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Abstract

In summary, a high-fidelity atmospheric model was used to calculate the production numbers of the Dutch 21 GW
Roadmap. A large number of wind farm scenarios was considered. The present study contributes to a better
understanding of cluster wake effects and the relation between installed capacity and energy production.

The Dutch Roadmap for offshore wind energy aims for an installed capacity of around 21 GW in 2032. With the
gradual buildout of the Roadmap wind farms, wake effects may become more and more important. The increased
capacity of future wind farms may lead to larger internal wake losses. And as the number of wind farms increases,
also external wake effects (i.e. wakes from one or multiple wind farms hampering the production of a downstream
wind farm) may increase.

In order to reduce the uncertainty in the expected annual energy production and to offer insights in the potential
impact of wake effects, Whiffle performed an extensive modeling study with its turbine resolving large-eddy simulation
model for varying North Sea wind energy scenarios. The selected set of scenarios represents a wide range of wind
farm configurations, which is relevant as the specifications of future wind farms are yet unknown.

A first set of simulation scenarios includes the gradual build out of the 21 GW Roadmap in five incremental
steps. In addition, a suite of sensitivity scenarios was run with, for instance, a different turbine type (20 MW turbines
instead of the default 15 MW) and leaving out all wind farms of neighboring countries.

The simulation domain has a horizontal extent of 307 x 384 km with a horizontal grid spacing of 120 m (2560
x 3200 grid cells). For the initial and full build out phase of the 21 GW Roadmap a full-year simulation has been
performed for the period 17 March 2018 to 17 March 2019, a period which is representative for the long term North
Sea wind climate. The remaining scenarios are run for a set of 50 representative days.

The presented production numbers and capacity factors include losses due to internal and external (or farm-to-
farm) wake effects and blockage effects. Not included are electrical, power curve hysteresis, curtailment and any
other operational losses. Capacity factors are defined as the ratio between the simulated waked production and the
installed capacity

The simulated annual energy production of the full buildout scenario of the 21 GW Roadmap is estimated to
be 83.7 TWh with an error margin in terms of standard deviation of 5%. This corresponds to a 68% confidence
interval of 79.5 to 87.3 TWh. These numbers are based on modeled production numbers that have been corrected
for model bias, sampling errors, and long-term representativeness. The corresponding capacity factor of the 21 GW
Roadmap is 46%. Average aerodynamic losses (i.e. the sum of internal and external wake losses and blockage
effects) with respect to the gross energy production is 21.7%.

The simulations of the incremental build out phases of the 21 GW Roadmap show significant farm-to-farm wake
effects. The impact for any particular wind farm depends on the presence and location of neighboring wind farms.
Leaving out all wind farms of neighboring countries leads to an overall production increases of 2.1%. For wind farms
that are directly bordering non-Dutch wind farms differences are larger. Wind farms for which the default 15 MW
turbines were replaced by 20 MW turbines, while leaving the installed capacity the same, showed an increase in
production between 0.7 to 1.8%. The scenarios considering overplanting show a significant increase in production,
be it at the cost of a reduced capacity factor. However, when the wind farm production is maximized (for instance,
because of the transport capacity of offshore substations) to the original wind farm rated power, the increase in
production is much less.

To facilitate the accessibility of the simulation results, a web-based GIS Viewer has been developed, which can
be found at https://21gw.whiffle.cloud. The GIS Viewer allows for a straightforward and visual inspection
of power production and capacity factors of the different scenarios per wind farm.
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1
Introduction

As part of the transition to renewable energy sources, the installed capacity of offshore wind energy in the North
Sea will grow significantly in the next decades. However, the anticipated large-scale roll-out of offshore wind
energy may lead to an increased importance of wind farm wake effects, which could result in lower than anticipated
electricity production. A better understanding of wake effects can provide valuable opportunities for governments
and developers in their planning and decision-making processes.

The Dutch Offshore Wind Energy Roadmap aims for an installed capacity of around 21 GW in 2032 (Netherlands
Enterprise Agency, 2024). It is important to better understand the relation between installed capacity and the
expected annual energy production (AEP). To that end, the Netherlands Enterprise Agency on behalf of the Ministry
of Climate and Green Growth granted Whiffle an extensive modeling study to the energy production and wake
effects of the operational and planned wind farms of the 21 GW Roadmap.

The aim of the study is to reduce the uncertainty in the expected AEP and to offer insights in the potential
impact of cluster wake effects (i.e. the wake effects from one or multiple wind farms to others). Therefore, a suite of
scenarios with incremental buildout steps of the planned offshore wind farms have been performed. In addition,
several sensitivity simulations have been carried out. These include scenarios that consider the impact of turbine
type, overplanting, layout, and the presence of wind farms of neighboring countries. The selected set of scenarios
represents a wide range of wind farm configurations, which is relevant as the specifications of future wind farms are
yet unknown.

Simulations were done with Whiffle’s large-eddy simulation (LES) model. Whiffle’s LES is a fast and robust,
commercial high-resolution weather model that has been extensively validated and is used by many developers of
offshore and onshore wind farms. The model setup and configuration were taken similar as used in Whiffle (2024),
who performed an extensive validation of the model using LiDAR and in-site wind measurements for many locations
in the North Sea.

The present report describes the results of the modeling study. The methodology is explained in Sect. 2. This
involves the construction of the wind farm scenario’s, motivation for the simulated time periods, and details about
the model. The Results are presented in Sect. 3. For each scenario and wind farms the production numbers will be
discussed. Insight in the wake effects over the Dutch part of the North Sea will be presented. Applied corrections
to the raw model output and an assessment of the error margin are discussed in Sect. 4. The conclusions are
summarized in Sect. 5.
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2
Methodology

2.1 Scenario simulation strategy

To study the annual energy production1 and (cluster) wake losses of the 21 GW Roadmap, a comprehensive set of
offshore wind farm scenarios has been simulated with Whiffle LES.

A first set of simulation scenarios includes the gradual buildout of the 21 GW Roadmap in five incremental
steps. This set of scenarios starts with an initial buildout scenario, labeled Scenario 1, which includes all wind farms
operational in 2024 plus Hollandse Kust West (HKW, here including sites VI and VII). The included operational
wind farms are Luchterduinen, Gemini, Borssele I&II, Borssele III&IV, Hollandse Kust Noord (HKN), and Hollandse
Kust Zuid (HKZ). The offshore wind farms Princess Amalia Windpark (PAWP) and Offshore Windpark Egmond
aan Zee (OWEZ) are left out of the simulations, as they are expected to be decommissioned in the next decade.
In Scenario 2 the IJmuiden Ver Alpha (IJVer-Alpha) and IJmuiden Ver Beta (IJVer-Beta) wind farms are added.
Scenario 3 adds IJmuiden Ver Gamma (IJVer-Gamma) and Nederwiek I. Nederwiek II&III are added in Scenario
4. Scenario 5, which is considered the full buildout scenario also includes Doordewind and Ten noorden van de
Waddeneilanden (TNW). The gradual buildout of the 21 GW Roadmap follows the time line of the tendering of the
subsequent wind farms as outlined in Netherlands Enterprise Agency (2024). Figure 2.1 provides a map of the
incremental Roadmap scenarios. The scenarios are summarized in Table 2.1. The Gross scenario includes all
turbines of all other scenarios combined. As such, by selecting the corresponding turbines from the Gross scenario,
for each of the other scenarios the gross production can be determined. The specific implementation of the wind
farms in the model is discussed in Sect. 2.4.

A constant set of wind farms of neighboring counties is included in all five incremental Roadmap scenarios. It
represents the expected situation in the year 2032 and closely follows the KEC 5.0 scenario of offshore wind farms
(KEC 5.0, 2024). The final realization of future wind farms may be subject to changes in location, capacity, and/or
turbine types. For more details on the location of the included wind farms see Sect. 2.4.

For Scenarios 1 and 5 (initial and full buildout) a full-year simulation has been performed covering the period 17
March 2018 to 17 March 2019. This specific consecutive 365-day period has been carefully selected from 20 years
of ERA5 reanalysis data (Hersbach et al., 2020). It is chosen such that is representative for the long-term North
Sea wind climate. The selection procedure is explained in Sect 2.5.1. Despite known deficiencies (e.g. Gandoin
and Garza (2024)), the ERA5 dataset is generally known for its high quality, also compared to other reanalysis
datasets, when it comes to (long-term) correlation with observations (Gualtieri, 2022; Jourdier, 2020; Olauson,
2018; Ramon et al., 2019). In a comparison with LiDAR data from several locations in the North Sea (LichtEiland
Goeree, Europlatform, and K13), TNO (2024) conclude that ERA5 is suitable as long term reference data in order to
establish long term wind resource for these locations.

The intermediate scenarios (Scenarios 2 to 4) have been run for a set of 50 days, sampled from the full-year
scenario run, that form a good representation of the wind climate. This selection method is explained in more detail
in Sect. 2.5.2.

1Formally, no energy is produced. Wind turbines convert kinetic energy from the flow into mechanical energy, which, in turn, is converted into electricity.
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Chapter 2. Methodology

Figure 2.1. Overview of the incremental buildout scenarios. Wind farms of neighboring countries that are included in the
simulations are indicated in grey (the same for all scenarios).
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Scenario 1 (Initial buildout, operational + HKW) Sc1 365 674 6.02
Scenario 2 (Sc1 + IJVer-Alpha and Beta) Sc2 50 942 10.04
Scenario 3 (Sc2 + IJVer-Gamma and Nederwiek I) Sc3 50 1210 14.06
Scenario 4 (Sc3 + Nederwiek II&III) Sc4 50 1477 18.06
Scenario 5 (Full buildout,Sc4 + Doordewind and TNW) Sc5 365 1664 20.87
No wind farms of neighboring countries NoFor 50 1664 20.87
20 MW turbines instead of 15 MW 20MW 50 1389 20.82
5% Overplanting 5%Ovp 50 1715 21.63
15% Overplanting 15%Ovp 50 1827 23.31
Optimized layout Layout 50 1664 20.87
Gross production Gross 50 All All

Table 2.1. Overview of simulated scenarios. Columns indicate the scenario name, the abbreviation that is used in the
remainder of this report, the number of simulated days, the number included turbines, and the installed capacity. The indicated
number of turbines and the installed capacity refer to the 21 GW (Dutch) Roadmap wind farms only. TheGrossscenario
includes all turbines of all other scenarios.
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Chapter 2. Methodology

A second set of simulation scenarios consists of variations of the full buildout scenario (Scenario 5). The
sensitivity simulations are listed in Table 2.1.

For the sensitivity scenarios the con�guration of all wind farms of the 21 GW Roadmap that were operational in
2024 has been unchanged; the con�gurations of the planned wind farms of the 21 GW Roadmap has been modi�ed.
Here, the planned wind farms include HKW, IJVer-Alpa, IJVer-Beta, IJVer-Gamma, Nederwiek I, Nederwiek II&III,
Doordewind and TNW.

With the scenario without wind farms of neighboring countries (NoFor) the impact of German, United Kingdom
(UK), Belgian and Danish wind farms on the 21 GW Roadmap wind farms can be assessed.

In the 20MW scenario the default 15 MW turbines of the planned wind farms are replaced by 20 MW turbines,
while leaving the installed capacity unchanged. Thus the number of turbines per wind farm decreases which may
impact the production and wake effects.

The impact of overplanting is explored with two scenarios. Both 5% (5%Ovp) and 15% (15%Ovp) extra installed
capacity is considered.

Finally, a simulation with so-called thrust-free turbines has been performed (Gross). The turbines in this scenario
do produce power but their thrust is set to zero. As such, they do not produce any wakes and their power production
can be considered as gross production. The gross production is the production of a wind farm based on free-stream
conditions only, i.e. without considering losses due to wakes or operational losses. Comparison with the waked
production numbers provides valuable information on the total aerodynamic losses (i.e. the sum of internal and
external wake losses and blockage losses). The wind speed from this simulation represents free-stream conditions.

Just like the intermediate Roadmap scenarios, all sensitivity simulations are simulated for 50 representative
days.

The chosen scenario simulation strategy, consisting of two full-year simulations and a large number of 50 repre-
sentative day simulations, balances the accuracy of a high-�delity approach on the one hand with a comprehensive
set of scenarios on the other hand.

2.2 Model description

2.2.1 Whif�e LES
Whif�e LES, is a large eddy simulation (LES) model that performs its core routines on Graphics Processing Units
(GPUs). As such, it overcomes the computation barrier that has been traditionally associated with LES models
(Schalkwijk et al., 2015). By numerically integrating the �ltered conservation equations of mass, momentum,
temperature, and moisture, LES is able to capture the essential aspects of wind farm �ow dynamics in a physically
sound way.

The origin of Whif�e LES lies in code that is commonly referred to as DALES: Dutch Atmospheric Large Eddy
Simulation (Heus et al., 2010). The basic LES equations of Whif�e LES are summarized in Baas et al. (2023). In
parallel to the implementation on GPUs, a coupling to a large-scale weather model was realized. Together, these
developments paved the way for real weather simulation and forecasting using LES. This important milestone laid
the foundation for practical application of LES for various applications, such as accurate wind and solar forecasts.

While most LES codes apply periodic (lateral) boundary conditions, Whif�e LES uses prescribed boundary
conditions. A nested domain con�guration (1-way nesting) is applied, where the model state of the outer domains is
prescribed at the boundaries of the inner domains.

For the present study, boundary conditions from ECMWF's ERA5 reanalysis dataset have been applied (Hersbach
et al., 2020). To bridge the gap between the coarse ERA5 grid (~30 km) and the �ne LES grid (120 m) of the inner
domain, an additional mesoscale simulation is used with a resolution of 3 km. The mesoscale simulation is nested in
ERA5, while the boundary conditions of the smaller LES domain are extracted from the mesoscale simulation. For
the mesoscale domain, the same model formulation is used as for the inner LES domain, apart from the turbulence,
which is not resolved but completely parameterized following Holtslag and Boville (1993).

2.2.2 Lower-boundary conditions
As a lower-boundary condition, Whif�e LES uses a modi�ed version of the Tile ECMWF Scheme for Surface
Exchanges over Land (TESSEL) model (ECMWF, 2017). Over water, a Charnock relation (Charnock, 1955) is
applied with a Charnock constant, a , of 0.025.

2.2.3 Wind turbine parametrization
Whif�e LES uses an actuator disk parametrization as described by Meyers and Meneveau (2010). This parametriza-
tion only needs information about the power curve, thrust curve, rotor diameter, and hub height. The parametrization
calculates the drag forces (using the thrust curve) and rotational forces (using the power curve) based on local wind
speed, taking the actual induction into account. Individual yaw control based on the local wind direction is applied to
the turbines.
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Chapter 2. Methodology

For reliable simulation results the manufacturer's power curves must be transformed to disk-based power curves
(for instance to account for the effect of turbine induction). These disk-based power curves are obtained by means
of a separate simulation.

All turbines are also included in the mesoscale domain. In the mesoscale domain, the same parametrization
is used as is used for the LES (model parameters describing the distribution of the turbine forces over the grid
are optimized for the respective grid con�gurations). With this approach wind farm wakes from remote wind farms
are being propagated into the inner LES domain. The implementation ensures that also on the coarse mesoscale
domain grid, the correct amount of momentum is extracted from the �ow.

2.3 Simulation domain
The present study applies exactly the same model setup as utilized in validation phase of this study (Whif�e, 2024).
The LES domain has a size of 307.2 x 384 x 5 km. The central coordinate is 52:965N, 4:55E. The size of the LES
domain is determined by the locations of the wind farms of the 21 GW roadmap. The domain is chosen such, that
each of these wind farms is a least 25 km away from the domain edges (see Sect. 2.4.2 for the treatment of turbines
of non-Dutch wind farms near the edge of the LES domain).

Figure 2.2. Mesoscale and LES domain con�guration. Wind farm included in the full buildout scenario are indicated in red.
Green dots indicate locations from which ERA5 data has been used to select a representative year.

A horizontal grid-spacing of 120 m is applied. In the lowest part of the domain the vertical grid-spacing is 30 m.
Above 320 m, grid-stretching is applied to reduce the number of vertical levels. In the innermost domain (containing
2560 x 3200 x 64 cells) the LES equations are solved. Case and time speci�c in�ow turbulence is generated by
means of a concurrent (periodic) LES simulation.

The LES domain is nested in a mesoscale domain with a size of 768 x 768 x 10 km. The horizontal grid spacing
is 3000 m. The lowest model level is 20 m. Above the lowest model grid stretching is applied. The mesoscale
domain contains 256 x 256 x 64 grid cells and receives its lateral boundary conditions from ERA5. The settings
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Chapter 2. Methodology

of the simulation domains are summarized in Table 2.2. Figure 2.2 shows the spatial extent of both the outer
(mesoscale) domain and the inner (LES) domain.

In order to include seasonal effects, model simulations have been carried out for a period of one year. Long-term
representativeness and the selection procedure for the simulation year are further discussed in Sect. 2.5.1. The
simulation year is split into 365 single-day runs. For each day, a 6 h spin-up period is applied for the mesoscale
simulation. For the LES domain a 3 h spin-up period was applied.

Mesoscale domain LES domain

Dx 3000 m 120 m
Dy 3000 m 120 m
Dz 40 30
Lx 768.0 km 307.2 km
Ly 768.0 km 384.0 km
Lz 10000 m 5000 m
Nx 256 2560
Ny 256 3200
Nz 64 64

Table 2.2. Domain settings indicating grid spacing (D), spatial extent (L), and the number of grid points (N) in three directions
(x, y, andz).

2.4 Wind farms and turbine types

2.4.1 The 21 GW Roadmap wind farms
Currently operational wind farms (except wind farms PAWP and OWEZ) are included in all simulated scenarios.
Turbine locations were obtained from OpenStreetMap.
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Luchterduinen 52.41, 4.16 V112-3.0MW 43 129 8.1 112 81 1
Gemini 54.04, 5.96 SWT-4.0-130 150 600 8.9 130 89 1
Borssele I&II 51.69, 3.07 SG 8.0-167DD 94 752 5.9 167 109 2
Borssele III&IV 51.71, 2.93 V164-9.5MW 79 750 5.1 164 109 2
HKN 52.71, 4.26 SG 11.0-200 DD 69 759 6.0 200 125 3
HKZ 52.31, 4.05 SG 11.0-200 DD 139 1529 5.9 200 125 3
HKW 52.71, 4.26 Reference-15.0MW 100 1500 8.0 236 150 4
IJVer-Alpha 52.82, 3.49 Reference-15.0MW 134 2010 10.7 236 150 4
IJVer-Beta 52.91, 3.58 Reference-15.0MW 134 2010 10.3 236 150 4
IJVer-Gamma 53.03, 3.72 Reference-15.0MW 134 2010 9.0 236 150 4
Nederwiek I 53.10, 3.18 Reference-15.0MW 134 2010 7.4 236 150 4
Nederwiek II&III 53.41, 3.26 Reference-15.0MW 267 4005 5.9 236 150 4
Doordewind 54.27, 5.65 Reference-15.0MW 134 2010 10.0 236 150 4
TNW 54.02, 5.68 Reference-15.0MW 53 795 9.2 236 150 4
Total 1664 20869 7.5

Table 2.3. List of wind farms and their properties that are included in the 21 GW Roadmap simulations. The respective
columns indicate the name of the wind farm, the central latitude and longitude, the applied turbine type, the number of turbines,
the installed capacity, the installed capacity density, the rotor diameter, the hub height, and an indicator of the source of the
utilized power curve (1: power and thrust curves obtained from the WindPRO database, 2: power curves obtained from
https://www.thewindpower.net/ , 3: scaled V164-8.0MW for which power and thrust curve were obtained from
Desmond et al. (2016), 4: scaled existing turbine).

The planned wind farms of the 21 GW Roadmap have been implemented following the most recent site
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Chapter 2. Methodology

boundaries provided by RVO (as indicated in Fig. 2.1). Table 2.3 provides an overview of the 21 GW Roadmap wind
farms. For each wind farm, the required number of turbines were evenly distributed within the wind farm boundaries
using an iterative maximum repulsion method (for more information see Stratum et al. (2022)). As an example, Fig.
2.3 shows layouts for the Nederwiek II&III wind farms as generated by this method for different scenarios.

Figure 2.3. Example of layouts of the Nederwiek II&III wind farm for different scenarios as generated by the maximum
repulsion method. From left to right: the default scenario, the5%Ovpscenario, the15%Ovpscenario, and the20MW scenario.
The number of included turbines is indicated in the titles.

For the sensitivity scenarios, the con�guration of the planned 21 GW Roadmap wind farms was modi�ed. For
the 20MW scenario the reference 15 MW turbine was replaced by a 20 MW turbine, leaving the installed capacity of
these wind farms the same. For the 20 MW turbine the power and thrust coef�cients (i.e. the cp and ct values) of
the reference 15 MW turbine were used. The rotor diameter was increased to 272.5 m to match the desired rated
power of 20 MW. Table 2.4 summarizes the 21 GW Roadmap con�guration of the 20MW scenario.
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HKW 52.71, 4.26 Scaled-20.0MW 75 1500 8.0 272.5 169
IJVer-Alpha 52.82 ,3.49 Scaled-20.0MW 100 2000 10.6 272.5 169
IJVer-Beta 52.91, 3.58 Scaled-20.0MW 100 2000 10.2 272.5 169
IJVer-Gamma 53.03, 3.72 Scaled-20.0MW 100 2000 8.9 272.5 169
Nederwiek I 53.10, 3.18 Scaled-20.0MW 100 2000 7.3 272.5 169
Nederwiek II&III 53.41, 3.26 Scaled-20.0MW 200 4000 5.9 272.5 169
Doordewind 54.27, 5.65 Scaled-20.0MW 100 2000 10.0 272.5 169
TNW 54.02, 5.68 Scaled-20.0MW 40 800 9.2 272.5 169

Table 2.4. Con�guration of planned 21 GW Roadmap wind farms in the20MW scenario. The respective columns indicate the
name of the wind farm, the central latitude and longitude, the applied turbine type, the number of turbines, the installed
capacity, the installed capacity density, the rotor diameter, and the hub height.

For the two overplanting scenarios, 5%Ovp and 15%Ovp, the installed capacity of the planned wind farms is
increased by 5 and 15%, respectively. For each of the modi�ed wind farms the number of turbines and installed
capacities is summarized in Table 2.5. For these scenario the reference 15 MW turbine has been utilized.

Although applying fully optimized layouts is out of the scope of the present study the layout scenario explores
the impact of replacing the reference layouts, constructed using the maximum repulsion algorithm, by more realistic
layouts. For this, the rationale of the so-called boundary-grid method is applied (e.g. Stanley and Ning (2019)). In
this method, �rst a large number of the required turbines is placed along the wind farm boundary. The remaining
turbines are placed in the interior of the wind farm in a grid that is oriented towards the dominant wind direction.
Spacing in the along-wind direction is increased with respect to the direction perpendicular to the dominant wind

9



Chapter 2. Methodology

direction. As an example, Fig. 2.4 shows the reference (maximum repulsion) and boundary-grid layout of the
Nederwiek II&III wind farm.
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HKW 52.71, 4.26 105 1575 8.4 115 1725 9.1
IJVer-Alpha 52.82, 3.49 140 2100 11.2 154 2310 12.3
IJVer-Beta 52.91, 3.58 140 2100 10.7 154 2310 11.7
IJVer-Gamma 53.03, 3.72 140 2100 9.4 154 2310 10.3
Nederwiek I 53.10, 3.18 140 2100 7.7 154 2310 8.5
Nederwiek II&III 53.41, 3.26 280 4200 6.2 307 4605 6.8
Doordewind 54.27, 5.65 140 2100 10.5 154 2310 11.5
TNW 54.02, 5.68 56 840 9.7 61 915 10.6

Table 2.5. Con�guration of planned 21 GW Roadmap wind farms in the 5%Ovpand 15%Ovpoverplanting scenarios. For
each wind farm, the number of included turbines, the installed capacity, and the installed capacity density is indicated for both
scenarios.

Figure 2.4. Example of applied layout methodologies for the Nederwiek II&III wind farm. Left: maximum repulsion
(default), right: boundary-grid.

2.4.2 Wind farms of neighboring countries
A �xed set of wind farms of neighboring countries (i.e. non-Dutch) has been included in all model simulation (except
for the NoFor scenario). In connection with the timeline of the 21 GW Roadmap, all non-Dutch wind farms that will
most likely be operational in the year 2032 have been included. The applied scenario closely follows the KEC 5.0
scenario of offshore wind farms (KEC 5.0, 2024).

For wind farms that are already operational, turbine locations were obtained from OpenStreetMap. For planned
foreign wind farms for which no turbine locations were available, a layout was created by distributing the required
number of turbines over the wind farm site using the maximum repulsion algorithm. Site boundaries were taken
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from the KEC 5.0 scenario database (as well as the wind farm installed capacities and the turbine rated power).
An overview of the included wind farms, including their turbine properties, is given in Appendix A. In Fig. 2.2 the
locations of the wind farms are indicated in red. The mesoscale domain contains all turbines. For the LES domain a
buffer zone of 2.5 km is applied, meaning that it contains all turbines that are located more than 2.5 km away from
its edges. As such, wind farms of neighboring countries that are crossing the boundaries of the domain are only
partly present in the LES (as indicated in Table A.1 ).

2.4.3 Turbine properties
A turbine power curves speci�es how much energy a turbine produces as a function of the wind speed. A thrust
curve speci�es how much thrust the turbine exerts on the �ow, which also depends on the wind speed. Each
turbine type has its own speci�c power and thrust curve. Power and thrust curves for the present study were
obtained from a variety of sources. Whenever available, data from the WindPRO turbine dataset has been used. For
remaining turbines, power curves were obtained from https://www.thewindpower.net/ . Also power curve
data provided in Grothe et al. (2022) and Desmond et al. (2016) were used. For turbine types for which only power
curve data were available, thrust coef�cients have been estimated by utilizing the relation between power and thrust
coef�cients from turbines for which both were known.

The 21 GW Roadmap wind farms are modeled using a 15 MW wind turbine, which is a modi�ed and scaled
version of an existing turbine of comparable rated power. Power and thrust curves are given in Fig. 2.5. In the
following, this turbine is referred to as `Reference-15.0MW'.

Properties of remaining (future) turbines for which no power and thrust curves are available are estimated using
the power and thrust coef�cients of the Reference-15.0MW turbine, while modifying the rotor diameter to obtain the
desired rated power. The hub heights are adjusted accordingly. This involves the 20 MW turbines of the 20MW
scenario, but also several turbine types of planned wind farms of neighboring countries. For illustration, power
curves of the scaled 20.0 MW turbine are included in Fig. 2.5.

Figure 2.5. Power and thrust curves for the Reference-15.0MW turbine. Also curves for the Scaled-20.0MW turbine are
presented.

2.5 Selection of simulation periods

For two scenarios (i.e. Scenario 1 and Scenario 5) a full-year simulation has been performed. The simulated period
is 17 March 2018 to 17 March 2019. This speci�c 365-day period has been carefully selected from 20 years of
ERA5 reanalysis data to be as much long-term representative as possible. The selection procedure is discussed
in Sect. 2.5.1. In order to balance computational costs with a wide range of simulation scenarios, the remaining
scenarios have been simulated for a representative set of 50 days. The selection of the set of 50 days is discussed
in Sect. 2.5.2.
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2.5.1 Selection of representative year
As a starting point for selecting a representative year, ERA5 100-m wind speed and direction hourly time series
were downloaded for the 20-year period May 2004 to May 2024 for four locations in the simulation domain. These
reference points are indicated with green dots in Fig. 2.2. The combined distributions of wind speed and direction of
the four locations form the long-term reference.

Figure 2.6. ERA5 wind speed and power biases for consecutive 365-day periods between May 2004 and May 2024. Values
for the selected simulation year are indicated with separate symbols. IAV indicates interannual variability.

For determining the optimal 365-day period we did not restrict ourselves to calender years (1 January to 31
December). Instead, we examined all possible consecutive 365-day periods within the considered 20-year period by
shifting the starting date of the 1-year period forward one day at a time (19 times 365 possibilities).

Figure 2.7. Top: ERA5 100-m wind speed and direction distributions for both the long-term and the selected year (17 March
2018 to 17 March 2019). For completeness, the distributions for the representative set of 50 days are given as well (see Sect.
2.5.2). Bottom: ERA5 100-m wind roses for the long-term period, the selected year, and the selected set of 50 days.

For all those consecutive 365-day periods the wind speed bias with respect to the full 20 year period was
determined. Also, the ERA5 wind speed time series was converted to a power output. For this, the ERA5 wind
speed was fed into an effective wind farm power curve that was derived from a year long LES simulation of a 4 GW
wind farm (Scenario 1 of Baas et al. (2023)). This wind farm power curve was obtained by determining the mean
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`waked' power (i.e. the simulated aggregated production of the 4 GW wind farm) for 0.5-m/s bins of the free-stream
wind speed. The resulting ERA5-based power time series should not be used in an absolute sense. In a relative
sense it can be used to determine a power bias for each of the consecutive 365-day periods with respect to the
long-term reference period.

As an illustration, Fig. 2.6 shows the ERA5 wind speed and power bias for all considered 365-day periods.
Signi�cant interannual variability (IAV), with the IAV de�ned as the standard deviation divided by the mean value.
Due to the non-linearity of power production and wind speed, the relative variations in power production are larger
than in wind speed. For wind speed, the dataset considered here has an IAV of 3.7%, in close agreement with values
reported for the Dutch EEZ by DNV GL (2016) and Ronda et al. (2017). With 6.2% the IAV of power production is
considerably larger.

Figure 2.8. Seasonal variation of the ERA5 100m wind speed. Grey lines indicate any consecutive 365-day period, orange
lines indicate 365-day periods with a mean wind speed bias <1%. The bold black line represents the long-term mean, the bold
blue line the selected year. The titles 'NW', 'NE', 'SW', and 'C' refer to the four ERA5 reference locations in Fig. 2.2.

In addition, for all 365-day periods the correspondence with the long-term distributions of wind speed and
direction was determined. For this, we use we use the Perkins skill score (PSS, Perkins et al. (2007)), which is
de�ned as

PSS =
n

å
1

min(hshort
n ;hlong

n ): (2.1)

Here n is the number of bins that are considered, hshort
n is the normalized frequency of values in a given bin of the

short term data and hlong
n is the normalized frequency of the corresponding bin of the long-term distribution. For two

perfectly overlapping distribution the PSS is equal to 1, for two distributions without any overlap the PSS is equal to
0. For wind speed, a bin-width of 1 m/s was applied. For wind direction, a bin-width of 30 degrees was applied.

In summary, for each consecutive 365-day period the above procedure provided four metrics regarding long-term
representativeness: 1) bias in the mean wind speed, 2) bias in the power production, 3) correspondence in the wind
speed distribution and, 4) correspondence in wind direction distribution.

A preselection was made of all 365-day periods with both a wind speed and power bias of less than 1% compared
to the long-term period. From this subset, the 365-day periods with the highest combined Perkins scores for wind
speed and direction were selected. After visual comparison of wind speed and direction distributions, together with
wind roses, the period of 17 March 2018 to 17 March 2019 was chosen as the optimal simulation period.
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Figure 2.7 presents ERA5 100 m wind speed and direction distributions for the selected year and the long-term
reference. Corresponding wind roses are given, as well. For comparison, the distributions and wind rose of the
representative set of 50 days, discussed in the next Section, are also included.

As an additional check, the seasonal cycle of the wind speed was inspected. Figure 2.8 shows that for all four
reference the selected year follow the long-term pattern satisfactory well.

2.5.2 Selection of 50 representative days
The 50 representative days are chosen such, that they resemble the characteristics of the full selected year as close
as possible. Therefore, they have been selected using wind and power output from the full-year LES simulations
only. In particular, the selection is based on

1. time series of the aggregated power production of the 21 GW Roadmap wind farms of both Scenario 1 (initial
buildout) and Scenario 5 (full buildout).

2. time series of the 150-m wind speed from the Scenario 1 simulation for the four reference locations indicated
in Fig. 2.2.

The selection of the 50 days is based on random draws of 50 days from the selected full-year period. For
each random draw, biases of wind speed and power production (for Sc1 and Sc5) are calculated with respect to
the full-year period. Also, the correspondence of the distributions of wind speed, wind direction, and stability are
determined by means of the PSS (2.1).

Figure 2.9. Distributions of wind speed, wind direction, and stability for the selected year and the selected set of 50
representative days (top). Windroses for the selected year and the selected set of 50 representative days (bottom). Underlying
data is taken from the full-year LES simulations.
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To characterize stability the bulk Richardson number

Rib = g=q̄
(z1 � z0)(qz1 � qz0)

(uz1 � uz0)2 + ( vz1 � vz0)2 ; (2.2)

is taken over the height interval 45 (z0) to 255 m (z1), which roughly corresponds to the vertical rotor footprint of
a 15 MW wind turbine. Here g is the acceleration due to gravity, q is the potential temperature, u is the eastward
component of the wind, and v is the northward component of the wind. Three classes of Rib are used, each
approximately containing one third of the data: � ¥ < Rib � 0, 0 < Rib � 0:5, and 0:5 < Rib � ¥ , roughly corresponding
to unstable, weakly stable, and very stable conditions, respectively. The Rib is a robust and commonly used
parameter to distinguish between stability regimes (e.g. Baas et al. (2023); Cantero et al. (2022); Holtslag et al.
(2014)). Speci�c values of Rib and, as such, any applied threshold values, may depend on the considered height
interval (e.g. Bardal et al. (2018); Hooijdonk et al. (2015)).

From 1 million random drawing of 50 days, the 10 best samples were stored as a preselection. That is to say,
the 10 samples with highest average PSS for the three variables considered and with a wind and power bias (for
both scenarios) of less than 1%. In total, this procedure was carried out 10 times, resulting in 100 preselected
50-day samples with low wind and power biases and, at least, a reasonable distribution of wind speed, direction and
stability.

From the 100 preselected samples a �nal 50-day sample was chosen by expert judgment after inspecting
biases, distributions, and wind roses. Figure 2.9 shows distribution of wind speed, wind direction and stability for the
selected set of 50 representative days. Also wind roses for the full year and the 50 selected days are included. The
characteristics of the subset of 50 representative days closely resemble those of the selected full-year period. For
comparison, the wind speed and direction distributions and the wind rose of the selected 50 days based on the
ERA5 100 wind are included in Fig. 2.7. The difference in the distributions of the ERA5 data is slightly larger than in
Fig. 2.9. This is because no ERA5 data was involved in the selection of the 50 days.
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3
Results

This Section describes the results of the modeling study.
To start with, Sect. 3.1 presents spatial �elds of the wind speed at 150 m height are presented for different wind

directions for the initial and full buildout scenarios of the 21 GW Roadmap. Next, simulated production numbers
will be presented in subsequent levels of details, starting with aggregated production numbers per scenario (Sect.
3.2). Section 3.3 discusses production numbers per wind farm and the differences between scenarios. Section
3.4 analyzes directional wake effects by comparing simulated wind and power data from the initial and full buildout
scenarios. Characteristics per wind farm are summarized in Sec. 3.5. To put the presented results into perspective,
a brief comparison with other modeling studies is made in Sect. 3.7.

Depending on the application, production numbers are given in as a time-average value (units W or MW) or
as integrated annual energy production (units TWh). Production numbers are also expressed as a capacity factor.
The capacity factor is de�ned as the production divided by the installed (or the maximum theoretically possible)
production.

The presented production numbers include losses due to wake and blockage effects. Not included are electrical,
hysteresis, curtailment and other operational losses. Raw model production numbers have been corrected for model
bias, sampling errors, and long-term representativeness. The different elements included in the correction factor
and their associated error margins are extensively discussed in Sect. 4.

3.1 Spatial patterns in the annual mean 150 m wind speed

Figure 3.1. Annual, omnidirectional mean wind speed at 150 m forSc1 andSc5, as well as the difference between the two
scenarios.

From the full year simulation of the initial (Sc1) and full (Sc5) buildout scenarios of the 21 GW Roadmap averaged
maps of the 150 m wind speed have been made.
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