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Executive Summary

This document presents the results of a validation study where three wake models are
compared against offshore wind speed measurements near wind farm clusters. The
study concludes with recommendations regarding model selection for Energy Yield
Assessments.

What are wake effects? Wind turbines extract energy from the wind, reducing wind
speeds downstream of the rotor. In a wind farm these cumulative effects need to be
accounted for, as they decrease the power production of the downstream turbines
compared with turbines facing the undisturbed flow.

What drives wake effects? Wake effects are primarily driven by the aerodynamic
efficiency of each turbine, and the structure of the atmospheric turbulence which affects
wake recovery. Both large scale (0.1-10km) and small scale (.01-100m) turbulence
motions matter, making modelling wake effects challenging.

Whatistherationale forwriting this white paper? For at least a decade, academic studies
have been pointing deficiencies in the current engineering practice relying on analytical
models. However, prior to 2024 there was no cost-effective commercial tool available
for modelling wake effects in a time-varying fashion, capturing both small- and large-
scale turbulence. When such commercial models became available, C2Wind engaged
with two model providers, Veer Renewables and Whiffle (each of them proposing a
different modelling approach), with the idea to carry out the present validation study.

What are the main conclusions of the study? Validation results against high quality wind
measurements show that these models work satisfactorily and capture the variations in
wake effects attributed to wind farm aerodynamics and atmospheric turbulence, which
engineering model do not. In otherwords, based on this validation exercise, and the other
validation tests brought forward by the model providers, C2Wind does not consider that
there is a reason to exclude these models from the Energy Yield Assessment toolbox.
Condensed results are provided in Table 0-1 below (see Section 5.1 for more
information).

mean deficits [%] — all stabilities, wind speed in [4; 12 m/s]

|| Borssele | Kriegers Flak FLS2/FLS1

Wind dir. [°N] [200;270[ [120;150[
Meas. 14.9 3.5
Veer 14.3 2.3
Whiffle 17.1 4.9
TurbOPark 13.8 8.2

mean deficits [%] — all stabilities, wind speed in [4; 30m/s]
| Borssele | KriegersFlak FLS2/FLS1

Wind dir. [°N] [0;360( [0,360[
Meas. 5.4 -2.1
Veer 4.8 -1.8
Whiffle 6.6 -0.7
TurbOPark 4.1 -0.3

Table 0-1: Mean relative differences in mean wind speed between the selected floating lidars.
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What should be the next steps? We recommend the following:

e The structure of the boundary layer varies greatly from region to region. Therefore,
for every site, itis important to finely characterise atmospheric turbulence via an
analysis of atmospheric stability and boundary layer dynamics and assess the risk
of engineering (analytical) wake models operating outside their validity range.

e Commercialwake models of the type of Veer Renewables (Weather Research and
Forecasting model with Wind Farm Parametrisation) and Whiffle (LES) should be
used alongside engineering models. The type and extent of the datasets to be
procured depend on the project location, configuration, and maturity.

e Wake modelling will remain difficult. High(er) fidelity models which can prove to
accurately capture the main drivers of wake dynamics should not be discarded.
Instead, their adoption should be favoured, followed with additional validation
and fine tuning.
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Figure 0-1: Illustration of a typical flow case (warm easterly winds over cold water in the North Sea)
leading to long-lasting wake effects downstream of large wind farms. Left: satellite-derived 10 mASL wind
speeds, source: https://science.globalwindatlas.info/#/map/satwinds. Right: corresponding air
temperature profile from ERA5. Source: https://rawinsonde.com/ERA5_Europe/
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1. Introduction

Wake effects often constitute the major energy loss that needs to be accounted for when
assessing the energy yield of an offshore wind farm. This brief report outlines C2Wind's
wake modelling approach for Energy Yield Assessments, with afocus on long-range wake
effects. It begins with a brief discussion on the state of the art in engineering wake
modelling, followed by a description of the wake models used in this study. Validation
results are then presented, using floating lidar measurement pairs near two wind farm
clusters. The report concludes with a discussion on model selection and offers
recommendations.

Wake effect modelling was extensively discussed and debated at the WindEurope
Technology Workshop 2024", with a focus on long-range wake effects, i.e. wake effects
in between wind farms separated by tens of kilometres. Several approaches were
presented:

» Analytical wake models.

» Steady state Reynolds-Averaged Navier Stokes (RANS).

» Mesoscale modelling combined with Wind Farm Parameterisation (WFP).

» Large Eddy Simulation (LES).

This palette of options, from very simple to very complex, has been known for more than
a decade, see [OURO25] and [STEVENS17]. However, cloud-based, flexible and cost-
effective solutions for providing WFP and LES datasets have been available since 2024
only. This represents a significant change for engineering wake modelling.

Up until cloud-based solutions were available, C2Wind had relied on analytical models
only. The availability of WFP and LES cloud-based solutions, together with the wealth of
high-quality floating lidar datasets near large wind farm clusters, represented an
opportunity to run a validation study where two commercial models (WFP from Veer
Renewables www.veer.eco and LES from Whiffle www.whiffle.nl) using the same
reanalysis (ERA5) are compared against the same measurement dataset and using the
same methodology. The study aimed as well at providing guidance on workflows and
model selections for commercial Energy Yield Assessments.

This work was carried out in partnership with Veer Renewables and Whiffle. C2Wind
initiated the study, processed and curated the measurements, defined the test cases
and provided the input to the calculations, carried out the analysis and wrote the first
draft of the report. Whiffle and Veer provided the simulations, comments and
suggestions on the interpretation of the results, and edited sections of the final report.

A poster (PO.122) has been produced together with this study at the occasion of the
WindEurope 2025 conference. Itis publicly available on C2Wind’s publications webpage
https://c2wind.com/p/our-experience/publications.

' See https://windeurope.org/tech2024/programme/.
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2. Datasets and test cases

2.1 Models description

Three models have been used for all analyses in this study:
» @rsted’s TurbOPark.
» Veer Renewables WakeMap (WFP).
» Whiffle Wind (LES).

Additionally, a PARK2 model implemented by C2Wind has been used in Section 5.2. A
high-level description of these models is provided in Table 2-1. Veer Renewables and
Whiffle have provided two sets of simulations for each test case: one with wakes, and
one without wakes (using a thrust-free turbine model).

| Model | Category | References |
. NYGAARD20], [PEDERSEN22],

TurbOPark Analytical {TPGIT] a ]
Analytical. C2Wind’s implementation includes TI- = [PARK2]

PARK2 dependent wake decay constant, as well as
boundary-layer height refraction.

WakeMap Mesoscale (WRF) with WFP [VEER2023]

Whiffle Wind | LES [BAAS23], [POSTEMA24]

Table 2-1: High-level description of the wake models used in this study.

2.1.1 Analytical models: TurbOPark and C2Wind PARK2

The TurbOPark model released at [TPGIT] has been used without modification. C2Wind
uses an internal implementation of PARK2, following the description in [PARK2] and the
guidance from [EMD19] regarding the derivation of the wake decay constant (a function
of turbulence intensity). C2Wind’s PARK2 implementation alsoincludes an option where
mirror turbines are placed symmetrically above the boundary layer, to mimic the effect
of shallow boundary layers on wake dispersion (a common method in pollution
dispersion studies).

When comparing with pairs of floating lidar measurements, only TurbOPark has been
used, as the PARK2 implementation became available only in the later part of the study.
Future updates of this document will include PARK2 results, these will be presented at
the WindEurope Technology Workshop 2025.

For both PARK2 and TurbOPark, time series were created using Park Power Curves for
every degree bin and the Veer Renewable time series at a reference location from the
thrust-free dataset. In an attempt to adjust TurbOPark results for the presence of coastal
mesoscale wind speed gradients at Kriegers Flak, mean directional speed-up factors
between the reference location and each turbine location were computed and used to
correct the freestream wind speeds (i.e. one factor per turbine/lidar, per direction using
12 sectors).

2.1.2 Veer Renewables WakeMap
WakeMap is based on the Fitch WFP parameterization in the WRF model [FITCH12],
using a turbulent kinetic energy generation factor of 1.0 and with turbulence advection

WindEurope 2025 | Wake Modelling White Paper 7131



CZWIND

turned on. WakeMap uses the ERAS5 reanalysis as boundary forcing. In this study, an
innermost domain at 700-m spatial resolution was used, which was nested by 2.1-km
and 6.3-km outer domains. To speed up computations, the validation period was split
into separate 3-day simulation periods, each with 6-hour spin up, and the resulting
timeseries concatenated in post-processing.

WakeMap also uses the recent WRF WFP correction proposed in [VOLLMER2024]. In this
study, the authors identify that the standard WFP implementation uses waked wind
speeds in a grid cell containing a turbine to calculate thrust and power, whereas in
principle the free stream wind speed should be used. Adjusting for this results in slightly
lower thrust coefficients (i.e., less wake) and higher power output from the turbine.

2.1.3 Whiffle Wind

Whiffle Wind is a cloud-based, self-service platform for running LES developed by
Whiffle. Whiffle Wind is built around Whiffle’s in-house, GPU-resident atmospheric
simulation platform. The current study uses Whiffle Wind’s default simulation setup,
with a 100 m resolution LES nested in a 2 km meso-scale model of which the boundaries
are provided by ERA5. The Whiffle meso-scale model is also GPU-based and run
concurrently with the LES to allow time-step coupling without writing large amounts of
data to disk. The LES employs an actuator disk-based turbine model, of which the disk-
based thrust and power coefficients are obtained from a separate, offline simulation. For
more details about the Whiffle model see [BAAS23] and [POSTEMA24].

2.1.4 Anote on RANS

RANS CFD models have not been considered in this study, primarily because these
models are unable to account for mesoscale effects and site-specific, time-dependent
variations in surface stability and boundary layer dynamics. Also, even for sites with
uniform and simple conditions, they remain difficult to use for time series analysis due
to the large number of flow cases which need to be simulated.

2.2 Measurement description and test cases
Pairs of floating lidar measurements near two wind farm clusters have been used:
» Two floating lidars deployed next to the Belgian wind farm cluster, prior to the
construction of the Borssele wind farm.
» Three floating lidars (and a met mast) located in the Kriegers Flak area in the Baltic
Sea, between Denmark, Sweden and Germany.

The measurements are described, with references to publicly available documents, in
Table 2-2. A map of the measurement locations is provided in Figure 2-1.
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Startdate | Stop date

BWEFZ FLS position 1 Dutch North Sea
BWFZ FLS position 2 Dutch North Sea

KFII-1-LB (FLS1) Kriegers Flak (DK)
KFII-2-LB (FLS2) Kriegers Flak (DK)
KFII-3-LB (FLS3) Kriegers Flak (DK)
FINO2 Kriegers Flak (DE)

2015-06-11
2016-02-12
2023-09-03
2023-09-03
2023-11-01
2023-11-01

2017-08-27
2016-07-07
2024-09-03
2024-09-03
2024-04-14
2024-04-14

[RVOFLS]
[RVOFLS]
[C2WKFII] Appendix B
[C2WKFII] Appendix B
[C2WKFII] Appendix B
[C2WKFII] Appendix B

Table 2-2: High-level description of the measurement datasets used in this study.

Publicly available wind farm power time series from the ENTSO-E transparency platform
have been used to make sure that all wind farms were operating during the timestamps

considered for the validations.
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2.3 Wind farm layouts and turbine characteristics

Wind farm layouts and wind turbine characteristics (hub height, rotor diameter, power
curve, thrust curve) have been obtained from C2Wind internal database and using
publicly available information.

2.4  Analysis methods and guidelines

Prior to proceeding with wake calculations, systematically and carefully characterizing
the atmospheric conditions that drive wake losses is essential. Offshore, atmospheric
stability across the boundary layer (and above) is the main driver. C2Wind has authored
several publicly available documents describing how atmospheric stability can be
characterized at the surface and across the boundary layer, see [WE24], [WES24],
[AMT25] and Appendix C of [C2WKFII].

Unless otherwise noted, atmospheric stability is characterised using the Obukhov length
and the classification presented in [SATHE10], extended to include positive values
smaller than 10 and negative values larger than -50 m. The Obukhov length has been
computed from measurement datasets using the methodology outlined in [PENA08]. The
Obukhov length is otherwise readily available from the Whiffle dataset, and for ERAS it
has been computed using the formulation recommended by the ECMWF?2., The boundary
layer height, for all model datasets, has been computed using the formulation outlined
in Section 3.10.1 of [IFS41r2] and used in the ECMWEF Integrated Forecast System for
producing ERA5. Unless otherwise noted, the ERA5 Obukhov length time series has been
used for classifying atmospheric stability.

When comparing measurement and model data, the following procedure was followed:

» 10-minute measurements and model time series were concatenated in a single
dataset of concurrent data, including for each data the two lidar locations.

» Foreach dataset, wind speed at areference elevation was derived by interpolating
the time series at every timestamp using a power law fitted to the relevant section
of the wind profile.

» Areference wind direction signal was chosen for each dataset: i.e. one reference
signal for the two measurement timeseries, one for the two Whiffle time series,
one for the Veer time series.

» Avreference wind speed signal was chosen from the measurement dataset at the
reference elevation.

» Ratios of wind speeds between the two lidar locations are then computed for
every timestamp.

» Bin statistics are then computed using a rolling average with a given bin width (15
degrees).

2 See https://confluence.ecmwf.int/display/CKB/ERA5%3A+How+to+calculate+Obukhov+Length.
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3. Freestream validations

Comparisons of mean wind speed profiles as well as time series are provided against the
FLS1 location (Baltic Sea) to serve as example in Figure 3-2 and Figure 3-3. They show
that both Veer Renewables and Whiffle model datasets capture accurately freestream
wind conditions.

When comparing the distribution of surface stability classes assessed using ERA5 and
Whiffle data against values derived from the FLS measurements, it appears that the
frequency of stable and very stable conditions may be overestimated in the Whiffle
dataset, see Figure 3-5. Both models show significantly shallower boundary layers than
the reanalysis in particular for stable conditions, see Figure 3-4. This is somewhat
expected, given that ERA5 is known to overestimate boundary layer height, see
[SINCLAIR22] and Section C.3 of [C2WFKII].

One thing to note is that Whiffle’s model tend to predict shallower boundary layers than
ERAS5 also for unstable conditions. Also, as shown in Figure 3-1, for all stability classes
Whiffle’s turbulence intensity values delivered in the dataset are significantly smaller
than what is typically observed offshore (see examples in [C2WKFII]).. Please note that
thisis here a Tl diagnostic variable which does not include the sub-grid scale variance of
the wind, but this variance is included when running the LES model and is present in the
prognostic.

Carefully understanding and checking model behaviour reveals
important information relevant for wake modelling.

108 T T 1 1 1 T T v 5|

—— very stable IJmuiden mast (Southern North Sea)
—®— stable
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—®— near neutral stable 90 T T T 90 T T T
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<
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Figure 3-1: Left: mean turbulence intensity profiles from the Whiffle dataset, at the FINO2 location, as a
function of elevation. Right: typical measured values offshore (reproduced from [C2W19]).
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o FLS1 Measurements, - Model Veer (n > 100 and WS € [4; 30] m/s)
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Figure 3-2: Comparison of modelled (Veer Renewables) and measured data at the FLS1 location in the
Baltic Sea, for two wind directional bins (left: freestream, right: in wake).
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Figure 3-3: Comparison of modelled (Whiffle) and measured data at the FLS1 location in the Baltic Sea, for
two wind directional bins (left: freestream, right: in wake).
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Figure 3-4: Comparison of atmospheric boundary layer height derived from Veer Renewables (top) and
Whiffle (bottom) with that from ERA5 at the FINO2 location. Note: the comparison is shown for Veer
Renewables and Whiffle data up to 600 mASL only (the highest model elevation available in the datasets),

ERAS5 values often exceed this value.
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Figure 3-5: Comparison of atmospheric stability classification between model (left: ERA5, right: Whiffle)

and measurements at the FLS1 location.

WindEurope 2025 | Wake Modelling White Paper

1431



CZWIND

4. Gross power time series

Power time series computed using Veer Renewables and Whiffle models can be
reproduced from the original power curve and freestream wind speed time series. In
particular for the Whiffle dataset, this requires adjusting the wind speed (following Wind
Resource Assessment good practices) for the combined effects of air density, rotor
equivalent wind speed, and turbulence intensity (the prognostic variance is used) which
are inherently captured in the model®. Air density and rotor equivalent wind speeds
adjustments are here carried out using IEC standard methods (this is always done by
default at C2Wind), and turbulence intensity adjustment is carried out using the

guidance provided by Whiffle*; see Figure 4-1. The Veer Renewables modelincorporates
fewer adjustments, see Figure 4-2.

when comparing model power time series with actual power
measurements, users should account for differences in mean hub height wind speed (as

for any mesoscale model), but also for other, model-specific adjustments. Similarly,

when integrating these novel model results into existing EYA workflows, the following is
recommended:

> Run one wake simulation, and a simulation with zero thrust, wake losses should
be estimated from the ratio of the two simulations.

» Derive park power curve for comparison with analytical (diagnostic) models.
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Figure 4-1: Ratio between C2Wind’s and Whiffle gross power time series for Baltic 2, using different hub

height correction methods and different stability classes. Left: all stability classes and all wind speeds,
right: for wind speeds below rated power.

3 See https://docs.whiffle.cloud/getting-started/adding-a-custom-turbine/best-practices-for-turbine-

specst#reference-turbulence-intensity.
4 C2Wind otherwise uses the IEC turbulence intensity renormalization method.
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Figure 4-2: Same as for Figure 4-1, for the Veer Renewables model dataset.
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5. Wake validation

5.1 Wake validation against wind speed measurements

Wake validations results are first presented in a synthetized fashion, with all mean
binned ratios shown together, per stability classes (using the ERA5 time series), see
Figure 5-1 for the Borssele cluster and Figure 5-2 to Figure 5-3 for the FLS2 / FLS1 pair at
Kriegers Flak.

In a more complete fashion, results with both mean values as well as p10/p90 values are
provided in Figure 5-4 for the Borssele cluster and in Figure 5-5 to Figure 5-7 for the FLS
pairs at Kriegers Flak. In these figures measurements are shown in black.

Allvalidation plots are shown for a reference elevation of 100 mMSL. A summary of some
of the key results is provided in Table 5-1 (the wind directional bins with the largest wake
effects have been selected).

Take-away messages:

e For the Borssele cluster, all models perform well and seem to predict well the
mean ratio between the two lidars in the primary wake situation.

e Forthe Kriegers Flak cluster, wake effects appear to be, for some wind directional
bins and some stability classes, overly dominated by mesoscale effects which are
inherently better captured with Veer Renewables and Whiffle models than with
TurbOPark (even if correcting TurbOPark using mean directional scaling factors
as explained in Section 2.1.1).

mean deficits [%] — all stabilities, wind speed in [4; 12 m/s]

Borssele Kriegers Flak
FLS2/FLS1
Wind dir. [°N] [200;270[ [120;150]
Meas. 14.9 3.5
Veer 14.3 2.3
Whiffle 171 4.9
TurbOPark 13.8 8.2

mean deficits [%] - all stabilities, wind speed in [4; 30m/s]

Borssele Kriegers Flak
FLS2/FLS1

Wind dir. [°N] [0;360[ [0;360[
Meas. 5.4 -2.1
Veer 4.8 -1.8
Whiffle 6.6 -0.7
TurbOPark 4.1 -0.3

Table 5-1: Mean ratios between FLS locations, for different wind speed and wind directional bins (for
Kriegers Flak, only the dataset with the longest concurrency period — 1 year — is considered in this table).
For Kriegers Flak, the TurbOPark results include the directional mesoscale correction.
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Figure 5-1: Validation at the Borssele cluster.
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Figure 5-2: Validation at the Kriegers Flak cluster. Here, the TurbOPark results do not include any mean

directional scaling to account for coastal effects.
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Figure 5-4: Validation at the Borselle cluster. Here, the TurbOPark results do not include any mean directional scaling to account for coastal effects.
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Figure 5-5: Validation at the Kriegers Flak cluster. Here, the TurbOPark results do not include any mean directional scaling to account for coastal effects.
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Figure 5-6: Validation at the Kriegers Flak cluster. Here, the TurbOPark results do not include any mean directional scaling to account for coastal effects.
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Figure 5-7: Validation at the Kriegers Flak cluster. Here, the TurbOPark results do not include any mean directional scaling to account for coastal effects.
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5.2 Wake loss comparisons between models

For every timestamp and for each model, power time series including wake and gross
power are available. For the Baltic 2 and Kriegers Flak wind farms, the ratio of the mean
power of the two time series has been computed for every wind speed bin and every wind
directional bin. Results are displayed in Figure 5-8 and Figure 5-10 for two subsets: deep
boundary layers (full lines) and shallow boundary layers (dashed lines) where the
threshold between deep and shallow is set to 3 times the hub height.

Beside TurbOPark, results from C2Wind’s PARK2 implementation are provided as well.
These have been computed using as input the hub height turbulence intensity and
boundary layer height time series from the Whiffle dataset.

The same dataset is used for producing Figure 5-9, where the results are provided as a
function of boundary layer height.

e Fordeep boundary layers, all models are in good agreement.

e For shallow boundary layers, Veer Renewables and Whiffle show significantly
larger wake losses. In some situations (westerly winds), C2Wind PARK2
implementation seems to capture some of this effect, while for easterly directions
this is not the case.

e Baltic 2 wind farm production data are not available to C2Wind, therefore model
bias cannot be assessed. The total wake loss (i.e. including all wind speed)
predicted by TurbOPark is smaller than the wake loss predicted by the Whiffle,
Veer Renewables and C2Wind PARK2 models.
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Figure 5-8: Ratio between waked- and gross mean power time series for the Baltic 2 wind farm. Results are displayed for two subsets: deep boundary layers (full lines)

and shallow boundary layers (dashed lines) and are provided for every 30-degree wind directional bin and every wind speed below rated.
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Figure 5-9: Ratio between waked- and gross mean power time series for the Baltic 2 wind farm, provided for every 30-degree wind directional bin and several boundary
layer height bins for wind speeds below rated.
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Figure 5-10: Ratio between waked- and gross mean power time series for the Kriegers Flak wind farm. Results are displayed for two subsets: deep boundary layers (full
lines) and shallow boundary layers (dashed lines) and are provided for every 30-degree wind directional bin and every wind speed below rated.
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6. Model guidance selection for EYA

From the results presented in this study, C2Wind considers that analytical engineering
wake models cannot solely be used for assessing wake effects over regions where
mesoscale effects and shallow boundary layers have a significant effect on wind farm
performance.

The validations presented in this report show that commercially available Wind Farm
Parametrisation and LES models show satisfactory results and capture wake dynamics
otherwise impossible to model with analytical models only.

Similarly to mesoscale datasets used for long-term correction and micrositing, the type
and extent of the computational datasets to be procured depend on the project location,
configuration, and maturity. C2Wind recommends to carefully characterise site
conditions prior to choosing a representative modelling time period and domain extent.
This should be done primarily using atmospheric stability, at the surface and across the
boundary layer. Combined with careful simulation planning (a full year of simulation is
often not needed), this can result in time- and cost-effective ways to incorporate these
novel modelling approaches into existing EYA workflows.

Wake modelling will remain difficult. Wind Farm Parametrisation and LES models,
despite their limitations (which in great part are inherent limitations to mesoscale
modelling, shared with any mesoscale model), provide a more physical insight into wake
dynamics that analytical engineering models (that are in essence diagnostics models,
requiring well defined flow case inputs). C2Wind sees no reason to not bring these
models into the mix of already very diverse wake modelling strategies. In parallel,
practitioners should keep using engineering models (accounting for atmospheric
stability, these needs be reiterated) for fast- and preliminary estimates.

Regarding the additional cost of such models: in recent years, a great reduction in Energy
Yield Uncertainty has been achieved with the vast adoption of floating lidar
measurement campaigns, fora cost more than 2 orders of magnitude larger than the cost
of the type of computational wake datasets discussed in the present report. Given the
magnitude of the current uncertainty in wake modelling (often in the order of 20 to 25%
of the wake loss), investing now in using, familiarising ourselves with- and validating
these high-fidelity model results will provide industry-wide benefits.
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