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a b s t r a c t

Turbulence characteristics of the wind farm inflow have a significant impact on the energy production
and the lifetime of a wind farm. The common approach is to use the meteorological mast measurements
to estimate the turbulence intensity (TI) but they are not always available and the turbulence varies over
the extent of the wind farm. This paper describes a method to estimate the TI at individual turbine lo-
cations by using the rotor effective wind speed calculated via high frequency turbine data.

The method is applied to Lillgrund and Horns Rev-I offshore wind farms and the results are compared
with TI derived from the meteorological mast, nacelle mounted anemometer on the turbines and esti-
mation based on the standard deviation of power. The results show that the proposed TI estimation
method is in the best agreement with the meteorological mast. Therefore, the rotor effective wind speed
is shown to be applicable for the TI assessment in real-time wind farm calculations under different
operational conditions. Furthermore, the TI in the wake is seen to follow the same trend with the
estimated wake deficit which enables to quantify the turbulence in terms of the wake loss locally inside
the wind farm.

© 2016 Published by Elsevier Ltd.

1. Introduction

The turbulence characteristics in a wind farm are important in
estimating the power production and the loads on the wind tur-
bines. As the wind farms increase in size, particularly offshore, a
good description of the wakes becomes crucial for an accurate
performance prediction of the wind farm. The atmospheric turbu-
lence enhances the wake recovery while together with the wake-
induced turbulence, they are the major source of fatigue loading
on thewind turbines [1]. Both the atmospheric and thewake added
turbulence are parametrised in various wake models in terms of
Turbulence Intensity (TI) [2e6] which is defined by

TI ¼ sU
U

; (1)

where U is the wind speed and sU is the standard deviation of the
wind speed.

In wind farm calculations, the best possible way to estimate the
TI is to use the standard deviation and the mean of the wind speed

over 10 min intervals measured by a meteorological mast (met
mast). However, those measurements do not provide the accurate
TI at the turbine position since they are located elsewhere and,
depending on the wind direction, the measurements might be in
thewake of thewind farm or any other obstacle. Also in some cases,
often after the turbines started operating, the met mast measure-
ments are not available or they can not be used due to data issues
[7,8]. On the other hand, to estimate the turbulence in the wake
either advanced, computationally expensive numerical simulations
or parametrised correlations fitted to the experimental data are in
use, depending on the distance from the upstream turbine [9]. Here
we propose another method to estimate the TI using the turbine
datawhich is applied to the Lillgrund and Horns Rev I offshorewind
farms. The results are compared with the TI derived from the met
mast measurements as well as the standard deviation of the nacelle
anemometer wind speed and the power fluctuations. Both the at-
mospheric and wake added TI are calculated using the rotor
effective wind speed algorithm which was developed to estimate
the wind speed using operational supervisory control and data
acquisition (SCADA) system. It was designed to be used in real-time
wind farm calculations that are required to perform control stra-
tegies and follow the balancing market regulations. The effective
wind speed algorithmwas validated on Horns Rev and Thanet wind* Corresponding author.
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farms for both normal operation and down-regulation conditions
[6].

For the Lillgrund test case, an additional Siemens turbine SCADA
signal called ”WindEstimate” is considered as the wind speed to
estimate the TI at the turbine locations. The ”WindEstimate” was
introduced to have a signal with smaller fluctuations, and one that
is less sensitive to turbine curtailments than the anemometer
signal. The signal is calculated by generating a look-up table for the
produced power in terms of the rotor averaged wind speed, rota-
tional speed and pitch angle together with the original rotor ge-
ometry. The look-up table is then used considering the operational
power, rotational speed and pitch to interpolate the wind speed
when the turbine is online.

2. Sites and data

2.1. Lillgrund offshore wind farm

The Lillgrund wind farm is located in Øresund area, between
Sweden and Denmark, 6e8 km from the Swedish west coast; south
of Malmø. It consists of 48 S SWT-2.3-93 wind turbines with a total
rated capacity of 110 MW. The turbine diameters are 93 m and the
hub is located at 65 m height. The layout of the Lillgrund is rather
unusual due to a gap in the middle of the farm, and the quite small
internal spacings of the turbines of 3.3 and 4.3 rotor diameters, D, as
shown in Fig. 1(a). The power and thrust curves of the Simens
turbines on the site are shown in Fig. 1(b)).

The data used in the calculations cover a period of 7 months,
from 06/2012 to 01/2013, with a sampling rate of 1 Hz. On the met
mast, the closest sensors to the hub height of the turbines are taken
into account therefore the second-wise wind speed measurements
are taken at 65 m while the wind direction and temperature are
observed at 61 m. The wind rose in Fig. 2(a) of the met mast data
shows the pattern of the prevailing winds, mainly westerly during
the considered period. The second-wise extracted signals from the
SCADA system are active power, pitch angle, rotational speed, and
nacelle anemometer wind speed, where the first three are used to
calculate the rotor effective wind speed. Additionally, the Siemens
”WindEstimate” signal (SiemensWS) is received from the turbines
in question and it is first used in the estimated wind speed com-
parison and then in the TI calculations.

2.2. Horns Rev I offshore wind farm

The Horns Rev wind farm is located 14 km away from the west
coast of Denmark and consists of 80 Vestas V80 turbines with a

total capacity of 160MW. The layout of thewind farm together with
the locations of the 2 of the surrounding met masts (M2, M6) is
shown in Fig. 3(a).

Note that, the fundamental model validation for the TI estima-
tion using the SCADA data is performed using relatively longer
period of met-mast and turbine data in Lillgrund. However, since
the Lillgrund SCADA data is limited to a few number of turbines in a
row, the model is also implemented in Horns Rev-I wind farmwith
80 turbines available for illustration purposes and to discuss the
applicability of the model to larger scales.

For the Horns Rev case, the SCADA signals used to calculate the
TI at the turbine locations are not continuous and include the
period of 04/10e10/10, 14/10e21/10, 03/11e10/11 and 18/11e19/11
in 2013, 21 days in total. The implementation of the TI estimation
algorithms on such short-term data might provide insight on the
operational wind characteristics in the area as emphasized in the
studies of Longley et al. [10] and Chan [11]. In order to assess if the
21 days of data in question is adequate to evaluate the model
performance in estimating the turbulence levels, the uncertainty of
the variances among the time series are quantified using approxi-
mations proposed by Lenschow et al. [12,13]. The relative system-
atic and random errors of the second order moment of the rotor
effective wind speed, which is described in Section 3, are calculated
at the turbine positions for the 21 days period, as shown in Equa-
tions (2) and (3), respectively.

F � 〈FðTÞ〉
F

z2
t

T
(2)

sFðTÞ
jFj z2

ffiffiffi
t

T

r
(3)

where F is the second order moment, or the flux, of the rotor
effective wind speed, T is the length of the time series in question,
sF is the standard deviation of the random error of the flux and t is
the integral time scale defined as in Equation (4).

t ¼
ZT

0

rðtÞdt (4)

r(t) being the autocorrelation function. Note that the approxi-
mations are derived in Ref. [12] where T[t, which is clearly
satisfied where 0.506� t � 15.651 among the turbine locations.

Along the wind farm, the systematic error differs from 0.0335%
to 1.035% for the investigated time interval, thus considered

Fig. 1. (a) Layout of the Lillgrund offshore wind farm and (b) Siemens SWT-2.3-93 turbine power, P, and thrust, cT, curve.
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negligible. On the other hand, the relative random error of the
second ordermoment of the rotor effectivewind speed is estimated
to be between 1.829%e10.174% throughout the wind farm, which is
significantly larger than the systematic error but still �10% level.
Therefore, the considered 21 days period is found adequate to es-
timate the turbulence levels at the turbine locations inside Horns
Rev-I.

Similar to the Lillgrund case, the active power, pitch angle,
rotational speed, and nacelle anemometer wind speed signals are
extracted from all the turbines together with the yaw signals. It can
be seen from Fig. 2(b) that the main wind direction recorded at
turbine WH1105 during the considered period is south-west. Since
there are no available met mast data recorded at the same period,
the atmospheric TI is not compared to themetmast but instead, the
change in the TI through the wind farm is investigated.

3. High frequency rotor effective wind speed

The common approaches to estimate the wind speed at the
turbine location(s) are either to use the power production together

with the power curve (power curve wind speed) [14] or the nacelle
anemometer (nacelle wind speed) [15]. The power curve wind
speed is not applicable outside the region between cut-in and rated
wind speed as well as for different operational conditions, e.g.
down-regulation, where the optimal power curve is no longer valid.
The nacelle wind speed can induce unacceptable uncertainties
especially for real-time calculations during shorter periods [16]. In
order to estimate the wind speed at the turbine locations, the
proposed methodology considers power, P, pitch angle, q, and
rotational speed, u, together with the general power expression,
which is

P ¼ 1
2
rCPðl; qÞpR2U3; (5)

where r is the air density, l is the tip speed ratio, R is the rotor
radius, and U is the incoming wind speed.

Since CP does not follow the optimal curve during off-
performance conditions and the look-up tables are a matter of
confidentiality, the generic pitch angle and tip speed ratio depen-
dence of power coefficient proposed by Heier [17] is applied to

Fig. 2. Wind rose of the offshore sites, wind speed observed at (a) Lillgrund e the met mast location at 61 m from 06/2012 to 01/2013, 7 months in total (b) Horns Rev I e the
upstream reference turbine(s), covering a period of 21 days in total.

Fig. 3. (a) Layout of the Horns Rev I offshore wind farm and (b) Vestas V80-2MW offshore turbine power, P, and thrust, cT, curve.
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simulate the CP(q, l), see equation set 6. In G€oçmen et al. [6], the
rotor effective wind speed estimation approach is described in
detail and applied to data from Horns Rev-I wind farm and NREL
5 MW turbine simulations, under different operational conditions.
In Fig. 4, the rotor effective wind speed is implemented in Lillgrund
and compared with the power curve, nacelle wind speed and
Siemens estimated wind speed as well as the high frequency (1 Hz)
met mast wind speed observations.

CPðl; qÞ ¼ c1

�
c2
li

� c3q� c4q
c5 � c6

�
exp

��c7
li

�

li ¼
��

1
lþ c8q

�
�
�

c9
q3 þ 1

���1
(6)

Fig. 4 shows that the fluctuations in point measurements (i.e.
the nacelle and met mast wind speed) are a lot larger than the
others. Due to the geometrical (or volume) averaging embedded in
the power curve wind speed, Siemens estimated wind speed and
rotor effective wind speed, the scatter is smaller. Moreover, since
those rotor averaged wind speeds use active power as an input,
they seem inefficient to simulate lower range wind speeds around
the cut-in. It is also seen that the power curve wind speed is not
applicable for thewind speeds in the rated region, i.e. above 13m/s.
The geometrical average also explains the better agreement seen
between the three local wind speed estimation methods. The
developed rotor effective algorithm is seen to successively repro-
duce the wind speed estimated using the authentic CP(l, q) table of
the Siemens SWT e 2.3e93 turbine with a slight underestimation
around the rated wind speed where the pitch peaks. The only
significant deviation between those two outputs occurs where the
pitch is around q ¼ �1�, due to the sensitivity in the developed

algorithm, see equation set 6. It should be noted that the Siemens
wind speed data is filtered for the turbine operational state.

4. Atmospheric turbulence intensity

The atmospheric turbulence levels are generally lower offshore
than over land and the typical TI values offshore are 6e8% [8]. Low
atmospheric turbulence, together with stable conditions, tends to
delay the wake recovery and does not necessarily mean less
structural loading on the turbines since the wake added turbulence
plays an important role. Therefore, also in the offshore wind farm
calculations the TI is considered to be an important parameter [18].

The TI calculated using the 1 Hz met mast measurements for a
period of 7 months is compared to the upstream turbine data in
Lillgrund. Using 1 Hz SCADA data, the atmospheric TI is computed
using; 1) the nacelle anemometer measurements, 2) Siemens
estimated wind speed, 3) rotor effective wind speed, and 4) the
standard deviation of the active power signal from the most up-
stream turbine(s) in equation (1). The implementation of the first
three methods is fairly straight-forward. In the last approach, the
standard deviation of the active power is correlated to the standard
deviation of the wind speed using the method developed by
Jørgensen et al. [19] based on Thomsen and Petersen [20], as

sP ¼ BsU

�
dP
dU

�
Upow

; (7)

where sP is the 10-min standard deviation of the active power
signal sampled at 1 Hz, B is a constant typically ranges between
0.8� 0.9, depending on the meanwind speed, P is the active power
and U is the wind speed. The slope

�
dP
dU

�
U
is calculated using the

Fig. 4. Second-wise Wind speed comparison of the measurements taken at the met mast (Met mast WS) and the nacelle anemometer (Nacelle WS) with the estimations using the
turbine power curve (Power curve WS), using the manufacturer CP(l, q) (Siemens WS) and using the approximated CP(l, q) [6] (Rotor eff. WS).
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manufacturer's power curve and the mean power curve wind
speed. Therefore, it is important to note that the difference between
the operational power curve and the manufacturer's power curve
affects the results. Additionally, the method is only applicable
where the slope,

�
dP
dU

�
Upow

is other than zero and the turbine is
operational, i.e. between the cut-in and rated wind speeds, 4e13m/
s for SWT e 2.3e93 offshore wind turbine.

In order to approximate the constant B, the methodology pro-
posed by Barthelmie et al. [21] is implemented as

B ¼ sP�
dP
dU

�
Upow

UpowTImetmast

; (8)

where the TI calculated by the power fluctuations (TIpow) is
assumed to be equal to the TI calculated using the met mast mea-
surements (TImetmast). Averaging results between 5 and 12 m/s,
using another dataset from Lillgrund covering 3 years period (from
01/2012 to 01/2015), gives B ¼ 0.744 which is considered in both
the atmospheric and the wake induced turbulence calculations.

In Fig. 5, the ambient TI is calculated using the met mast
together with the power measurements, nacelle anemometer
(TInws), Siemens estimated wind speed (TISiemensWS), and rotor
effective wind speed (TIeffWS) at turbine D08. The results are aver-
aged over 1 m/s bins between 4.5 and 15.5 m/s for all the wind
directions in the top figure and; over 5� wind direction bins for all
the wind speeds in the bottom figure where TImetmast is presented
with 95% confidence level normalized with respect to the number
of data points in the interval.

It can be seen from both Fig. 5(a) and (b) that the TI is over-
estimated by the nacelle anemometer wind speed. Although the
TIpow is in a good agreement with the met mast for low speed flows,
around the rated wind speed it rapidly increases due to the
behaviour of the power curve. The TIeffWS on the other hand, seems

to be successfully representing the characteristics of the TImetmast

with a consistent under-estimation similar to the Siemens esti-
mated wind speed. That difference can be explained by the fact that
the TImetmast is calculated using the point measurements whereas
the TIeffWS and TISiemensWS are considering the wind speed seen by
the whole rotor. That automatically includes the geometrical
averaging between 21.5 me114.5 m, which smooths out the fluc-
tuations in wind speed. Where the wind direction is between
100 � 120� and 320 � 340� in Fig. 5(b), the results of the TIeffWS and
TImetmast are diverse due to the location of the turbine D08 and the
met mast, where the met mast is affected by the wake e see Fig. 1.
Note that the TI measured by the met mast in the wake is much
higher than the atmospheric TI which will be discussed later in
detail.

5. Turbulence intensity in wind turbine wakes

Downstream of a turbine, in addition to the atmospheric tur-
bulence the wake induced turbulence should also be taken into
account. While increasing TI corresponds to higher mixing and
therefore reduced wake losses, its impact on the fatigue loading of
the downstream turbine(s) is significant mainly due to the partial
wakes [22].

Since the atmospheric TI calculations show that the rotor esti-
mated wind speed gives the best TI estimate, the other TI calcula-
tion methods are not implemented in the added wake calculations.
The turbulence at the downstream turbine positions are estimated
using only the rotor effective wind speed for both of the wind
farms.

5.1. Wake added TI in Lillgrund

The 1-sec turbine data in Lillgrund is extracted from the tur-
bines indicated in Fig.1(a). For the calculations of the TI in thewake,

Fig. 5. Ambient Turbulence Intensity in Lillgrund, presented in terms of (a) the wind speed (b) the wind direction, errorbars indicating 95% normalized confidence intervals.
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Row 8 (D08, C08, B08) with 3.3D and Row B (B08, B07, B06) with
4.3D turbine spacings are analysed and compared with the met
mast data.

Fig. 6(a) clearly shows the effects of the wake along the wind
directions 120 ± 10� and 300 ± 15� where the turbine B08 is the
most upstream turbine around 120� and the most downstream
around 300�. Outside of that interval, the TI is almost identical
between the turbines and corresponds to the atmospheric turbu-
lence, as in Fig. 5. During both of the south-east and north westerly
winds, the TI seems to be the highest at the second turbine in the
row even though the third turbine is exposed to a doublewake. This
behaviour is in line with the wake deficit calculations performed as
a benchmark case in Ref. [23] where the wake deficit at the second
turbine is visibly higher than the third and it remains approxi-
mately constant among the rest of the turbines in the row. To un-
derstand the relation between the TI and the local wake losses, the
standard deviation and the mean wind speed are investigated
separately. It can easily be seen in Figs. 7(a) and 6(a) that the
standard deviation and the TI have the same pattern where the
wake loss directly affects the difference between the upstream and
downstream turbulence levels. In the first wake in Fig. 7(b), i.e.
around 120�, the deficit is much higher than the second wake
around 300� due to the difference between the thrust coefficient
for upstream wind speed of 9 m/s and 10 m/s, see Fig. 1(b).

The effects of the wake to the turbulence is observed to be
significant such that the difference between the wake and atmo-
spheric TI is up to 7% for the 3.3D spacing case. Also note that the
met mast is in the wake of the neighbouring turbines before 115�

and after 315� wind directions.
The southernmost three turbines along Row B encounter 5

events where the effects of the wake on the TI are observed for the

incomingwind directions between 100� 340�, see Fig. 6(b). For the
first event between 120 ± 15�, both turbines B07 and B06 are
exposed to a single wake thus have almost identical values. For the
second one between 180 ± 15� though, both turbine B08 and B07
are upstream and B06 is under the effect of a single wake. The third
event is along the perpendicular direction to the row, 222 ± 15�

causing the highest increase in the TI at the location of the second
turbine. Interestingly, between 260 ± 15� turbines B07 and B06 are
subjected to the same turbulence where the former has 4 upstream
turbines and the latter has 3which is also similar to thewake deficit
trend in Ref. [23]. Similarly between 300 ± 10�, the estimated TI is
almost identical at turbines B06, B07 and B08 where they have 5, 4
and 3 turbines upstream, respectively. The behaviour of the TI in
multiple wakes is presented in Fig. 8 for the perpendicular direction
when turbine e turbine spacing is 3.3D. Fig. 8 shows that the tur-
bulence level increases significantly at the first upstream turbine
and it is much higher for a single wake compared to a double wake.
Although the number of wake data are limited, it is also seen that
the existence of three or four upstream turbines hardly makes any
difference which will be discussed utilizing more turbines further
upstream with larger spacing for the Horns Rev case, Fig. 9.

5.2. Wake added TI in Horns Rev I

In Horns Rev, the data from all the turbines are available for the
considered period of 21 days therefore a ’turbulence contour’
through the wind farm can be constructed. Note that, Fig. 10 is built
based on the linearity assumption between the turbine locations
where the information is in fact limited to individual turbine swept
areas. The observation of the actual behaviour in between the
turbines are left as a future work where detailed measurements

Fig. 6. Turbulence Intensity in the wake, estimated using the rotor effective wind speed along (a) Row 8 e 3.3D spacing (b) Row B e 4.3D spacing, averaged over 5� wind direction
bins, errorbars indicating 95% normalised confidence intervals.
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have to be carried out.
The TI presented in Fig. 10(a) is calculated using the 10-min

standard deviation and the mean of the 1-sec rotor effective wind
speed and averaged over the upstream wind direction bin
210� ± 15�. The wake loss in Fig. 10(b) is calculated using the same
dataset with the linearized computational fluid dynamics model
Fuga [24] for the same wind direction sector and neutral atmo-
spheric stability. The wind speed and direction from the turbine
WH1105 is taken as references where the wake loss is calculated in
percentages as Uwake=U ¼ ð1� Uwake=Uref Þ$100.

Fig.10(b) and (c) show that the behaviour of the TI follows a very
similar trend as the wake deficit such that the turbines with higher
loss, thus lower local wind speed, are exposed to higher turbulence.
However, their behaviours are not identical due to the simplifica-
tions in the employed wake model in which the local wind

direction and speed is not taken into account and the calculations
are based on the reference wind speed and direction. Still, some of
the non-homogeneity is captured inside the wind farm since the
directional averaging is applied considering the meandering.
Similar to the Lillgrund case, the 10-min standard deviation inwind
speed and the added turbulence are not consistently increasing
with the superposed wake. Fig. 9 shows that the turbulence in-
creases the most at the first downstream turbine also, then remains
within a certain zone with a slight tendency to increase after the
fourth turbine for westerly winds. The pattern of the TI along a
single row of turbines is highly analogous to the power deficit
measurements in Horns Rev for westerly winds as illustrated by
Hansen et al. [7]. Both the TI and the wake loss analyses show that
the flow direction at the turbine location plays an important role in
defining the trend of the turbulence increases throughout the wind

Fig. 7. The components of the TI in Lillgrund along Row 8 e 3.3D spacing (a) 10-min standard deviation in rotor effective wind speed (b) 10-min mean wind speed, averaged over 5�

wind direction bins, errorbars indicating 95% normalised confidence intervals.

Fig. 8. The behaviour of TI in Lillgrund with respect to combined wake effects, 3.3D spacing along perpendicular 120� and 300� wind directions.
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farm, as it sets the direction of the local wake.

6. Conclusions

To comprehend the atmospheric and wake induced turbulence
is crucial for wind farm calculations to estimate the power pro-
duction and the structural loading on wind turbines. Therefore,
here we present a methodology to estimate the TI across the wind
farm based on the rotor effective wind speed calculated using the
turbine data. The methodology is implemented in Lillgrund and
Horns Rev-I offshore wind farms and compared with the met mast
as well as the nacelle anemometer and standard deviation of the

produced power.
In Lillgrund, the proposed method estimates the atmospheric TI

consistently lower than the met mast, by 1.6% for the analysed data
with an averaged wind speed 7.7 m/s. Such discrepancy is to be
expected since the met mast provides point measurements and the
proposed method characteristically includes geometrical averaging
over the rotor. Nevertheless, it is shown to produce closer results to
the met mast TI compared to the TI derived from the Siemens
”WindEstimate” SCADA signal and unlike the one derived using the
standard deviation of power, it is applicable also at rated region or
under curtailment. The nacelle wind speed measurements on the
other hand, over-estimate the atmospheric TI by up to 3.7%

Fig. 9. The behaviour of TI in Horns Rev with respect to combined wake effects, 7D spacing along perpendicular westerly winds, 270� .

Fig. 10. (a) 10-min standard deviation in wind speed, (b) The wake loss, calculated using Fuga [24], (c) The turbulence intensity along the Horns Rev I offshore wind farm, arrows
indicate the mean wind direction(s) read by the models filtered across 210� ± 15� bin (see 2(b)).
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compared to the met mast, depending on the wind speed. The
performance of the method to approximate the TI in the wake is
evaluated using two different rows of 3 turbines with 3.3D and 4.3D
spacings where a higher increase in TI is perceived along the first
downstream turbine(s). The results show that in both cases, during
perpendicular flows the second turbine is exposed to the highest TI
whereas the turbulence levels in the wake of 4 and 5 turbines are
very similar. The increase in the TI along the rows is found to be
highly correlated to the wake deficit trend observed in the same
wind farm.

The short-term TI behaviour across Horns Rev is investigated
using the rotor effective wind speeds and compared to the wake
loss calculated using linearized CFD model Fuga. The south-
westerly wind direction bin averaged results clearly show that
the local TI is directly proportional to the wake loss, as observed in
the Lillgrund case. The parametrisation of the added wake TI in
terms of the local wake loss in offshorewind farms is left as a future
work.
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