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DOCUMENT SUMMARY

This deliverable (D5.3) investigates the potential wake effects of the planned Princess Elisabeth Zone
(PEZ) on existing Belgian offshore wind farms, focusing on both long-term energy production and short-
term operational impacts. The PEZ, with a projected capacity of 3.5 GW using 15 MW turbines, will be
located southwest of the current Belgian-Dutch wind farm cluster (BE-NL cluster), raising concerns
about inter-farm wake interactions under prevailing southwesterly winds.

Two complementary studies were conducted:

These findings highlight the importance of considering wake interactions in future offshore wind
planning and forecasting. The results will inform grid operators, developers, and policymakers on
mitigating wake-related energy losses and improving operational strategies.

Year-long mesoscale assessment (VKI): Using the WRF model with wind farm
parameterization, simulations for 2016 quantify annual energy production (AEP) losses and
wind speed deficits. Results indicate that the BE-NL cluster experiences the largest impact, with
spatially averaged AEP losses of about 5%, and localized losses up to 14%. Seasonal and diurnal
variations show stronger external wake losses during summer afternoons under stable
atmospheric conditions.

Short-term impact analysis (RMI & VKI): High-resolution simulations with ALARO (1.3 km and
4 km) and WRF (1 km) for February 2022, including Storm Eunice, reveal that PEZ-induced wake
deficits can reach 3 m/s locally, with additional power losses of ~2% across the Belgian Offshore
Zone (BOZ). Sensitivity to model resolution is evident at individual wind farm level but largely
cancels out when aggregated over the cluster.
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1 Introduction

Today, Belgium has a capacity of 2.2 GW of offshore wind farms, spread over 9 wind farms installed in
close vicinity (see Figure 1). Together with the neighboring Dutch Borssele wind farms, they form the
Belgian-Dutch wind farm cluster (BE-NL cluster), which is the largest wind farm cluster operational today.
Over the coming decade, the Princess Elisabeth Zone (PEZ) will be developed southwest of the BE-NL
cluster. With prevailing southwesterly winds in the Belgian North Sea, it is expected that the presence of
the PEZ will impact the existing (Eastern) Belgian zone. This impact can be multifaceted. For example, wind
speed deficits in the PEZ wake can reduce the overall Annual Energy Production (AEP) of the Eastern
Belgian Offshore Zone (BOZ). On the other hand, also on shorter time scales, the PEZ is expected to
interact with specific weather events such as wind storms or wind ramps, which would affect wind power
forecasts for the BOZ as well.

The current deliverable reports on the simulation efforts performed in the BeFORECAST project to
guantify these impacts. Throughout the current study, we focus exclusively on the PEZ capacity scenario
of 3.5 GW consisting of 15 MW wind turbines. The remainder of this deliverable is structured as follows.
First, Section 2 elaborates on a study quantifying the impact that the PEZ is expected to have on the BE-
NL cluster (BOZ + Borssele) in terms of AEP. Next, Section 3 reports results from two different numerical
weather prediction models for specific events during the month of February 2022, which featured several
high speed wind storms. Finally, Section 4 summarizes the overall discussion.
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Figure 1: Illustration of existing and planned wind farms in the vicinity of the Belgian part of the North Sea.
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2 PEZ wake impact on BE-NL cluster AEP in the WRF model

This section summarizes the work that was performed to quantify the expected wake impact of the PEZ
on the existing eastern zone. The work was performed by VKI and submitted in a journal paper which is
currently under review for Wind Energy Science (see Section 5 on Dissemination). The preprint can be
found online at the time of writing the current report. The preprint contains a comparison of mesoscale
models with wind farm parameterizations to engineering wake models. The latter are omitted from this
deliverable in view of brevity. We refer the reader to the published version of this manuscript (which
should appear later pending on reviewer acceptance decisions) for the latest consolidated results.

2.1 Study area and period

In this Section, we study a single scenario for the PEZ, i.e. with 3.5 GW capacity installed, consisting of 15
MW turbines with a rotor diameter D = 236 m and a hub height z;, = 146 m. While we focus mainly on
the impact on the BE-NL cluster, also other neighboring wind farms (see Figure 2) are included in the
weater model assessment of Section 2.2. Locations of the existing wind turbines are extracted from
Hoeser et al. (2022), while locations for the PEZ are from Munters et al. (2022) and Cornillie et al. (2021),
with the latter resulting from an even distribution of turbines over the lease area, accounting for an
exclusion zone which was known at the time of these studies. Note that later more exclusion zones were
introduced, further restricting the available area for turbines to be installed, but these are not included in
the current study.

Simulations are performed for the year 2016 as it is a representative year for the long-term wind climate
at 100 m above mean sea level for the study area, as determined based on the methodology of Borgers
et al. (2024). Model runs are validated with wind measurements away from the wind farms, results of
which are shown in the companion papers, but omitted here for brevity.
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Figure 2: Location of the PEZ (red dots) and existing (black dots) wind turbine in the Southern Bight of the North Sea. Yellow
diamonds indicate locations of measurements for validation of the weather model setup.

ETF BeFORECAST Deliverable Report Page 5 of 21



2.2 Year-long mesoscale weather model assessment

2.2.1 Mesoscale model setup

We use the Weather Research and Forecasting (WRF) model v4.3 with 3 nested domains with a horizontal
grid spacing of 18 km, 6 km, and 2 km respectively (see Figure 3). The vertical discretization consists of 80
stretched levels, with 15 levels situated in the first 150 m, and a model top at 1 000 Pa. Initial and lateral
boundary conditions (LBC) are derived from the ERA5 dataset with hourly LBC updates.
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Figure 3: WRF setup with 3 nested domains with 18 km, 6 km, and 2 km horizontal grid spacings respectively.

Model physics parameterizations are shown in Table 1. To represent the wind farms in the simulations,
the parameterization by Fitch et al. (2012) is used, with the default turbulence correction factor of a =
0.25 as proposed by Archer et al. (2020). Wind turbine power and performance curves are obtained from
a combination of confidential and publicly available sources.

Three simulations are performed, a first one without any wind farms included to establish a reference
baseline (“no WF”), one with only the existing wind farms (“without PE”, black dots in Figure 2), and one
with the existing wind farms and the PEZ (“with PE”, black and red dots in Figure 2).

Table 1: WRF physics parameterizations.

Physics Parameterization
Microphysics Morrison double-momentum
Radiation (short- and long wave) RRTMG

Planetary boundary layer MYNN

Surface layer Revised M5

Land surface Noah

Convection Kain-Fritsch

Wind farms Fitch (& = 0.25)
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2.2.2 External and internal wake loss quantification

We define external wake losses as additional wake loss in existing wind farms caused by the installation
of the 3.5 GW PEZ, and internal wake losses as those experienced by the existing wind farms in absence
of the PEZ. Note that this differs from the conventional definition of internal wake losses, which strictly
would only be caused by wind turbines within the same farm. However, separating these from our
definition of internal wake loss would require many more model runs and is omitted for computational
cost reasons. Hence, we consider the BE-NL cluster as a single wind farm, and there might be limited inter-
farm wake losses caused by more distant wind farms in the UK or the Netherlands included in the internal
wake loss as defined here. As a result, internal and external losses are defined as

PnoWF - Pwithout PE
Lossinternal =100 ’

PnoWF

PnoWF - Pwith PE

Lossexternal =100 - LOSSinternal-

PnoWF
2.2.3 Annual energy production and mean yearly wind speed deficit

The AEP and mean wind speed before and after constructing the PEZ are shown in Figure 4. Wind speed
deficit is defined as the difference between the mean wind speed of the simulation “with PE” or “without
PE” and the reference “no WF” simulation. Due to the proximity and the southwesterly prevailing winds,
the BE-NL cluster is impacted most by the PEZ of all wind farms, with AEP loss in certain cells up to 14%,
or 5% after spatially averaging over the entire cluster. This is in the same order of magnitude as the study
by Borgers et al. (2025), though models and spatial resolution differ. Smaller impact is observed for wind
farms up to 70 km away. After PEZ installation, deficits are spread more widely across the Southern Bight,
with the strongest increase in the northeast due to prevailing southwesterly winds.
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Figure 4: Annual energy production (AEP, left column), mean yearly wind speed deficit (right column) for situation before (top row)
and after (middle row) the installation of the PEZ. The bottom row shows the difference between these two.
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Table 2: Spatially averaged AEP loss for different wind farm (clusters). Losses below 0.5% are believed to be related to model error
or numerical noise and deemed statistically insignificant.

Wind farm (cluster) Country Distance to PEZ [km] | Spatially Averaged AEP loss [%]
BE-NL cluster BE & NL 34 5.1
Galloper cluster UK 54 0.8
Thanet UK 58 0.9
London Array UK 68 0.5
East Anglia ONE UK 81 0.1
Gunfleet Sands UK 89 -0.1
Kentish Flats UK 95 -0.2
Scroby Sands UK 135 -0.1
Luchterduinen NL 153 0.3
Prinses Amalia NL 170 0.1
Egmond aan Zee NL 181 0.1

2.2.4 Hourly and monthly variations in external and internal wake losses

Figure 5 illustrates the hourly variation in external and internal wake loss per month. A first observation
is that hourly wake losses vary more strongly for external wake losses, while both vary seasonally. Larger
external wake losses are observed in Summer during the late afternoon, which can be explained by the
combination of relatively limited wind speeds (i.e. where power curves are steep and wind turbines have
a higher thrust coefficient), the prevalence of southwesterly winds and the relatively high occurrence of
stable atmospheric conditions. Internal wake losses on the other hand are increased through Spring and
Summer with lesser variation during the day, mostly attributable to the lower wind speeds.
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Figure 5: Wake losses and atmospheric conditions for the BE-NL cluster. (a,c) Yearly averaged external and internal wake loss.
(b,d) Hourly and monthly variations of spatially averaged external and internal wake loss. Hourly averages of (e) wind speed, (f)
wind direction and (g) occurrence of stable atmospheric conditions.

ETF BeFORECAST Deliverable Report

Page 8 of 21



3 Impact of PEZ during February 2022 in ALARO and WRF models

In this Section, we quantify the impact that the PEZ has on the existing eastern zone on shorter
(forecasting) timescales. We focus on the month of February 2022, which featured several high impact
weather events such as Storm Eunice. Simulations are performed with an identical PEZ layout as in Section
2 (i.e. 3.5 GW installed with 15 MW turbines). Turbine thrust and power curves are obtained from the IEA
15 MW reference turbine (Gaertner et al., 2020). Simulations are performed in 2 runs: both with and
without the PEZ turbines. The BE-NL cluster (BOZ + Borssele) is included in all runs. Table 3 details the
model setup for the simulations performed in this section, i.e. a 1-km WRF simulation (VKI), a 1.3 km
ALARO simulation (RMI ALO1), and a 4 km ALARO simulation (RMI ALOA4). Figure 6 shows the model grid
points overlaid on the BOZ and PEZ wind turbines for the ALO1 and ALO4 model setups, illustrating the
difference in resolution and capturing individual turbines in both setups.

Table 3: Model setups for February 2022 PEZ simulations

VKI WRF RMI ALO1 RMI ALO4
Time period | Feb ‘22 Feb 22 Feb 22
Model | WRF ALO1 ALO4
IBC & LBC | ERAS ARPEGE ARPEGE
Horizontal grid spacing | 1 km 1.3 km 4 km
Hourly resolution of outputs | 10 min 1h 1h
Batch runs | 7 + 1 days Forecast (48 h) Forecast (60 h)
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Northe_r

Figure 6: Model grid points (blue) with BOZ & Borssele (red points) and PEZ turbines (green points). Left: ALO4, Right: ALO1.

Figure 7 illustrates the wind speed deficits (wakes) in the RMI ALO runs with BOZ (left), BOZ + PEZ (middle)
and the difference between these (right), averaged over the entire simulation time horizon of February
2022. Appendix A includes additional plots of wind speed deficits at different heights. Figure 8 provides a
similar visualization for the VKI WRF runs with the wake deficits for BOZ (left) and BOZ + PEZ (right). A
qualitative comparison shows that deficits are similar in all runs, with magnitudes in the order of up to 3
m/s (combining both PEZ and BOZ wakes). Furthermore, due to the prevailing wind directions during the
simulation, PEZ-induced deficits being strongest in the middle part of the BOZ cluster, i.e. impacts at
Seastar (cf. Figure 6) are consistently higher than at Norther (southern edge of the cluster) or Mermaid
(northern edge of the cluster). The increased resolution in the ALO1 and WRF simulations allows to further
detail the spatial distribution of wake impacts over the different wind farms. In the remainder of this
section, the focus will lie on the RMI simulations. A more detailed analysis of the VKI simulations during
the specific event of Storm Eunice (17-20 Feb) is included in Appendix B.
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Figure 7: Wind speed deficits in RMI runs for Feb 2022. Top: ALO4. Middle: ALO4, zoomed on BOZ. Bottom: ALO1, zoomed on BOZ.
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Figure 8: Wind speed deficits in VKI WRF runs for Feb 2022. Left: BOZ, Right: BOZ + PEZ.

Figure 9 depicts the wind speed deficits (compared to a reference freestream simulation without wind
turbines) from the ALO simulations for Norther, Seastar, and Mermaid wind farms. Deficits are plotted
against lead time in the forecast simulations, averaged over the full simulation database of February 2022.
The figure illustrates that the qualitative observation from previous paragraph can be confirmed, i.e.
overall wind speed deficits as well as the impact of PEZ is largest in Seastar which is central to the cluster.
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A further observation is that the model resolution significantly impacts wind speed deficits, but the trend
differs for different farms: for Norther and Seastar, the higher resolution in ALO1 predicts lower wind
speed deficits overall, whereas for Mermaid a higher wake deficit is observed in ALO1 versus ALO4. This
highlights the importance of carefully assessing model sensitivity to grid resolution in studying wake
effects in mesoscale wind farm simulations.

Figure 10 further shows the simulated power losses in the entire BOZ for ALO1 and ALO4, both with and
without the PEZ. The aforementioned sensitivity to grid resolution cancels out when averaging over the
entire cluster, with ALO1 and ALO4 predicting similar power loss magnitudes. These observations warrant
further future investigation into the sensitivity of modeled wake loss to, e.g. wind farm layout and spacing.
The figure further shows that, during February 2022, models consistently predict an additional wake loss
of about 2% after installation of the PEZ. Note that this is lower than the 5% reported in Section 2, which
is likely caused by the fact that there were several high-wind storm events in February 2022, which tend
toresult in limited wake losses as thrust coefficients are limited and power curves flat at high wind speeds.
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Figure 9: Wind speed deficits at Norther (left), Seastar (middle), and Mermaid (top) wind farms for BOZ and BOZ+PEZ scenarios in
ALO1 and ALOA4.
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Figure 10: BOZ wake power loss (as percentage of installed capacity) for BOZ and BOZ+PEZ scenarios in ALO1 and ALOA.

Summarizing, the current section qualitatively compared the impact of PEZ on BOZ during February 2022
using different models run at different resolutions. Qualitatively, all models (WRF 1 km, ALO1 1.3 km, and
ALO4 4km) predicted similar structure of wind speed deficits among the cluster. Upon analyzing the
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impact of resolution in ALARO, it was found that, although at individual wind farm level resolution appears
to significantly affect overall modeled wake effects with trends varying across wind farms, this sensitivity
cancels out when considering the entire cluster consisting of several wind farms with varying capacity and
wind farm density. This warrants future investigation into the sensitivity of modeled wind speed deficits
and power losses with mesoscale numerical models.

4 Conclusion

The analysis presented here confirms that the installation of the PEZ will have a measurable impact on
existing Belgian offshore wind farms. Based on the assumptions made in this report, long-term simulations
predict an average AEP reduction of approximately 5% for the BE-NL cluster, with localized losses up to
14%, primarily driven by prevailing southwesterly winds and stable atmospheric conditions. Short-term
studies during February 2022, including extreme events such as Storm Eunice, show additional wake-
induced power losses of around 2%. These are somewhat lower than the general expected AEP losses due
to high-wind conditions when turbines operate near rated capacity.

Model resolution plays a significant role in capturing spatial wake patterns, particularly at individual wind
farm level, but aggregated impacts remain consistent across configurations. These results underscore the
need for high-resolution modeling and careful consideration of wake effects in future concession
planning.

Further research is necessary to reduce the uncertainties in the losses reported here, i.e., with detailed
capacities and layouts for the PEZ, as well as an ensemble of mesoscale models supplemented with
engineering wake models.

5 Dissemination

The results in Section 2 have been reported in a journal paper which is currently under review for the
Wind Energy Science journal. The preprint can be found online following the reference below.
Furthermore, post-project follow-up disseminations in the form of conference and/or journal articles on
the simulation results in Section 3 are under discussion between RMI and VKI.

e Porchetta, S., Howland, M. F., Borgers, R., Buckingham, S., and Munters, W.: Annual wake impacts
in and between wind farm clusters modelled by a mesoscale numerical weather prediction model
and  fast-running  engineering models, Wind Energ. Sci. Discuss. [preprint],
https://doi.org/10.5194/wes-2024-58, in review, 2024.

Note that, during the review process, the decision was made to split this paper into 2 companion papers,
one focusing on mesoscale models, and one on comparisons to engineering wake models. The latter are
not discussed in the current deliverable, but those interested are encouraged to reach out to the authors
of the current deliverable for further information.
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7 Appendix A: additional plots for RMI PEZ runs

This appendix contains additional model outputs from the RMI runs for Section 3.
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Figure 11: Wind speed deficit for ALO4, averaged over February 2022 period, for 50m (top), 100m, 150m and 200m (bottom) wind
speed. Left for BOZ runs, middle for BOZ+PEZ runs, with difference on the right. Zoom on BOZ+PEZ area.
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Figure 12: Wind speed deficit for ALO4, averaged over February 2022 period, for 50m (top), 100m, 150m and 200m (bottom) wind
speed. Left for BOZ runs, middle for BOZ+PEZ runs, with difference on the right. Zoom on BOZ area only.

ETF BeFORECAST Deliverable Report Page 15 of 21
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Figure 13: Wind speed deficit for ALO1, averaged over February 2022 period, for 50m (top), 100m, 150m and 200m (bottom) wind
speed. Left for BOZ runs, middle for BOZ+PEZ runs, with difference on the right. Zoom on BOZ area only.
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Fig 6: Wind farm effects (wind speed deficit) for ALO1, ALO4, both with and without PEZ, at Norther wind farm.
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Fig 7: Wind farm effects (wind speed deficit) for ALO1, ALO4, both with and without PEZ, at Seastar wind farm.
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Fig 8: Wind farm effects (wind speed deficit) for ALO1, ALO4, both with and without PEZ, at Mermaid wind farm.
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Fig 9: Wind farm effects (wind power deficit) for ALO1, ALO4, both with and without PEZ, in the BOZ, as a percentage of installed

capacity.
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Fig 10: Wind farm effects (wind power deficit) for ALO1, ALO4, both with and without PEZ, at Norther wind farm, as a percentage

of installed capacity.
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Fig 11: Wind farm effects (wind power deficit) for ALO1, ALO4, both with and without PEZ, at Seastar wind farm, as a percentage

of installed capacity.
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Fig 12: Wind farm effects (wind power deficit) for ALO1, ALO4, both with and without PEZ, at Mermaid wind farm, as a percentage
of installed capacity.
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Abstract. In this report, we analyze the effects of the upcoming Princess Elizabeth Zone in
the existing Belgian offshore wind farms.

1. Methodology

1.1. WRF model setup

Simulations are performed with version 4.5.2 of the WRF model [1] for a period of 1 month,
February 2022. This specific month was selected to analyze severe storm events, with particular
emphasis on Storm Eunice, which occurred between 17 and 20 February. The model execution
period is split into batches of weekly runs, including one day of spin-up period per batch, similar
to the approach used by Hahmann et al. [2]. The initial and boundary conditions are derived
from 30 km spatial resolution ERA5 hourly reanalysis data. The model uses a three-nested
domain setup with a grid resolution of 9km, 3km, and 1km, respectively, as depicted in Figure
1 (a). The simulation output is processed every 10 minutes for the 1km resolution domains.
Regarding the surface and boundary layer physics parametrization in WRF, the Noah Land
Surface Model [3], and the MYNN Level 2.5 Planetary Boundary Layer [4] schemes are used,
respectively. The WSM5 scheme [5] is applied for the microphysics interactions, and the Rapid
Radiative Transfer Model long-wave and shortwave radiative transfer [6] schemes are used to
model the radiation processes.

For this study, the default Wind Farm Parametrization (WFP) scheme proposed by Fitch
et al. [7] is applied. The influence of the turbines on the atmosphere is described by imposing
a momentum sink in the mean flow, resulting in the conversion of a fraction of the mean flow
kinetic energy (KE) into electricity, while the remaining KE is transformed into Turbulence
Kinetic Energy (TKE). The model includes the corrections suggested by Archer et al. [8], and the
proposed TKE factor equal to 0.25 is applied. Although the Fitch Wind Farm Parameterization
(WFEP) can exhibit discrepancies from ground truth, it remains widely used due to its adequate
accuracy when compared with other mesoscale WFP schemes and high-fidelity simulations
[9, 10].



—— DO1: 9%km
1 > — DO1: 3km
p o —— D03=D04: 1km
: v
- fh g
/\r; B

T s

Figure 1: (a): Nested domains set-up in WRF model. (b): High-resolution 1km domain including
the simulated wind farms. The red areas on the right represent the PEZ zones.

The downstream wake is defined as the wind speed deficit and the simultaneous TKE increase
due to the wind turbine. The WRF model is executed with and without WFP (hereafter referred
to as WF and NWF, respectively) in domains D03 and D04. This setup is used to quantify wake
effects, defined as wind-speed deficits occurring downstream of the wind farms. Although the
study focuses on wake effects over the Belgian-Dutch cluster, further wind farms are also included
in the model executions to consider waked flow from S-W to N-W directions. The wind farms
are depicted in Figure 1 (b) and are exclusively simulated on the highest resolution domain.
The wind speed deficits are calculated in percentage form as follows:

Unwr —Uwr (1)

Uwake = W x 100,

where U is the horizontal wind speed.

The turbine power is extracted from the power curve of each simulated wind turbine using
the wind speeds from the NWF and WF simulations, respectively (i.e., (P = f(Uwgrr)). Then,
the P,ss is calculated as the normalized difference between the NWF and WF simulations in
WREF, similar with the U,qke in Equation 1:

P — P
P, = Pvwe = Bve a0 @)

Pywr

2. Results
The analysis focuses only on the Eunice Storm period, i.e., 17 to 20 February, 2022.

2.1. Atmospheric Conditions



Figure 2: Time series of wind speed at WHi, BSB, and EPL, in the NWF, WF, and WF+PEZ
simulations.

Figure 3: Time series of wind direction at WHi, BSB, and EPL, in the NWF, WF, and WF+PEZ
simulations.



