation for the infinite wind farm wake loss (Eq. 4) is implicit due to the need for solving the geostrophic drag
law (Eq. 4 using C'r = 0). However, for the 72 offshore wind farms investigated by Simdo Ferreira et al. (2026), e, can be

approximated with a simple explicit expression, which was not shown in their work:
1 + C1
oo =~ /—,
1+4/% +cf

Here, the only remaining variable is the normalized turbine spacing, s. The simple expression approximates Eq 4 to within 3%

N 7TCT’72
~ 0.218, =g

~ 16.5 @)

Cc1 =

S

for all 72 wind farms or 2% when excluding the Lillgrund wind farm (which is an outlier since it has the smallest spacing and
lowest turbine hub height), and a comparison with the model results are shown in Fig. 3. The reason why this simplification can
be made is because Simdo Ferreira et al. (2026) used constant values for the latitude, roughness length and thrust coefficient. In
addition, the ratio of hub height to roughness length, //zy and the ratio of the geostrophic wind speed to hub height, G/h, are
very similar in logarithmic space for the 72 wind farms, leading to values in the range of 13.3 < § < 14.0 and 2.67 < y < 3.36,
with corresponding mean values § = 13.7 and v = 2.99, respectively. The mean values of ¢ and -y, together with the parameters
that are chosen as constants by Simao Ferreira et al. (2026), are used to obtain c¢; and cs. It should be noted that for much taller

turbines, i.e. h >> 100 m, the approximation may not hold.

1.0 T T T T T T
0.8 F oo L e g soe® T e «
] S T TS € S o Tt N PN .
()J . . . . . .
04 A s T e I ]
3 3 e  Model results
02/t e Y .
: : — f(s)=——2 ¢, =0.218,¢c,=16.5
: ; ( ) 1+\/cz/52+0127 ’
0.0 | | T T T T
0 2 4 6 8 10 12 14
S

Figure 3. Comparison of model results and simplified expression (Eq. 7) for the infinite wind farm wake loss, €.
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Figure 4. Comparison of model results and simplified expression (Eq. 8) of the wind farm wind factor, ¢.

The wind farm wind factor, ¢, is solved numerically by Simao Ferreira et al. (2026), by setting C'; equal to Eq. 3. However,
one can show that for the present database of 72 offshore wind farms, ¢ can be approximated with the following explicit

relationship using €., from Eq. 7:

5 U, 1
~ cCo——
Aw Bdree (1 — () + £0o(5))

; ®)

A comparison of ¢ using the implicit method of Simdo Ferreira et al. (2026) and our explicit expression of Eq. 8 is shown in
Fig. 4. The maximum difference with the implicit calculation method of Simio Ferreira et al. (2026) is 3.5%. This shows that
the main parameters to calculate ¢ are the finite wind farm correction factor Ni,e./Niot and the normalized turbine spacing s,

which is further motivated from the fact that U,./A,, is often of the order of 1.

5 Model validation

Simao Ferreira et al. (2026) validated their model with measured capacity factors from 72 offshore wind farms. It is important to
note that these measured capacity factors include losses from wake effects and any other losses, such as grid losses, curtailment
and turbine availability. The main validation was performed by plotting the net measured capacity factor as a function of the
wind farm wind factor ¢ = U,./(Upe), where U, is the rated wind speed (Eq. 2), Uy is the mean wind speed (Eq. 1) and € is
the modeled wake loss for a finite wind farm. The model results for ¢ of Simao Ferreira et al. (2026), taken from their Table
S1, are depicted in Fig. 5. We disregard results of four wind farms: Baltic 1 — Baltic 2 and Princess Amalia — Luchterduinen,
because their measured capacity factors were only available in pairs, not individually. Fig. 5 also includes the normalized

analytical model gross AEP (Eq. 3 using z as a parametric variable) and the corresponding analytical model result x a loss
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Figure 5. Measured capacity factor as function of modeled wind farm wind factor, ¢, using different models of the finite wind farm correc-

tions.

factor of 0.9. The model only determines the location of x in Fig. 5. However, since the model is heavily dependent on the
model correction for finite wind farms, Niyee/Niot, this x location can vary between € = 1 (no wake losses, Nee = Niot)
and € = €, (infinite wind farm wake losses, Ng..o = 0). The latter is depicted as a model range in Fig. 5, which shows that
the model of the finite wind farm correction has a large influence on ¢. The left and right error bar symbols reflect no wake
losses and infinite wind farm wake losses. This means that a data point moves to the right and can even cross the normalized
analytic gross AEP for Ng... — 0. Figure 5 also depicts three more results for ¢, where the model implementation of Sgrensen
et al. (2024) (MinimalisticPredictionModel) in PyWake v2.6.18 (Pedersen et al., 2023) is employed, and with different models
of the finite wind farm correction in terms of Ng.ee. First, PyWake is used with Npee from Simao Ferreira et al. (2026) in
an attempt to obtain the same results. Despite using the same input data as Simao Ferreira et al. (2026), different results are
obtained possibly due to differences in model implementation. Subsequently, PyWake is employed with our automated script
for calculating Nree, as discussed in Sect. 3, which results in a larger spread of the z-values in Fig. 5 Finally, PyWake is used
with the Np... model of Sgrensen et al. (2024), which results in lower ¢ values and an even large spread in the model results.
The four model results of Fig. 5 are also depicted in Fig.6 and are plotted against the measured net capacity factor. These
results are fitted with a linear relationship, which shows how the r2 value reduces when going from the manual N¢.., method
of Simio Ferreira et al. (2026) (Fig. 5a) to our automated method (Fig. 5c). The r? values are the lowest for the N, method
of Sgrensen et al. (2024) (Fig. 5d). Here, we remind the reader that Sgrensen et al. (2024) never intended to use their method

to include effects of the wind rose and neighboring wind farms, hence, it is expected to obtain a large spread.
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Figure 6. Measured vs modeled capacity factor as using different models for Nf... compared to Simao Ferreira (2024).

While the model can provide analytical bounds of the wind farm capacity factor representing no wake losses and infinite
wind farm wake losses, one should be careful when applying the model to finite wind farms. The large sensitivity of Nfee, as

shown in Figs. 5 and 6, makes it impossible to draw strong conclusions about a limit for finite wind farms.

215 6 Conclusions

In this work, we have discussed a number of concerns regarding the paper of Siméo Ferreira et al. (2026). We have shown that
the proposed limit of the wind farm capacity factor from Simao Ferreira et al. (2026) is not a theoretical limit but should be
considered a model limit that is based on a normalized gross AEP multiplied by a loss factor. The application of the model to
the 72 offshore wind farms and choice of model parameters by Simao Ferreira et al. (2026) reveal two main model parameters,

220 namely, the wind turbine spacing and the finite wind farm correction. The latter is a very sensitive model parameter that
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dominates the model results and validation with net measured capacity factors. Furthermore, the finite wind farm correction
applied in Simdo Ferreira et al. (2026) (as briefly discussed in a non-peer-reviewed work of Simao Ferreira (2024)), is an ad
hoc manual method that is not well described and we were not able to reproduce the results with an automated method. Given
the sensitivity of the model to finite wind farm correction, it is not trivial to use the model to assess national policies regarding
the capacity factors of planned offshore wind farms. Finally, the Dutch national policy is even more difficult to assess due to

the range of capacity factors and wind farm densities mentioned in the references provided by Simao Ferreira et al. (2026).
Code and data availability. The Python script to generate the plots is available at https://doi.org/10.5281/zenodo.19235300.
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