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Abstract (max. 2000 char)

This project aims at improving the operation of the Danish power
system, through building a more accurate wind to power calculation
system by taking into account of the large wind farm wake effect, as
well as the sea conditions. The obtained results include a comprehensive
modelling system in which key model components are cou-pled,
including wind, wave, wake and power balancing. The system uses
WRF for atmospheric modelling, with the wind farm wake effect
calculated using the Explicit Wake Parameterization (EWP) and Wind
Farm Parameterization (Fitch) schemes. The WRF model is coupled to
the wave model SWAN and ocean model ROMS, and provides input to
the power balancing model CORres. This modelling system was built
with and tested with cases and input data from the North Sea region
and Denmark for power balancing. Though the modelling system can
be applied to any regions. In the future, we envision it to be applied
in larger regions than Denmark, e.g. for all North Europe. Part of the
modelling system can and have also been used for multiple purposes.
For instance, for offshore forecasting for O&M, our wind and wave
coupled modelling (WRF-SWAN) can provide simultaneous wind and
wave parameters. For estimating resource and planning, WRF with
EWP and Fitch schemes are being extensively used, where both real and
future wind farm scenarios are examined. The hindcast from the various
combinations of these model components can be used to study long tern
trend and climatological impact on e.g. wave field, wind field and power
systems.
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1 Preface
This is the final report of the project “Large Scale Offshore Wake Impact on the Danish Power
System” (OffshoreWake), which was supported by the Danish PSO ForskEL and EUDP.

The project partners are DTU Wind Energy and Vattenfall.
The project aims at improving the estimation of offshore wind power and its integration to the

Danish power system. This includes the inclusion of the large wind farm wake effect in the wind
simulation, which then is included in the power balancing calculation. Being in the offshore
environment, the air-sea interaction in the marine boundary layer is taken into account of the
modeling system through wind and wave coupled modeling. This work is the first of its kind,
providing a comprehensive modeling system that contains key model components for offshore
wind farms. This wind-wave-wake-power balancing coupled modeling system is the main model
outcome.

At the end of the project, we completed all deliverable and reached all milestones, as listed in
section 9.

The work has been presented at a number of conferences and workshops, in the format of
scientific and technical proceedings, oral and poster presentations. 6 journal papers are published
and 6 more are under preparation. The complete list of the dissemination is given in section 10.

In the following, the project structure is briefly introduced in section 2. The general back-
ground and relevance of the project is introduced in section 3, followed by introduction of the
measurements we collected and used in the project in section 4. The development of the modeling
system is described in section 6, followed by a list of results in section 8.

DTU Wind Energy E-Report-0222 5



2 Project structure
The project is structured in three phases, including “Development”, “Research” and “Test and
validation”, which is also illustrated in Fig. 1. In Phase I, measurements are collected for design-
ing simulations, calibrating model setup, verifying the model outputs and analyzing the results.
In Phase II, we develop the modeling components and the coupling of them. In Phase III, we
made tests, validation and calibration. The inter-relations between the tasks and how they were
organized as Work Packages are shown in Fig. 2.

Figure 1: Project structure in three phases for the research and development part. From the project
proposal 2016.

Figure 2: The 6 work packages and the inter-relations between them, shown as red arrow. From
the project proposal 2016.

3 Background and Objectives
The general issues the project faced when being developed include the following. The exist-
ing power balancing calculation receives wind simulation from Weather models, where over the
model domain, there are no wind turbines or farms and therefore no wind farm wake effect. The
wind farm wake effect can be significant (on the order of 10%) several kilometers downwind,
even based on the calculations back then when the farms are relatively small (e.g. Horns Rev 1
and 2). The offshore wind power is a key contribution to the development of sustainable energy
system, in Denmark and in the world, the offshore wind farms are expanding fast. Figure 3 shows
the trend of average turbine capacity and wind farm size in Europe from 2010. In our application
proposal in 2016, the numbers were showing a rapid increasing trend from zero in 1992 to 11
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GW in 2015. Now, toward the end of the project, Europe has a total installed offshore wind ca-
pacity of 25 GW, with 2.9 GW of offshore capacity added in 2020 (Ramirez et al., 2021). In the
EU TWENTIES project (Cutululis et al., 2013), the detailed scenarios were developed for North
European offshore wind power development of 107 GW in 2030, with the locations of offshore
wind power plants in detailed scenarios, shown in Fig. 4. Up to this date, large wind farms are
being built in the North Sea and the Baltic Sea, forming farm clusters. The wake effects from
neighbouring wind farms cannot, and shall not, be ignored in the wind and power system.

Figure 3: (a) Yearly average of newly installed offshore wind turbine rated capacity (MW) (b)
Average size of commercial offshore wind farm project in the year (MW) in Europe. Source:
WindEurope 2021 Feb. (Ramirez et al., 2021)

Figure 4: Locations of offshore wind power plants in detailed scenarios for 2020 (red) and 2030
(blue), as developed in the EU TWENTIES project (Cutululis et al., 2013). Here the radius of the
wind farm is proportional to the capacity (http://www.twenties-project.eu/node/1)

As in the offshore environment, the farms are in the Marine Atmospheric Boundary Layer
(MABL) where the interaction of atmosphere and surface waves is happening. The atmospheric
flow that is under the impact of the wind farm wakes, will also affect the surface wave conditions.
The surface waves, accordingly, will provide feedback to the atmosphere in a different way from

DTU Wind Energy E-Report-0222 7



Figure 5: Spatial distribution of offshore wind farms, courtesy of 4COffshore.com, 2021-06-07

the situation when there are no wind farms.
This project thus couples various modeling components, including the atmosphere, the wind

farm wake, the wave and the power balancing models. The challenges are of course at the inter-
face of these model components, in order to ensure reasonable data flow, technically and scien-
tifically. Detailed methodologies for modeling development are documented in section 5.

4 Measurements

4.1 SCADA data
The SCADA data in this project are provided by Vattenfall. The data have been downloaded
through the years and the latest list and availability are provided in Table 1.

When we applied for the project, in the proposal it is planned to use wind farms Egmond aan
Zee and Princess Amalia to assist the development of the modeling system for calibration and
verification. It is also planed to use Horns Rev II and III to test the developed modeling system
and use the SCADA data there for validation.

As the project proceeded, we adjusted the use of different wind farms for these purposes, due to
availability of data. Firstly, the project has only access to Horns Rev I data, owned by Vattenfall.
Vattenfall does not however own Horns Rev II, which made us to change plan and use the wind
farms Dantysk and Sandbank for these purposes.

Table 1: SCADA data.

Farm Period

Egmond aan Zee 2017-01-01 − 2018-12-31
Horns Rev I 2005, 2013-01-01 − 2019-12-31
Dan-tysk 2017-01-01 − 2019-12-31
Sandbank 2017-01-01 − 2019-12-31

In addition to the wind farms listed in Table 1, SCADA data from Nysted have also been used.

8 DTU Wind Energy E-Report-0222



4.2 Satellite data
Synthetic Aperture Radar (SAR) data have been processed routinely by DTU for wind energy
applications 1. SAR data provide relatively high spatial resolution and large spatial distribution of
wind fields in the presence of wind turbines and farms, which serves as a valuable compensation
to other measurement techniques such as from masts, turbines and lidar. It has been used for
quantifying wind turbine and wind farm wake effects for over a decade.

This project does not use SAR directly to quantify the wind farm wake effect but to use them
to identify special cases and verify model outputs.

SAR data starting from 2007-01-01 have been prepared for four offshore wind farm areas as
shown in Fig. 6: (I) Egmond ann Zee where 828 images and corresponding data were down-
loaded. (II) Horns Rev 1 where 1007 images and corresponding data were downloaded. (III)
Kentish Flats where 1036 images and corresponding data were downloaded and (IV) Prinses
Amalia Wind Park where 914 images and data were downloaded.

SAR wind data were retrieved by European Space Agency and the data over the study area of
OffshoreWake were made ready by DTU Wind Energy through the website
https://satwinds.windenergy.dtu.dk/. Here three types data are included: Sentinel 1 (two satellites:
A, launched on 3rd April 2014 and B, launched on 25th April 2016); ENVISAT, launched in 2002
and its data acquisition was terminated in April 2012; TerraSAR-X since January 2008.

Figure 6: The four offshore wind farm areas where SAR data were downloaded.

4.3 Mast and buoy data
The OffshoreWake project collects offshore measurements of meteorological and wave parame-
ters from existing projects and open source platforms.

Some of the measurements have been collected during a finished ForskEL project X-WiWa
(Larsén et al., 2017); Table 2 and 3 list the mast and buoy sites. Some of the stations around
Denmark with measurements are shown in Fig. 8.

1https://satwinds.windenergy.dtu.dk/
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Figure 7: Some of the stations around Denmark with measurements available from X-WiWa.
This is a copy of Fig. 7 in Larsén et al. (2017)

Figure 8: Measurement stations around Denmark for validation of the coupled model system,
which currently provide measurements

Measurements from the LJmuiden mast have also been collected, which is about 85 km from
the Ljmuiden coast (ECN-Wind Memo-12-010) 2. Data can be assessed at
https://www.windopzee.net/en/meteomast-ijmuiden-mmij/data/.

During this project we extended the data extraction from buoys that have been made available
recently (http://www.emodnet-physics.eu/Map/). We also extracted data of near surface air tem-
perature, wind speed and direction land stations near coastlines from Climate Data Center (CDC)

2https://www.windopzee.net/en/meteomast-ijmuiden-mmij/introduction/
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Figure 9: Data availability at some of the stations

of the German Weather Service (https://cdc.dwd.de/portal/201904171234/mapview)). The loca-
tions of these stations are shown in Fig. 8 and their data availability of the surface wind (z =10
to 20 m) is provided in Fig. 9, where the color codes are the same as in Fig. 8.

Scripts to pre-process these data and relevant documentation on how to download the data are
included in DTU’s gitlab-repository. Data and a copy of the git-repository are stored on DTU’s
cluster Jess under the directory /mnt/aiolos/MET/Observations/.

In May 2020 DMI started publishing their long-term meteorological observations and they can
be found at
https://confluence.govcloud.dk/display/FDAPI/Danish+Meteorological+Institute+-+Open+Data.
The pre-processing of those observations have been integrated into the obs2nc git-repository to
improve the coverage of the surface wind climate in Denmark (Fig. 8).

More measurements from tall masts are added, including those from the project New European
Wind Atlas 3, and those from one tall mast in the suburban area in Hamburg, Germany 4. The
locations of these tall masts are indicated in Fig. 8.

For all measurements, in order to detect unreliable data, an automatic quality check according
to the IOOS Quality Assurance standard have been implemented.

We extended the extraction of the buoy measurements from emodnet. In addition, wave spectra
at 11 stations in the North Sea (including e.g. FINO 1 and 3) have been acquired through personal
comunications from the German Bundesamt für Seeschifffahrt und Hydrographie 5.

In our studies, together with the use of SCADA or flight data for studying the wind farm effects,
Horns Rev masts 2, 6 and 7 have been used together with farms Horns Rev 1 and 2, FINO 3 mast
has been used together with Dan Tysk and Sandbank farms, FINO 1 has been used for wind farms
around Godewind 1 and Nysted mast is used for the Nysted/Rødsand wind farms.

3https://gmd.copernicus.org/preprints/gmd-2019-349/gmd-2019-349.pdf
4https://wettermast.uni-hamburg.de/frame.php?doc=Home.htm, Ingo Lange personal communication
5https://www.bsh.de/EN, Christian Senet, personal communication
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Table 2: Measurements of Group-III: sites inside X-WiWa domain III and measurements are
relatively long.

site coordinates Period Variables

M2 7.875◦E, 55.508◦N 2000 - 2006 u62,u45,u30,u15

FINO1 6.588◦E, 54.014◦N 2004 - 2017 u100

FINO2 13.1542◦E, 55.007◦N 2007 - 2017 u100

FINO3 7.1583◦E, 55.195◦N 2009 - 2017 u100

Høvsøre 8.15◦E, 56.433◦N 2005 - 2017 u100

Table 3: Buoy sites.

site coordinates Period water depth (m)

Anholt buoy 1 11.1374◦E, 56.3524◦N 2013.01 - 2014.11 16
Anholt buoy 2 11.1374◦E, 56.3892◦N 2013.01 - 2015.06 17
M2 buoy S 7.835◦E, 55.4798◦N 1999 - 2006 6-12
M2 buoy N 7.5298◦E, 55.6118◦N 2006 - 2015 6-12
Ekofisk 3.2149◦E, 56.5453◦N 1994.01 - 2012.08 70
Fjaltring 8.0568◦E, 56.4742◦N 1994.01 - 2013.05 30
Hirtshals west 9.6127◦E, 57.5149◦N 1999.08 - 2012.08 20
Läsö Øst 11.57◦E, 57.22◦N 2005.01 - 2009.02 70
Nysted 11.6627◦E, 54.5348◦N 2004.10 - 2007.02 9
RUNE 7.9967◦E, 56.50◦N 2015.11 - 2015.12 16
K13 3.2203◦E, 53.2178◦N 1989.04 - 2013.06 29
Väderöarna 10.93◦E, 58.48◦N 1999.11 - 2012.04 74
Trubaduren 11.63◦E, 57.60◦N 1999.11 - 2012.04 30
Nymindegab 7.9398◦E, 55.809◦N 1999.11 - 2012.04 20

4.4 Flight data
We have downloaded the entire dataset of the open access flight measurements as introduced in
Bärfuss et al. (2019) 6. Wave height data are also extracted from this site (see Fig 10).

The flight data are sampled at a frequency of 100 Hz, from which verticals profile and transect
profiles of wind speed and turbulence kinetic energy are calculated.

5 The OffshoreWake calculation system
The OffshoreWake project successfully coupled several individual model components: the atmo-
spheric Weather Research and Forecasting (WRF) model Skamarock (2004), the explicit wind
farm parameterizations (EWP Volker et al. (2015), Fitch Fitch et al. (2013)), the wave and ocean
models (SWAN, ROMS) and the power balancing system (CorWind). The final modeling system
is shown in Fig. 11.

It is the most up-to-date modeling system that includes a coherent calculation of winds, waves,
wind farm wakes and wind power balancing system.

The originality and novelty lie in the following facts:

• It is the first time, WRF, SWAN and EWP are coupled.

• It is the first time, WRF with EWP or Fitch is coupled to a power balancing system.

6https://doi.pangaea.de/10.1594/PANGAEA.902845
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Figure 10: Wave height along a flight track behind an offshore wind farm. Data is based on
Bärfuss et al. (2019)

• It is the first time, the coupling of WRF, SWAN, EWP/Fitch is used to couple and calculate
the impact of large wind farms on power balancing system.

In the following sections, we describe the different model components and the development of
the modeling system using these components.

Figure 11: The OffshoreWake modeling system and its model components, from the project
proposal.

DTU Wind Energy E-Report-0222 13



6 Development of wind-wave-ocean-wake
coupled modeling system

6.1 WRF(EWP/Fitch)-SWAN(WBLM)-ROMS
The WRF model is the center piece of the OffshoreWake modeling system. Before this project,
WRF has been used to provide hindcast time series of wind velocities to the power balancing
model CorWind. In this kind of calculation there is no effect of wind farms on the time series,
even though the location of interest is inside an actual wind farm.

This may be acceptable a decade ago when there aren’t so many large wind farms, it is though
expected to overestimate the overall wind resources in places where we have those large wind
farms. Use Denmark and surrounding areas as an example, the North Sea is crowded with large
wind farms and some of these farms form clusters, expanding several hundreds of kilometers in
space.

Wind farm effects have been described with many methods in both mesoscale and microscale
models, using implicit as well as explicit approaches (see e.g. Fischereit and Larsén (2021) for a
review of this subject). In connection with the WRF model, the most used method is through the
explicit description of the wind farms. There are mainly two schemes that have been implemented
and published, one is the Wind Farm Parameterization by Fitch et al. (2013), also called “the Fitch
scheme” here, and the other one is the Explicit Wake Parameterization by Volker et al. (2015),
also called “the EWP scheme” here. The Fitch scheme has been implemented in WRF since
2012. The EWP scheme was developed by DTU and so far has been used within a smaller and
controlled circle of institutes; there are progresses for pushing EWP for a more open platform.
The two schemes treat differently the turbine-induced forces in the momentum equation as well as
in the turbulence kinetic energy (TKE) budget. In the Fitch scheme, the force from the turbines is
described through a local thrust force on the turbine-swept area, which is a function of the thrust
coefficient. In this scheme, wind turbines are considered as an explicit source of TKE. In the
EWP scheme, the force from the turbines is described through a grid-cell averaged drag which
accounts for a sub-grid scale vertical wake expansion, a concept from Tennekes (1982). In this
scheme, there is no explicit source term for the turbine-induced TKE, which is reflected through
the shear production. The OffshoreWake modeling system includes the functions from both the
Fitch and the EWP schemes.

The implementation of the EWP scheme was done in Volker et al. (2015) and the implemen-
tation of the Wave Boundary Layer Model (WBLM) to SWAN, which is coupled to WRF was
done in Du et al. (2017). Here WBLM serves as the interface between WRF and SWAN, allowing
the exchange of momentum directly between the two models. In the OffshoreWake project, we
first coupled the EWP scheme to the wind and wave coupled system (WRF-WBLM-SWAN) and
obtained WRF-WBLM-SWAN-EWP, and then coupled the Regional Ocean Model System to
(ROMS) and obtained WRF-WBLM-SWAN-EWP-ROMS. During a simulation, WRF sends 10
m wind speed to the SWAN model and the SWAN model, now with WBLM algorithms, convert
the total momentum to the roughness length z0 and feeds back to WRF. ROMS receives wind
forcing, momentum and heat fluxes, long- and short-wave radiation, mean sea level pressure, air
temperature at 2 m, cloud rain and evaporation from WRF, and feeds back to WRF with sea sur-
face temperature (SST). Figure 12 shows the data flow between the different model components
for a nested model setup with three domains.

Note that the modeling system WRF-SWAN-ROMS uses the framework of the COAWST
(Coupled-Ocean-Atmosphere-Wave-Sediment transport) modeling system. During the project,
we not only explored how to transfer information between different model components but also
explored on which domain this data transfer takes place. The dash and solid arrows in Fig. 12
are the original paths for data exchange between model components, the solid arrows are the
current paths for data exchange in the OffshoreWake project. To include the wind farm effect, the
mesoscale model needs to have a spatial resolution dx comparable to typical distance between
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Figure 12: Diagram of the Wind-Wave-Ocean-Wake modeling system. The dashed lines mean
that there is data exchange between model domains in the original COAWST but they are re-
moved in the new system. The solid lines mean that there is data exchange between model do-
mains in both the original and new system.

two neighbouring turbines. Typically, several hundreds of meters to a couple of kilometers are
the choices for dx for a mesoscale model such as WRF. During the project, particularly when
we started the model development, most data that are used for forcing of WRF are at a spatial
resolution of about 50 km or more. This means we need to have at least three nested domains
to reach the high spatial resolution for the innermost domain where the area of interest is. The
building-up of the modeling system is thus targeted at domain numbers of 3 or more. In Fig. 12,
there are three domains. In the original COAWST, each of the WRF domain has to exchange
data with all the other domains in SWAN and ROMS (see both the dashed and solid arrows
in Fig. 12). This adds up to 18 interactions just between WRF and the other two components.
Similar to WRF, there are also 9 interactions between SWAN and ROMS. In addition, originally,
WRF, SWAN and ROMS use different grids, and a spatial interpolation of grids is needed for a
consistent calculation. With this and the total 27 interactions, the modeling system is vulnerable
for any simulation, since any error in the 27 interactions may blow up the system.

To overcome these challenges and make the modeling system more stable and the setup easier,
we developed a new coupling approach. In this new approach, WRF, SWAN and ROMS use the
same grids for the three nested domains. The first domains of WRF, SWAN and ROMS only
exchange data with first domains of the other models. Similarly, the second and third domains
of WRF, SWAN and ROMS only exchange data with the second and third domains of the other
models. Thus, we have in total 9 interactions between the model components, as shown in solid
arrows in Fig. 12, and no grid interpolations are needed.

However, it needs to be noted that in the new approach, the inner ROMS domain has 2 cells
fewer than the WRF domain when using a nesting factor of 3. This is caused by the fact that
the grid is the WRF inner domain is calculated from the center point of the outer domain grid,
while the grid of ROMS inner domain is calculated from the corner point of the outer domain.
This is illustrated in Fig. 13. It can seen that when WRF and ROMS use the same outer domain
(black squares in Fig. 13), the boundary of the WRF inner domain will be calculated from the
red thin square and the boundary of ROMS inner domain will be calculated from the thick blue
square. With a nesting factor of 3, the lower left corner of WRF inner domain is shown as the
pink grid cells in Fig. 13, and the lower left corner of ROMS inner domain is within the green
square which contains 2 rows fewer cells than in the WRF inner domain. To keep the sizes of
the data in exchange consistent, SWAN uses the same grid as ROMS, and WRF will send and
receive 2 rows fewer data.

As described in D3.3 (Du et al. 2018), the modeling system was built using a test case that was
published in Hasager et al. (2015). The case is on 30th April 2013 for which the RADARSAT-2
data shows clearly the presence of offshore wind farm wakes over the southern North Sea area
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Figure 13: WRF and ROMS grid nesting. The black squares are the WRF and ROMS grid cells
for the first domain (d01). The black “p” are the pressure points which are located in the center of
the cells. The thin red square is the boundary of WRF d02. The thick blue square is the boundary
of ROMS d02. The pink squares are the grid cells of WRF d02 in the lower left corner. The green
squares are the grid cells of ROMS d02 in the lower left corner. The red “p” are the pressure
points of WRF and ROMS d02.

(see Fig. 14a).
With the following setups, a series of successful experiments are carried out, including cou-

pling WRF and SWAN (AW), coupling WRF, EWP and SWAN (AWE), coupling WRF, SWAN
and ROMS (AWO) and coupling WRF, EWP, SWAN and ROMS (AWOE).

In a typical setup, WRF use 80 vertical layers with the lowest model level at about 3 m above
the nominal surface. We used MYNN 3.0 PBL scheme (Nakanasi and Niino, 2009), Thompson
micro-physics scheme (Thompson et al., 2004) and RRTM long wave and short wave radiation
physics schemes (Iacono et al., 2008) for the three WRF domains. The Kain-Fritsch cumulus
scheme (Kain and Fritsch, 1993) is used for domain I, but is deactivated for domain II and III. We
used the Climate Forecasting System Reanalysis (CFSR2) data for the WRF initial and boundary
forcing. The Corine land use data and the NOAA 0.25 degree daily Optimum Interpolated Sea
Surface Temperature (OISST) are used.

SWAN uses 1/8 arc-minute bathymetry data from the EMODnet Digital Terrain Model (DTM).
Wind-input and whitecapping source terms follows the WBLM in Du et al. (2017), and the depth-
induced wave breaking follows Battjes and Janssen (1978). The open boundaries of the outer
domain are set to be zero. We use 36 directional bins. The frequency exponent is 1.1, with the
lowest frequency 0.03 Hz and the highest frequency 10.05 Hz.

ROMS uses the same bathymetry data as SWAN, but the lakes in the model domains are
removed and the bathymetry data are linearly smoothed. The tide forcing is generated from the
global TPX08-atlas data, with 1/6 and 1/30 degree resolution. The initial and boundary conditions
are generated from the Hycom Global Reanalysis data.

Data exchange between WRF, SWAN and ROMS is set to be 5 minutes.
The details of the experiments and the results can be found in D3.3. Briefly, including EWP

provides realistic wind simulation in the presence of wind farm wakes. The new model compo-
nent ROMS provides dynamic SST for WRF, which captures the diurnal cycle of SST and pro-
vides better spatial distribution of SST especially in the coastal area. This accordingly improves
the calculation of stability and heat exchange, as well as the wind profiles. This is demonstrated
through measurements from Ijmuiden mast.

The Fitch scheme (Fitch et al., 2012) for the wind farm effects is implemented in WRF by
default. It can be straightforwardly coupled to the components of waves and oceans. In Archer
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Figure 14: (a) RADARSAT-2 intensity map of the southern North Sea observed 30 April 2013
at 17:41 UTC.The blue lines outline wind farms and the red arrows the wind farm wake (Copy
from Hasager et al. (2015)). (b) Model test domains for WRF, SWAN, and ROMS.

et al. (2020) a bug was reported in connection with the implementation of the Fitch scheme
in old versions of WRF, including the version used in the COAWST modelling system of this
project. Therefore, the bug-fix from the new WRF version has been included in this modelling
system used in this project. Furthermore the latest version of EWP has been incorporated, which
allows to expected power production of wind turbines without wakes, as a clean comparison to
a wake-affected simulations. Furthermore, wind turbines can now be used in any domain of the
downscaling.

In 2020, the modelling system was ported to the new high performance computing (HPC)
cluster at DTU Wind Energy. The new HPC cluster is faster and allows to simulate larger do-
mains in shorter times. The pre-processing system has been updated to facilitate easier use of the
modelling system. Thus one can simulate all existing wind farms in 2020 in the German Bight
and Danish waters. Currently, we use netcdf-files as output for the SWAN model, take ERA5
reanalysis as input and boundary conditions. A bug was fixed in the coupling between SWAN
and WRF.

6.2 MPAS-EWP
Within the PhD program "Advanced Meteorological Model Across Scales" (Imberger (2020),
partly funded by OffshoreWake), advancements in another model have been made by implement-
ing EWP in the global Model for Prediction Across Scales (MPAS, Skamarock et al. (2012)).
MPAS is a global atmosphere model that uses the so-called Spherical Centroidal Voronoi Tessel-
lation (SCVT) as horizontal discretization, which allows the design of global variable-resolution
meshes with smooth transition zone. An example mesh design with circular refinement over Eu-
rope is depicted in Fig. 15. Investigating wind farm effects with a global model would allow
to investigate potential up-scaling effects of future large wind farm deployment on global at-
mospheric scales. Early investigations based on a small case study which investigated the farm
effects of two wind farms in the North Sea (Sandbank & Dantysk) with MPAS-EWP in com-
parison with measurements (Imberger, 2020) has shown promising results (Fig. 16). However,
Imberger (2020) also revealed challenges of investigating wind farm wake effects in a global
model (high sensitivity to model divergence and numerical imprints like the "Chaos seeding"
effect, Ancell et al. (2018)) with need for further investigations and different model evaluation
strategies as used in limited-area models like WRF.
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Figure 15: Examples of SCVT with gradual refinement over Europe. Adapted from Imberger
(2020).
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Figure 16: Comparison of MPAS-EWP with (orange) and without (blue) activated EWP showing
(a) wind direction and (b) wind speed at FINO3. (c) Difference in absolute wind speed at 18
February 2017, 0200 UTC at 91 m highlighting the spatial wind speed reductions caused by the
two wind farms Sandbank and Dantysk (black dots). Adapted with modifications from Figure
6.3a,c,e in Imberger (2020).

7 Integration of wake models in power sys-
tem balancing

7.1 Power System Balancing
Operation of power system is a complex method and more so when the power system comprises
large share of variable renewable energy sources. Power system balancing in principle involves
balancing the generation to meet the uncertain demand of the system all the time since power
and energy storage solutions are still not matured cost wise for massive deployment. However,
there are various ways of implementing this balancing principle in practice and vary from power
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system to power system depending on available resources as well as energy market structure.
Danish power system is atypical that that it is divided into two different synchronous power

systems; namely, DK1 and DK2 connected to Continental European and Nordic synchronous
area, respectively. Danish power system operator, Energinet is responsible to maintain the power
system balance in DK1 and DK2 while respecting the power flow commitment to neighboring
areas.

In order to maintain power balance, there are many steps employed by Energinet. Automatic
frequency reserves are acquired in long term to 2 days (D-2) before operation to handle any real-
time contingency (like disconnection of a large generator). Danish power system is operated with
large share of variable renewable energy like wind and solar power. This brings additional chal-
lenges arising from the uncertainties of these renewable generations. In day-ahead spot market,
bulk volume of energy is traded based on day-ahead forecast of renewable generation and de-
mand. Following the day-ahead market, the market participants can improve upon their bid in the
intra-day market until 1 hour before the real-time operation. However, the day-ahead forecasts
are not accurate and therefore, in real-time there can be large power imbalance due to forecast
uncertainties. One way to handle this imbalance is using large volume of automatic reserves, but
it is an expensive option. Another option, which is employed by Energinet is about hour-ahead
balancing using regulating reserves when hour-ahead forecast are obtained (more accurate than
day-ahead forecast).

7.2 Balancing Tool Chain
The balancing principle described in previous section is simulated to develop Balancing Tool
Chain Das (2020); Kanellas et al. (2020).

Figure 17 shows the balancing tool chain. The balancing tool chain takes the energy system
scenario as input and has the following major components:

• Variable Renewable Generation - CorRES : The tool covering the simulations of both wind
and solar PV generation time series is called CorRES. The capabilities of the CorRES tool
for simulating large-scale variable renewable energy (VRE) generation has been shown in
Koivisto et al. (2019a). CorWind, which is the wind simulation part of CorRES, is a highly
developed tool to simulate consistent and correlated wind power generation patterns and un-
certainties for single wind turbines or aggregated over wind farms or power system areas as
specified by the model user. In addition to wind, CorRES includes solar PV simulation capa-
bilities. CorRES also provides simulated forecast for VRE generations. Detailed treatment
of large scale wake is provided in next section.

• Spot Market Model - OptiSpot: Modelling of spot market is developed in Balmorel. Op-
tiSpot is a model for analysing the energy system with emphasis on electricity and heat; and
used in several countries (e.g. energy companies and TSOs, Gea-Bermúdez et al. (2021)).
Balmorel (Wiese et al., 2018) is a multi-period model with flexible time and area resolution.
OptiSpot is used for performing economic dispatch and unit commitment of the generating
units using the day-ahead renewable forecasts obtained from CorRES Gea-Bermúdez et al.
(2021). Generation must match consumption in the power market. This balancing is per-
formed through bidding in day ahead market based on renewable generation forecast and
load forecast in Balmorel.

• Intra-hour Balancing Model - OptiBal: OptiBal is developed based on Energinet’s tool
SimBa to simulate the balancing of the Danish power system (Hansen et al., 2011). The pur-
pose of this tool is to model intra-hour balancing of the power system before 1 hour of the
operation. OptiBal is used to estimate the volume and cost of reserves required for balanc-
ing. This tool provides guidance on assessing whether enough reserve providing generation
sources are available for future Danish power system. Based on the bids in spot market (mod-
elled in OptiSpot), market price for each hour in the day of operation is generated. Based
on the day-ahead schedules of the generators, available regulating reserves (or online avail-
able capacity) are estimated; if the generators are willing to participate for balancing. These
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Figure 17: Balancing Tool Chain

participants constitute a list called NOIS list (a Nordic market place for regulating power).
TSO can activate regulating reserves from this list according to certain rules. It should be
noted that the bid activation need not to be within one of the two Danish price areas; it could
be anywhere in the whole Nord Pool Spot Market area. The input to OptiBal are time se-
ries of energy and prices for productions, consumptions and exchanges at hourly resolution.
OptiBal transforms these time series into smaller time resolutions through splining to simu-
late real-time operational power schedules. Power schedules for consumption are generated
by smoothening the input time series. Power schedules for import and export exchanges are
generated respecting ramping conditions. Power schedules for conventional generators are
obtained by ramping between last hourly values to next hourly values while respecting the
ramping characteristics of the concerned generating unit types. Power schedules for renew-
able generations are generated based on forecasts obtained from CorRES. Based on these
power schedules, system imbalance prior to the operating hour is generated. This imbalance
is to be balanced by activating regulating power based on a merit order list of upward and
downward available capacities. This merit order list simulates the NOIS market. Activation
of regulating reserves are done while obeying the rules of activation.
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• Area and Frequency Control : The output of OptiBal constitutes residual imbalance that
need to be balanced using frequency restoration process (FRP) and frequency containment
process (FCP). The main purpose of FCP is to contain the frequency within certain pre-
decided bands following a large imbalance (generally caused by a large disturbance). Danish
power system is divided into 2 separate power systems western Denmark (DK-1) and east-
ern Denmark (DK-2) connected to Continental Europe (CE) synchronous area and Nordic
synchronous area respectively. These two areas have different requirements and operating
principles for handling real-time imbalances. FCP is automatic, governor-based control in
DK-1, however, FCP in DK-2 is modelled separately for normal operation (FCR-N) and dis-
turbance (FCR-D). Detailed discussion on different types of reserves in DK-2 and Nordic
power system can be found in [13]. Since DK-1 is connected to CE, FRP is handled using an
automatic load frequency controller (LFC). Frequency restoration reserves (FRR) deployed
by FRP are dimensioned based on the guidelines as given in ENTSO-E Network codes on
FRR dimensioning ENTSO-E (2017). The purpose of LFC is to restore frequency and main-
tain the tie-line power flow commitment. However, it should be noted that the main purpose
of these automatic reserves is to handle large unforeseen disturbances such disconnection
of a large generator. In case, these reserves are used by the power system to mitigate im-
balances caused due to forecast error, the security of the power system is compromised and
therefore should be avoided Das et al. (2016, 2017, 2015). It should be noted that in this
project, the area and frequency control is not considered.

• Energy System Scenario: Energy system scenario provides information such as installed
generation capacities, electricity consumption, installed storage capacities (e.g., electric bat-
teries, pumped hydro), and other information, such as CO2 tax, needed to model market
behaviours. These information can cover multiple countries, to consider electricity trading
between them. If multiple regions or countries are modeled, also information about trans-
mission line capacities between them is required. Scenarios can consider different scenario
years, e.g., 2030 or 2050. The procedure outlined in Figure 17 is run separately for each
scenario year. And example of how a scenario can be obtained, based on large scale energy
system optimisation, is shown in Gea-Bermudez et al. (2020).

7.3 Wakes in large scale wind time series model
To be applicable in power and energy system studies, wind generation time series are needed
to understand how generation matches consumption, how different storage options operate and
how large ramp events can be managed in the system (Brown et al. (2018), Gea-Bermudez et al.
(2020)). Hourly data are typically used for analyzing day-ahead market operation; however, even
higher resolution data are needed for analysing system balancing (Kanellas et al. (2020)).

The Correlations in Renewable Energy Sources (CorRES) tool (Koivisto et al. (2019a)) is used
for transforming the wind speed data from WRF to wind generation time series. When wakes
are analysed in WRF, simply a turbine power curve is used to transfer wind speeds to power
generation. CorRES still adds the operation under storm conditions to the resulting generation
time series (Murcia Leon et al. (2020)). However, for comparison, Pywake NOJ model (k (wake
decay coefficient)=0.04) is also applied to study the difference between modeling wakes in WRF
and with the Pywake NOJ model. When PyWake is used, WRF data without the wake impacts
of wind farms are used. It needs to be noted that in this application, detailed turbine locations
are not used in PyWake; rather, generic circular layouts are assumed, based on turbine size, plant
installed capacity and turbine spacing. This approach thus uses similar level of information about
plant layout as used in the modelling of wakes in WRF. As the specific plant layouts are not
known, the circular generic layout is shifted in 5 degree steps, and the average of these is used
as the representative plant-level power curve in CorRES. A more comprehensive view of how
PyWake can be used in CorRES is given in Murcia Leon et al. (2020).

Figure 18 shows a comparison between how wakes are considered in CorRES when they are
included in the WRF wind time series ("WRF wakes") and when they are analysed using PyWake
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on top of WRF data without considering wakes ("PyWake"). Note the simple wind-direction inde-
pendent shape of the PyWake plant-level wake impacted power curve; this is due to assumptions
explained in the previous paragraph. The "WRF wakes" and "PyWake" are conceptually quite
different ways of representing wake losses in CorRES: the first models the deficit in the wind
speeds impacting the plant, whereas the second models the change in the plant-level power curve.
It needs to be noted that while in "WRF wakes" the farm-to-farm wake impacts are considered,
in "PyWake" only intra-farm wakes are considered. This is intentional, as the aim was to try to
find the impacts of farm-to-farm wakes by comparing these two; however, the PyWake approach
for modeling wakes in CorRES allows also farm-to-farm wakes to be considered (Murcia Leon
et al. (2020)).

Figure 18: Plant-level wind speed, plant-level power curve and plant generation output for an
example Danish offshore wind power plant simulated in CorRES. "No wakes" does not consider
wakes at all, "WRF wakes" uses WRF data where wakes are considered, and "PyWake" uses an
engineering model to consider impacts of intra-farm wakes on the plant power curve (using WRF
data where wakes are not considered). Note that the wind speed distribution of "PyWake" is the
same as "No wakes", and that the "No wakes" power curve is the same as the "WRF wakes"
power curve.

7.4 Case study scenario
The scenario studied regarding power system balancing is taken from (Koivisto et al. (2019b)).
The installed offshore wind capacity in Denmark grows to more than 5 GW by 2030, and close to
10 GW by 2050. Overview of how interconnected the different analysed countries are is shown
in Figure 19. Denmark becomes a significant electricity exported towards 2050, supported by
the strong connections to other countries. The resulting capacities are a result of North European
energy system optimisation. It needs to be noted that this scenario does not include strong sector
coupling, which limits the offshore installation growth; however, the amount of installed offshore
wind capacity in Denmark grows to a level where significant farm-to-farm wakes can be expected.
Expected locations of the offshore plants are shown in Figure 20.
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Figure 19: Overview of the North Sea region countries considered in the energy system optimi-
sation. The lines in the figure denote the transmission lines in scenario year 2030 between the
different model regions in GW. Figure from Koivisto et al. (2019b)

8 Applications and Results

8.1 The climatological effect of offshore wind farms
The OffshoreWake project is one of the first that investigates the long-term representative effect
of large offshore wind farms considering realistic wind farms in the North Sea.

Most climate data are produced at a spatial resolution of tens of kilometers. Due to the re-
quirement in using relatively high spatial resolution, it could be computationally challenging to
simulate “long-term” wind data. We need a spatial resolution typically of a couple of kilometers.
Three different approaches have been investigated and used in this project for this purpose.

The first one is to simulate a climatologically “representative year” of data. The “represen-
tative year” is defined according to a statistical match between data from one year and those
from a period of e.g. 30 years. This long-term (several decades) data can be from measurements
from one or more stations, or from reanalysis or hindcast data. Within the scope of this project,
yearly aggregated tabulated results (annual distributions of wind speed, wind direction and sta-
bility) from the New European Wind Atlas (NEWA, Hahmann et al. (2020); Dörenkämper et al.
(2020)) have been used at 10 randomly selected points within the offshore area around Denmark.
For each distribution category (wind speed, wind direction & stability) and location, the annual
distributions are compared against each other and a constructed average reference year based on
the average distribution over the period 2001 to 2018 (the, at that point in time, available NEWA
data range). To assess the similarity of the distributions quantitatively, the Earth Mover’s Dis-
tance (EMD, Rubner et al. (2000)) has been used. Afterwards, the different years are ranked at
each location and within each category and the calendar year with the best overall performance
has been selected as most representative given each category equal weight. Based on selected
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locations, weights and at that point available NEWA data set, this turned out to be 2005 for the
offshore locations around Denmark. This methodology has also been used for assessing the wake
effect from large wind farm cluster on wind power production for different scenarios of wind
farm displacement focusing on the German Bight (Agora Energiewende et al., 2020). While this
method was also initially applied for the investigation of future scenarios of wind farms (2050)
in the Danish waters to estimate the wake impact on the Danish power balancing system (Das
et al., in prep.), the limitation of available power system data to 2012 (electricity load, other VRE
generation time series) made it a necessity to switch to calendar year 2012 for this particular
study. Figure 20 shows an example of the hub height wind speed reduction in the presence of the
2050 future scenario wind farms over the Danish waters (Larsén et al., 2019a). More details of
the methodology regarding the creation of the 2050 wind farms and the model setup is described
Das et al. (in prep.) which is currently in preparation.

Figure 20: Wind speed reduction at 100 m over 2050 future scenario wind farms. From Larsén
et al. (2019a), in percentage.

In a master project within OffshoreWake in 2019 (Langor, 2019), the choice of the “represen-
tative year” was adjusted due to availability of measurements. In our case, we have the whole
year SCADA data available for 2018 over several wind farms, provided by project partner Vat-
tenfall. In this case, Langor (2019) chose 2018 as the year and discussed its representativeness
afterwards. By the time, Langor (2019) was the first that calculated the long-term simulation over
larger offshore wind farm clusters using both the Fitch and EWP schemes. Her study examined
the spatial distribution of wind reduction in the presence of wind farm wake effect, monthly by
monthly, by the two schemes (EWP and Fitch) and validated the results using SCADA data from
Sand bank and Dantysk wind farms, together with the measurements from FINO 3. The model
domains and the wind farms that are modeled in this study are shown in Fig. 21. Details of model
setup and wind turbine data can be found in Langor (2019). As an example, Fig. 22 shows the
monthly distribution of hub height wind speed and the cumulative power production at the two
wind farms Sandbank and Dantysk comparing the results from SCADA, WRF with EWP and
WRF with Fitch schemes. The agreement is good, where WRF with Fitch scheme gives larger
wake effect corresponding to larger wind reduction. The Weibull-A parameters at FINO 3 at 61 m
changed from 11.4 in 2011, to 11.6, 11.2, 11.3, 11.3, 11.3, 10.3, 10.5 and 10.4 ms−1 in 2018, in-
dicating a possible wind farm effect that started year 2016 when the Sandbank wind farm started
to operate.
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Figure 21: WRF model domains at 18 km, 6 km and 2 km (a) and wind farms included in the
simulation (Langor, 2019).

Figure 22: Comparison of SCADA and modeled mean wind speed at hub height (a) and an-
nual cumulative power production (b), over the two wind farms Sandbank (above) and Dantysk
(below) (Langor, 2019).

While Langor (2019) showed the farm wake length with different wind directions, wake length
was systematically analyzed in another master thesis project by Catton (2020) with the data pro-
duced in Langor (2019). The wake characteristics were analyzed in 12 wind sectors, 3 wind speed
ranges (5− 10, 10− 15, 15− 20 ms−1) and 3 stability conditions (unstable, neutral and stable).
The study was mostly focused on the area where Sandbank and Dantysk wind farms are due to
the availability of the measurements. The analysis also compares the results from the EWP and
Fitch schemes. The wake characteristics include velocity deficit, wake length, wake-affected area,
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wake recovery and TKE field. The study of Catton (2020) shows clearly that the hub height wind
deficit caused by wake effects is highly dependent on the wind speed, see Fig. 23. The largest
deficit occurs at wind speed range 4 – 11 ms−1, where the thrust coefficient is greatest for the
turbines used here. The statistics of wake length was obtained around the wind farms Sandbank
and Dantysk using the simulation with EWP and Fitch schemes. In this study, the wake length is
defined following “the wake is the straight line distance from the trailing edge of the wind farm
to the 2% wake-line in the approximate wind direction, and the trailing edge of the wind farm
is assumed equivalent to the trailing edge of the maximum deficit contour. When a wake does
not recover before encountering a wind farm, the distance to that wind farm is noted as the wake
length.”. The wake length distribution is presented in 12 sectors, in two wind speed range and
three stability conditions in Fig. 24. On average, the wake length is longest during stable con-
ditions. The Fitch scheme corresponds to longer wake length. There is a directional dependence
which is related to the upwind conditions, the orientation of the farm and the displacement of
turbines.

Similarly, the statistics of the wake affected area size is also obtained. With the size defined as
the total area of the grid boxes over and around the farms for which the velocity deficit is greater
than 2%. An example is shown here in Fig. 25 for the wind speed range 5 – 10 ms−1 for unstable
(above) and stable conditions (below) in 12 sectors. One can see that the areas that are under the
wake impact is larger under stable conditions and the Fitch scheme corresponds to larger areas
that are under the wake impact.

The simulated data from the year 2018 has also been used to study the superposition of the
wind farm wake effects. The data over Sandbank and Dan Tysk are used for the investigation.
The wind categories with wind direction from southwest is used under both unstable and stable
conditions. The spatial distributions of the wind speed at hub height for the two categories are
shown in Fig. 26 and Fig. 27 in upper panels. Both EWP (left panels) and Fitch (right panels)
schemes are shown. Also shown are data along the transect - the solid line across the two wind
farms following the wind direction. On top of these lines are grid points nearby where the data
are extracted and plotted in the below panels in blue curve Fig. 26 and Fig. 27. The stars are
the averaged value from the SCADA data (with overlapping time as the modeled data in this
category) from the turbine at the closest grid point. From these two figures, the following can
be summarized: (1) both EWP and Fitch capture relatively well the wind field in the presence
of the wind farm wake effect; (2) The wind farm wake effect is characterized by a drop over
the farm and a gradual recovery. A simple algorithm of exponential function was provided for
the recovery in Catton (2020). The wake from the downwind wind farm superpositions the wake
from the upwind farm; (3) Again, the wakes are more obvious under stable conditions than under
unstable conditions.

Figure 23: Mean values of velocity deficits as a function of wind speed expressed in absolute
values on the left, and percentages (%) on the right using the EWP and Fitch scheme. A copy of
Fig. 6.4e, f in Catton (2020).
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Figure 24: Wake length in km from wind farms Dantyske and Sandbank from different directions
in two wind speed ranges 5−−10 ms−1 (above) and 10−−15 ms−1 (below), in three stability
classes. A copy of Fig. 6.7 in Catton (2020).

The second method for taking into account of the climatological effect is to classify the clima-
tology into bins of data depending on wind speed, direction and stability and then apply WRF
with EWP and/or Fitch schemes in ideal mode. The data used for grouping the bins could be
(re)analysis, which are often of decades long and climatologically representative. This classifi-
cation is similar to the KAMM Wind Atlas method (Badger et al., 2010) and it has been applied
here in the project for the same area as in Langor (2019) in a master intern project by Duin (2019).

The third method is called “statistical dynamical downscaling (SDD)” method, where “sta-
tistical” means a number of days are identified from a period of several decades, here 30 years
that statistically representative for the longer period. Fischereit and Larsén (2020, 2021) adopted
this method and identified 180 days which provide matching statistics on the mean wind and
wave climate in the German Bight. The data used for identifying these days are measurements
over the German Bight and surrounding land area. The representativeness of the days is checked
by comparing it against ERA5 reanalysis data, which allows to evaluate the spatial pattern. The
WRF(Fitch/EWP)-SWAN(WBLM) model is then used to simulate these days. Figure 28 from
Fischereit and Larsén (2021) shows such an example of the climatological mean wind speed at
100 m from seven modeled data, including the 30-year ERA5 (hourly, dx =30 km), the 30-year
New European Wind Atlas (NEWA) data (30-min, dx = 3 km), and 7 ways of use of the SDD
method for 180 selected days (10-min, dx = 2 km): WRF-only, WRF-Fitch, WRF-EWP, WRF-
SWAN, and WRF-SWAN-Fitch. One can see that compared to ERA5, NEWA data adds a lot
more details of wind variability over land and removed the coarse zig-zag pattern over water.
The agreement between WRF from SDD method and NEWA can be considered good, with WRF
from SDD having the contour line of 9.0 – 9.5 ms−1 slightly more away from the coastline along
the Northen part of Jutland coast. Introducing SWAN to WRF seems to push this contour line
even further away from the coastline, now also including the coastline of Germany and Holland,
because the roughness length of the sea is increased on average when including SWAN in the
simulations. The presence of wind farms in this region introduced wind speed reduction and they
can not be neglected. At first glance, consistent with studies of Langor (2019) and Catton (2020),
the Fitch scheme provides larger velocity deficit in comparison with EWP. More analysis on the
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Figure 25: Wake-affected area in km2 from wind farms Dantyske and Sandbank from different
directions in two wind speed ranges 5−−10 ms−1 (above) and 10−−15 ms−1 (below), for
stable and unstable conditions. A copy of Fig. 6.8 in Catton (2020).

Figure 26: For unstable conditions: the variation of the wind speed crossing the wind farm Sand-
bank and Dantyske, above: spatial distribution; below: for the transect shown in figures above,
from model (lines) and SCADA data (dots) A copy of Fig. 6.10a, b in Catton (2020).

effect of waves on the winds and wakes, as well as the effect of the winds and wakes on the waves
will be shown in Section 8.2.
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Figure 27: For stable conditions: the variation of the wind speed crossing the wind farm Sandbank
and Dantyske, above: spatial distribution; below: for the transect shown in figures above, from
model (lines) and SCADA data (dots)A copy of Fig. 6.10c, d in Catton (2020).

Figure 28: Spatial distribution of the mean wind speed at 100 m from different data shown as
figure labels. A copy from Fischereit and Larsén (2021).

8.2 The interaction between wind, wave and wakes
The effects of the interaction between wind, wave and wakes are investigated through outputs
from various combinations of the model components. Measurements of both atmospheric and
wave parameters are used to validate the model outputs. In connection with the model validation,
measurements shown in Fig. 29b are used, including masts, buoys and SCADA data.

In Fig. 29a, the significant wave height Hs from the measured data (from 14 buoys) and the
corresponding modeled data are plotted against each other, where the data are from the selected
180 days that represent the 30-year wind and wave climatology. The correlation r, BIAS and
root-mean-squared-error (RMSE) are provided in the plot. We notice that there is a small cluster
of data suggesting underestimation of Hs, which we will investigate further.

The modeled wind speeds at 10 m are examined together with measurements from 10 buoys
in Fig. 30, with the modeled data from WRF-only (left) and the WRF-SWAN coupled model
(right). Using the coupled modeling only reduced slightly the bias and the statistics are very
similar between the coupled and non-coupled simulation results. It is also the case with wind
speeds at 100 m Fig. 31. This is however expected, as the effect of coupling is mostly during
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Figure 29: above: scatter plot of Hs using measurements from 14 buoy stations from the SDD
simulations. below: locations of masts, stations, buoy and turbines in space. A copy from Fis-
chereit and Larsén (2021).

Figure 30: (a) Scatter density plot of wind speed at 10 m, measured vs. WRF-only modeled at
10 stations. (b) Similar to (a) with the modeled data from WRF-SWAN coupled. A copy from
Fischereit and Larsén (2021).

stronger wind conditions than 20 ms−1 (Larsén et al., 2019b).
The wake effect from the wind farms is shown in Fig. 32 as wind speed deficit at 100 m. The

effect from using different wind farm parameterization schemes is larger than that from using
coupled or non-coupled modeling. The effect from the coupled modeling system is however still
visible (on the order of 2%) around the wind farms, see Fig. 33b.

Even though the effect of the waves on the averaged wind speeds seems minor, the effects of
the wind farm wakes on the wave field are systematic and non-negligible, as shown in Fig. 34 as
the deficit in Hs.

8.3 The effect of stability on the wakes
The effect of stability on the wakes has been studied in several approaches.
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Figure 31: Similar to Fig. 30, but for wind speed at 100 m. A copy from Fischereit and Larsén
(2021).

Figure 32: A copy from Fischereit and Larsén (2021).

The first is as described in section 8.3, where groups of data that are under three types of
stability conditions are used for the investigation. This shows a climatologically representative
effect.

Another approach was used in Kishore (2019), where he identified cases or episodes of sta-
ble, neutral and unstable conditions based on measurements from FINO 1 station. Interesting
episodes over the North Sea, primarily over the Sandbank and Dantysk wind farms, were identi-
fied together with the use of SAR data. During stable conditions, atmospheric gravity waves are
sometimes present. Gravity waves are also found to be generated by the wind farms under very
stable conditions (Fig. 36). During unstable conditions, often the open cell structures are present
in this area. The simulations are done for these episodes and the spatial distributions of wind
speed and TKE were analyzed. The dependence of wake characters including wind speed deficit
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Figure 33: A copy from Fischereit and Larsén (2021).

Figure 34: A copy from Fischereit and Larsén (2021).

and wake length on the stability conditions was summarized based on the cases. Consistent with
the first (climatological) approach, the wakes are more important during stable conditions.

The stability effect has also been studied by artificially changing the temperature differences
between the atmosphere and sea surface. In D3.1 v2, such an experiment was carried out over
two wind farms east of England during a case study on 2017-03-03. In reality, on this day, the
atmospheric temperature at 2 m is about 3 K warmer than the water, according to the CFSR re-
nalysis data. In the experiment, we cooled SST by 5 K to make the stability condition very stable,
and warm it by 10 K to make it very unstable. Three sets of simulation were carried out using
the actual met conditions and the two modified SST conditions. The results suggest strongly that
the effect of stability is significant for the wake generation, propagation and spatial distribution.
When it is very stable, the following are observed: (1) the vertical distribution of wind speed
and TKE deficit between with and without farms is more to the lower levels, (2) the “hotspot”
of wind speed deficit is further downstream of the wind farms, (3) the wakes are spreading side-
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wards when reaching the second wind farm. When it is very unstable, it is observed that the wake
effect is constrained more or less inside the wind farm and did not propagate downstream.

8.4 The effects of offshore wind farms: comparison of mesoscale
and engineering modeling
Wake modeling from engineering models is not the focus of this project, due to the limitation
of such models in considering large wind farm clusters. This is due to the fact that most of the
engineering models require a homogeneous wind forcing (wind strength and direction). Such
an assumption has been considered reasonable when we have small size wind farms. In reality,
due to flow meandering, advection and synoptic weather conditions, such an assumption seldom
holds when several wind farms are considered. One will need to adjust the flow input locally in
order to provide reasonable and relevant information for the engineering wake modeling.

Mesoscale wake modeling, on the other hand, even though can capture the spatial and temporal
variations matching the size of the wind farms, is not expected to resolve the individual turbine
wakes, like the engineering model does. An example of plant-level wake loss sensitivity on wind
direction is shown in Figure 35, when analysed with an engineering model considering each
turbine.

The related research topics in this project are: how well/bad can WRF simulate the turbine
wakes inside a farm? How different/agreeable are the wake modeling using the two different
approaches, considering also their time series behaviour, and how is the power balancing system
reacting to it?

The related investigation has been done jointly with a number of other projects, including
ModFarm, TopFarm etc. The related activities include:

• To estimate the wake effect on the power production from upstream wind farm. This is
done using the Fuga model (Ott, 2014), with NEWA wind climatology (Hahmann et al.,
2020; Dörenkämper et al., 2020) over the wind farms Sandbank and Dantysk (Larsén et al.,
2019a).

• To compare the intra-farm and farm-to-farm wake calculations from WRF (Fitch and EWP),
PyWake (Pedersen et al. (2019), three different engineering wake models Zong and Porté-
Agel (2020); Bastankhah and Porté-Agel (2014); Jensen (1983)) and RANS model El-
lipSys3d using PyWakeEllipSys DTU Wind Energy (2019); Michelsen (1992); Sørensen
(1994), with SCADA data. This is done over Rødsand and Nysted wind farms in the Baltic
Sea et al. (2021).

• To compare the time series behaviour of wind generation with wakes calculated from WRF
and PyWake. A preliminary comparison is shown in Section 8.7.1.
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Figure 35: Example of plant-level wake loss sensitivity on wind direction: x-axis shows direction
change in 5 degree steps. The example is a Danish offshore wind power plant, modeled using a
PyWake engineering wake model (more details given in Section 8.7.1).

8.5 Wind farm effect under special events
8.5.1 The interaction of wind farms and Low Level Jet

Often we examine the wind deficit and TKE related to the wind farm effect. Our study area in this
project is primarily the North Sea, where coastal effect can be significant for the existing wind
farms. One of the coastal effect is the advection of warm air over to cooler water, forming stable
atmospheric layer, which is favorable for low level jets (LLJ) to develop. Published studies on
LLJ have not included the effect of the presence of the wind farms. But would the presence of the
wind farms affect the development of LLJ? We carried out a case study to investigate this subject.
The chosen case was originally from Siedersleben et al. (2020) where they compared the WRF
simulation with flight data (see section 4). The effect of the wind farm on the development of
LLJ was however not studied in their paper. Our study was developed into a journal paper Larsén
and Fischereit (2021). The main conclusion is that it is important to take the wind farm effect
into account when calculating the wind speeds in the presence of LLJs. The structure of LLJ is
modified by the wind farms.

8.5.2 The wind farm wake effect in the presence of open cells

In company of cold fronts, the North Sea often experiences the presence of shallow convective
open cellular structures. This happens when the atmospheric conditions are unstable. Kishore
(2019)’s case studies of the wind farm wake effect in the presence of open cells suggest that the
wakes expansion is limited and wind speed deficit is small, when compared with stable condi-
tions.

Göçmen et al. (2020) studied the wind power fluctuations and wind farm wake effect over the
wind farm Horns Rev during two cases with one stable and one unstable condition. It was found
that while open cells cause significant fluctuation in wind speed and wind power as shown in the
farm SCADA data, the wake effect is much smaller when compared with the stable conditions.
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8.5.3 Wind farms and gravity waves

This project did not systematically investigate the effect of gravity waves on the wind farm wakes,
neither how the gravity waves are affected by the presence of the wind farms. Though over the
North Sea, when the atmosphere is stable and the winds are strong and crossing the high lands
and mountains in Scotland and Norway, gravity waves can be generated. Kishore (2019) found
several such cases when choosing the cases to be studied using the SAR data (e.g. Fig. 2.3, 2.4 in
Kishore (2019)). This is a topic that deserves to be studied. In his study of very stable conditions,
it is found that gravity waves are being generated by the wind farms, on top of the wind farm
wakes, see Fig. 36 as an example. This topic also deserves further investigation.

Figure 36: Wind speed deficit at 90 m between WRF and WRF-EWP modeling on 2016-09-13,
16:20. A copy of Fig. 5.9 from Kishore (2019).

8.6 The wind-wave-wake coupled forecasting system
A coupled operational forecasting system including WRF and SWAN has been run for one year
for the danish waters (Figure 37). The model outputs include both meteorological parameters and
wave parameters such as the significant wave height, peak wave period and peak wave length.
Within a master thesis project, the potential use for this system for Operation & Maintenance
was explored (Gurau, 2020). It was found that this system has indeed the potential to be used in
such a way, since it allows for consistent evaluation of waves and winds. Having both parameters
combined is important for e.g. access to wind farms by boat.

Figure 37: Nesting approach for the operational forecasting system. Taken from Gurau (2020).
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8.7 The value of including wakes on the power system balanc-
ing
8.7.1 CorRES Results

While the conceptual difference in how the wakes are modeled in the "WRF wakes" and "Py-
Wake" approaches in CorRES is significant (Figure 18), the key question for power system
studies is if these two approaches show significant differences in wind generation time series.
Figure 38 shows a comparison focusing on power system impacts for an example Danish off-
shore power plant. It can be seen that the two wake modelling approaches show very similar
CFs and relatively similar generation distributions. The 15-min ramp distribution shows slightly
lower variability with the "PyWake" model compared to "WRF wakes" which can be because
of the farm-to-farm impacts missing in "PyWake"; however the difference is small, and it was
not possible to definitely conclude that the impact is due to including the farm-to-farm impacts,
as the difference could also be due to the overall different modeling approaches. An overview
considering all the analysed Danish offshore wind power plants is given in Figure 39. It can be
seen that similar conclusion holds also on average looking at all the plants: Both "WRF wakes"
and "PyWake" show similar results for CF, and "PyWake" shows slightly larger decrease in 15-
min ramp rate SD than "WRF Wakes", which shows practically no decrease in the ramps. Again,
the difference between "WRF wakes" and "PyWake" in terms of ramp SD is relatively small;
however, it is feasible that it is caused by including the farm-to-farm wakes in "WRF wakes".
Irrespective of the modeling approach it is interesting to note that while wakes decrease annual
energy generation (i.e., CF) significantly, the ramp SD hardly decreases at all. This means that
while the power system receives less energy due to wakes, the ramp SDs hardly change. This
can have significant impacts on power systems, as ramping can impact system balancing and
reserves.

It needs to be noted that the different wake modellings have been implemented only for the
Danish offshore wind power plants. For the other countries (see Figure 19 regarding the countries
included in the case study scenario), a generic assumption of around 5 percent wake loss is taken.

Figure 38: Differences in wind generation distribution, capacity factor (CF) and 15-min genera-
tion ramp rate distribution (SD = standard deviation) for an example Danish offshore wind power
plant for the "WRF wakes" and "PyWake" approach in CorRES, compared also to the case where
no wakes are modeled ("No Wakes").

8.7.2 Impact of wakes on power system balancing

This section provides the simulation results from the DTU balancing tool chain components with
and without considering wakes from the offshore wind power plants (OWPPs). The studies are
performed for 2030 and 2050 scenarios with focus on Danish power systems, DK1 and DK2.
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Figure 39: Differences in offshore wind generation capacity factor (CF) and 15-min generation
ramp rate standard deviation (SD) considering all the analysed Danish offshore wind power plants
using the "WRF wakes" and "PyWake" approach in CorRES, compared also to the case where
no wakes are modeled ("No Wakes").

Table 4 provides overview of the installed capacities of wind power in Denmark for both onshore
and offshore in 2030 and 2050.

Scenario Region Gen. Type Wind Capacity [GW]

2030 DK1 Onshore 5.3
2030 DK1 Offshore 6.5
2030 DK2 Onshore 1.2
2030 DK2 Offshore 0.4
2050 DK1 Onshore 5.3
2050 DK1 Offshore 7.8
2050 DK2 Onshore 1.2
2050 DK2 Offshore 1.1

Table 4: Installed capacities of wind power in GW for the considered scenarios in Denmark for
2030 and 2050

Day-ahead analysis Total annual available energy in DK1 and DK2 are calculated as 48.7 TWh
(without wake), 46.1 TWh (with wake) and 6 TWh (without wake), 5.49 TWh (with wake) re-
spectively for 2030 scenario as shown in Table 5. Therefore, ignoring wake in energy calculation
can cause error of up to 5.3% in energy production estimation.

Day-ahead forecast of wind power is input to the spot market model. Optimization is run to
meet the demand based on day-ahead forecast. However, sometimes the generation forecast can
be more than the demand resulting in curtailment of the wind power. Therefore, the wind power
day-ahead schedule as output of spot market model is not necessarily same as the day-ahead
forecast. Table 5 shows that the there can be an error in dispatch calculation of up to 5.2% if
wake is not considered. This will also result in over calculation of curtailment by 8%. It should
also be observed that since the annual energy production is reduced while considering wake in
the calculations, it is understandable that this difference in production is met by either other types
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of generations in Denmark or from neighboring countries. Since these other generations are more
expensive than wind power, their is an increase in electricity price by 1.6% (from 39.36 e/MWh
to 39.98 e/MWh) in DK1 when considering wake in the calculations.

DK1 DK2
Without Considering Wake Without Considering Wake

considering Diff. wrt. considering Diff. wrt.
Wake Base Wake Base

(Base Case) Value Case in % (Base Case) Value Case in %

Total Wind Energy 48.7 46.1 -5.3 6 5.49 -1.5
Available [TWh]

Total Wind Energy 46.2 43.8 -5.2 5.6 5.4 -1.6
Dispatch [TWh]

Wind Energy 2.5 2.3 -8 0.4 0.09 -22
Curtailment [TWh]
Curtailment Ratio 5.1 5 -2 6.7 1.7 -1.3

compared to
available energy [%]
Average Electricity 39.36 39.98 1.6 40.91 41.46 0.22

Price [e2012/MWh]

Table 5: Day-ahead analysis for DK1 and DK2 for 2030 scenario

When similar studies are performed for DK1 and DK2 for 2050 scenario (see Table 6), similar
trends are observed.

DK1 DK2
Without Considering Wake Without Considering Wake

considering Diff. wrt. considering Diff. wrt.
Wake Base Wake Base

(Base Case) Value Case in % (Base Case) Value Case in %

Total Wind Energy 54.6 52 -4.8 8.9 8.2 -7.9
Available [TWh]

Total Wind Energy 45 43.1 -4.2 8 7.5 -6.25
Dispatch [TWh]

Wind Energy 9.6 8.9 -7.3 0.9 0.8 -11.1
Curtailment [TWh]
Curtailment Ratio 17.6 17.1 -2.8 10.1 9.8 -3

compared to
available energy [%]
Average Electricity 30.38 30.83 1.5 31.27 31.76 1.6

Price [e2012/MWh]

Table 6: Day-ahead analysis for DK1 and DK2 for 2050 scenario

Since there is a major difference in wind power dispatch when considered wakes; the energy
mix in the power system is also impacted, thereby impacting the electricity prices. Figure 40
shows the cumulative distribution function for electricity prices for DK1 in 2030 and 2050, rep-
resenting the fluctuations in prices. It can be observed that there is no difference in electricity
prices for high and low prices. This can be explained with the reason that low electricity prices
generally occur when the wind power generations are high. During these hours, impact of wake
is low. Similarly, high electricity prices occur for the hours when the wind power generation is
very low, i.e. low wind/no wind hours, where the impact of wake is again limited.
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(a) 2030 (b) 2050

Figure 40: Cumulative probability for electricity spot prices for DK1

Figure 41: Energy generated annually for different fuel based generations in Denmark in 2050
scenario

The difference in wind energy production while considering wake calculation has to be com-
pensated by other generations in the power system to meet the demand. Figure 41 depicts the
annual energy production from different fuel based generations. It can be observed that the lost
energy is not compensated by generations in Danish region but supported by the neighboring
regions.

Hour-ahead analysis The imbalance are computed due to forecast error uncertainties of off-
shore wind power generations in DK1. As more accurate Hour-ahead forecasts are obtained, the
imbalances with respect to day-ahead forecast are computed. Figure 42 shows the probability
density function of imbalance due to Offshore Wind Power in DK1 before Hour-ahead Balanc-
ing (OptiBal) in 2030, while table 7 demonstrates the percentiles of imbalances due to Offshore
Wind Power in DK1 before Hour-ahead Balancing (OptiBal) in 2030. It can be seen both from the
figure and table that there is not considerable differences between the wake cases and no-wake
cases. However, these percentile values are crucial for dimensioning balancing reserves for 2030
Danish power system.
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Figure 42: Probability density function of imbalance due to Offshore Wind Power in DK1 before
Hour-ahead Balancing (OptiBal) in 2030

Percentile
95 99 99.99

No Wake Positive Imbalance [MW] 1040 1470 2326
No Wake Negative Imbalance [MW] 988 1378 2348

Wake Positive Imbalance [MW] 1032 1504 2340
Wake Negative Imbalance [MW] 1000 1400 2315

Table 7: Percentiles of imbalances due to Offshore Wind Power in DK1 before Hour-ahead Bal-
ancing (OptiBal) in 2030

The imbalance due to day-ahead forecast uncertainties are balanced by Energinet using regu-
lating reserves when hour-ahead forecasts are obtained as simulated in OptiBal. The remaining
imbalance are handled in real-time with automatic reserves. The probability density function of
the real-time imbalance can be seen in Figure 43. It is interesting to note that negative imbalance
is higher than that of positive imbalance. The reason is that the wind power plants are either al-
ready curtailed or have been participating for providing down-regulation reserves. Note that when
considering wake there is more variation in the real-time imbalance as opposed to ’no wake’ case.
This is probably due to the difference in power generation in real-time between the 2 cases.

Table 8 depicts the up-regulation and down-regulation reserve deployment by different reserves
in DK1 for 2030 scenario. It should be noted that wind power plays major role both in upward and
downward regulation for 2030 scenario for balancing the forecast uncertainties. However, there
is not much difference observed between the ’wake’ and ’no wake’ case, which can be explained
with the fact that there is not appreciable difference between these cases in terms of imbalances
caused.

Figure 44 shows the balancing studies for 2050 scenario. The impact of wake becomes much
more pronounced in 2050 scenario than 2030 scenario due to increased installed capacity of
offshore wind power in Denmark. It can be observed that not only the volume of imbalance is
increasing in 2050 but also the variation of imbalance is different when wake is considered. This
also results in increased tail in the probability density functions meaning more reserves will be
required in 2050 scenario for few hours of the year. The impact of wake can be observed most
distinctly in the calculation of regulation reserves as shown in Table 9, where the differences
between ’wake’ case and ’no wake’ case are substantial.
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Technologies No Wake Wake
Up-regulation Down-regulation Up-regulation Down-regulation

CHP-BACK-PRESSURE 157 157 158 158
CHP-EXTRACTION 380 298 375 312

CONDENSING 51 40 52 38
SOLAR-PV 0 0 0 0
WIND-OFF 2494 2321 4139 1592
WIND-ON 3463 3750 3464 3751

Table 8: Up-regulation and down-regulation balancing reserves in GWh deployed in DK1 by
different technologies for 2030 scenario

Figure 43: Probability density function of real-time imbalance due to Offshore Wind Power in
DK1 following Hour-ahead Balancing (OptiBal) in 2030

(a) Imbalance before Hour-ahead Balancing (OptiBal) (b) Real-time imbalance following Hour-ahead Balancing
(OptiBal)

Figure 44: Probability density function of imbalance due to Offshore Wind Power in DK1 in
2050

Discussion Increasing share of wind power especially large offshore wind power plants in the
power system may pose challenges to the power system balancing. Inclusion of wake in power
system analysis is important in future power systems with high share of renewables. This project
has investigated the importance of considering wake in power system balancing and market stud-
ies. Case studies are performed using DTU balancing tool chain where impacts of wakes are as-
sessed for Danish power system. There is major impact of wake in terms of total available energy
and energy dispatched from the wind power. When considered the effect of wake the available
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Technologies No Wake Wake
Up-regulation Down-regulation Up-regulation Down-regulation

CHP-BACK-PRESSURE 60 60 84 229
CHP-EXTRACTION 1114 111 10985 186

CONDENSING 58 5 53 5
SOLAR-PV 0 0 309 162
WIND-OFF 6861 4178 8555 3937
WIND-ON 3624 3650 3851 3947

Table 9: Up-regulation and down-regulation balancing reserves in GWh deployed in DK1 by
different technologies for 2050 scenario

energy gets reduced but also curtailment is reduced. Reduction of curtailment in percentage of
available energy is lower when considering wake as compared to ignoring it. Considering wake
in spot market model results in slight increase in electricity prices without impact on price varia-
tion. Wakes don’t play major impact in hour-ahead balancing for 2030 scenario but in 2050. This
impact is expected to be manifold when wakes are considered not only for Danish region but also
for all the other regions in the interconnected power system, which can be studied in future.
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9 List of project deliverable and milestones
We achieved all deliverable and milestones as proposed. The deliverable list is:

• D1.1 Interim report - half-yearly report for ForskEL changed to yearly report to EUDP

• D1.2 Final report - this document

• D2.1-2.3 Database from wind farms

• D2.4 Database from SAR

• D2.5 A report about the collection and organization of the data.

• D3.1 Report of case study scenarios

• D3.2 Modeling system set up for the two wind farm cluster areas: WRF+EWP

• D3.3 Modeling system set up for the two wind farm cluster areas: WRF+EWP+SWAN/ROMS

• D3.4 Report of the model performance

• D4.1 Improved models for use of balancing power and reserves

• D4.2 Report and/or paper about modeling and validation of use of balancing power and
reserves

• D4.3 Paper about impact of large scale wake effects on the use of balancing power and
reserves

• D5.1 Report about the evaluation for the wind farm cluster 1

• D5.2 Report about the evaluation for the wind farm cluster 2

• D5.3 Report about the optimized modeling system

• D6.1 Dissemination plan

• D6.2 Final management plan

And the milestone list is:

• M1.1 Kickoff meeting

• M1.2 Midterm evaluation

• M1.3 Final deliverable and reports

• M2.1 Database of measurements

• M3.1 A fully coupled modeling system WRF-EWP+SWAN/ROMS

• M4.1 The wind-to-power conversion system

• M5.1 The OffshoreWake calculation system

• M6.1. Website for the project.

• M6.2-6.4 Attendance of national and international conferences.
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10 Publications
The publication includes journal articles (published and manuscripts), conference papers and
presentations, Ph.D and master theses, database and model codes. The titles of the articles and
theses are listed here. Information about the data and model codes are provided [here].

Published journal articles:

• Larsén X. and Fischereit J. 2021: A case study of wind farm effects using two wake pa-
rameterizations in WRF (V3.7.1) in the presence of low level jets. Geosci. Model Dev., 14,
3141−3158, 2021, https://doi.org/10.5194/gmd-14-3141-2021

• Fischereit J., Brown R., Larsén X., Badger J. and Hawkes G. 2021: Review of mesoscale
wind farm parametrizations and their applications. Boundary-layer Meteorol. Accepted.

• Imberger M., Larsén X., Davis N. 2021: Investigation of spatial and temporal wind variabil-
ity during open cellular convection with the model for prediction across scales in comparison
with measurements. Boundary-Layer Meteorol. 179, p291-312.

• Leon J. P. et al. (2021) Power Fluctuations In High Installation Density Offshore Wind
Fleets on the upgrades of CorRES, Wind Energy Science. Wind Energ. Sci., 6, 461âC“476,
https://doi.org/10.5194/wes-6-461-2021

• Imberger M., Larsén X., Davis N. and Du J. 2020: Approaches toward improving the mod-
elling of mid-latitude cyclones entering at the lateral boundary corner in the limited area
model WRF, In press in Quarterly Journal of the Royal Meteorological Society.
DOI:10.1002/qj.3843

• Larsén X., Larsen S., Petersen E. and Mikkelsen T. 2021: A model for the spectrum of
the lateral velocity component from mesoscale to microscale and its application to wind-
direction variation. Boundary-layer Meteorol. 178,415-434, https://doi.org/10.1007/s10546-
020-00575-0

• Rutgersson et al. 2021: Natural Hazards and Extreme Events in the Baltic Sea region, Earth
Syst. Dynam. Discuss., https://doi.org/10.5194/esd-2021-13, 2021

• Reckermann et al. 2021: Human impacts and their interactions in the Baltic Sea region.
Submitted to Earth Syst. Dynam. Discuss..

Manuscripts of journal articles:

• Fischereit et al. 2021: Comparing intra-farm and farm-to-farm wakes from mesoscale wake
parameterizations with high resolution wake models and observations, to be submitted to
WES.

• Fischereit et al. 2021: Climatological impacts of offshore wind farms on winds and waves,
to be submitted to Frontiers

• Wiese A., Fischereit J., Larsén X., Gunther H. and Staneva J. 2021: The use of the wave
boundary layer model in the wind-wave model WAM. To be subitted to Frontiers.

• Lundquist, Badger, Dorenkamper, Draxl, Fischereit, Heinemann, King, Larsén, Steinfeld
and Xia, 2021: Grand Challenges: Mesoscale Wind Plant Wakes, to be submitted to WES

• Larsén and team 2021: Development of the modeling system with coupled wind, wave, wake
and power balancing. To be submitted to BAMS.

• Juan Gea-Bermudez, Lena Kitzing, Matti Koivisto, Kaushik Das, Juan Pablo Murcia Leon,
Poul Sorensen, "The influence of large-scale wind farm wake losses and sector coupling on
thedevelopment of offshore grids", Submitted to Energy. 2021.
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• Kaushik Das, Polyneikis Kanellas, Juan Pablo Murcia Leon, Matti Koivisto, Marc Imberger,
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