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Abstract

Offshore wind energy is increasingly recognized as a crucial resource for coastal
regions, offering significant potential for sustainable energy development. How-
ever, the spatial constraints in marine environments often necessitate high-density
wind farm configurations, which can adversely affect overall wind farm efficiency.
This database provides the production data for over seventy offshore wind farms
located in the Baltic, North, and Irish Seas, collected from public data. The data
is used to validate widn farm produciton models. This study explores the lim-
its of offshore wind energy by focusing on the relationship between wind farm
power density and efficiency, specifically examining how high-density installations
influence capacity factors. The work introduces a novel perspective by assert-
ing that the maximum capacity factor is primarily dictated by the wind farm’s
wind factor—a measure of environmental and operational conditions. Utilizing
a closed-form analytical model, we calculated the average annual production for
all the widn farms. The findings indicate that the capacity factors of these wind
farms adhere to and are constrained by a theoretical limit as a function of the
wind farm’s wind factor. Most wind farms are already performing at around 90%
of the theoretical maximum. The implications of this relationship are critical
for future offshore wind farm planning and deployment, suggesting a need for
strategic considerations regarding farm density to maximize energy output and
minimize curtailment risks. This study develops case studies that demonstrate
how these dynamics impose significant limits on the development ambitions of
offshore wind energy. An extended work is to be published with the participation
of additional authors.



1 Wind Farm data
1.1 Wind Farm Data Collection

The wind farm data for this study were collected from a variety of public, verifiable
sources to ensure a comprehensive dataset covering 72 offshore wind farms (71 are
listed in Table 1, as the two Trianel wind farms are analyzed as one.). The data for each
wind farm was collected from multiple platforms, including industry reports, renewable
energy databases, government and regulator publications, and study reports (e.g. see
[1-5]). The data sources for the estimation of the capacity factor, including the years
considered, are also presented in Table 1. For wind farms with several wind turbine
models, an equivalent power and diameter was considered with a insptalled-capacity
weighted average that preserves total loading and power density. The location of the
wind farms is shown in Figure 1. Figure 2 shows the distribution of wind farm size in
MW and wind farm density MW /km? of the dataset, where the size of the marker is
proportional to the size of the rotor.

The primary parameters collected for each wind farm included the installed capac-
ity (in megawatts, M W), the area covered by the wind farm (in square kilometers,
km?), the number of wind turbines, the rated power of each turbine (M W), the diam-
eter of the rotor D (in meters, m), and the height of the nacelle kA (in meters, m).
For each wind farm location, the unperturbed average wind speed at a given refer-
ence height (h,,) was retrieved from [6]. The wind distribution is assumed to follow
a Weibull distribution, with shape parameter k,, = 2.4 assumed representative for all
locations [7]. With this assumption, we determine the scale parameter A, for each
location from the annual mean wind speed. The simulations assume a surface rough-
ness zg = 107°m. The power coefficient and thrust coefficient at below rated wind
speed are assumed to be the same for all turbines Cp = 0.46 and Cp = 0.75.

An Excel file with the data provided in Table 1 is available in the repository.

1.2 List of Wind Farms
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Fig. 1 Map of location of wind farms in the Baltic, North and Irish Seas. Labels follow the indexes
in Table 1. The background of the figure is adapted from [8].
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Fig. 2 Distribution of wind farm size in MW and wind farm density MW/km?2 of the dataset. The
size of the marker is proportional to the size of the rotor. Labels follow the indexes in Table 1.
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1.3 Wind farm model description

The model for wind farm production is adapted from the model presented by [43, 44],
building upon the wind farm wake models by [45] and [46].

1.3.1 Wind turbine model description

The model estimates the power production of a wind turbine based on the wind speed
it encounters. It includes mathematical formulations for calculating the power output
at varying wind speeds, accounting for both below and above the rated wind speed of
the turbine.

PU) =aU?+ 8 (1)

Equation 1 describes the power production of a wind turbine as a function of the wind
speed U for below rated conditions, where oc and 8 are coefficients that depend on the
turbine’s specifications and operational settings as defined in Equation 2 as

Py PoU?,
vy PTmou @)

wm

In Equation 2, Pg is the rated (installed) generator power, U, is the cut-in wind
speed, and U,. is the rated wind speed. The coefficients a and § determine the curve’s
shape, affecting how the turbine’s power output scales with wind speed.

T P

C = ———= C = —— 3
T pAgU2 TP T pARU3 3)

Equation 3 defines the thrust coefficient C'r and power coefficient C'p, which are critical
in determining the aerodynamic forces acting on the turbine blades and the efficiency
of power generation, respectively.

8Pg
U = ¢ ——-C% 4
pTrD?CP,rated ( )

Equation 4 computes the rated wind speed U, from the turbine specifications,
including the air density p, rotor diameter D, and the rated power coefficient Cp rated-

()

PU) = aU?+ B for Uy, <U < U,
| P for U, < U < Uy

Equation 5 provides a piecewise definition of the turbine’s power curve. Below the
rated wind speed (U,), the power output increases with the cube of the wind speed.
Above this speed, the turbine produces a constant power Pg, which is the maximum
generator capacity, until the cut-out wind speed U, is reached.

Equation 6 describes the behavior of the thrust coefficient Cr across different wind
speeds. At wind speeds below the rated wind speed, C'7 remains constant. Above the
rated wind speed, C'r decreases as the cube root of the square of the ratio of the rated



wind speed to the actual wind speed, reflecting changes in aerodynamic loading on
the turbine blades.
C for U;, <U < U,
CT _ T, rated 32 in X T (6)
CT,rated (ﬁ) for Ur < U < Uout

1.3.2 Wind Farm topology model

The model simplifies wind farm topology effects into wind farm density, where the
only inputs are the total number of turbines Ny and wind farm area A. The topology
further simplified by assuming uniform distance between turbines, which allows us to
define the dimensionless spacing ratio S (Equation 7).

VA
Szip(mfl) (7)

1.3.3 Wind farm velocity model

The presence of the wind farm adds loading to the lower region of the Atmospheric
Boundary Layer, changing the velocity profile. In this section, we present the model
for the velocity at hub height in the infinite wind farm as derived by [45-47]. The
model assumes that:

® The velocity profile is logarithmic and continuous along the height.

® The wind is infinite, meaning it is large enough for the vertical wind profile to be
horizontally homogeneous.

® The horizontally homogeneous vertical wind profile is logarithmic both below and
above hub height.

® The height of the planetary boundary layer is considerably larger than the wind
turbine hub height.

® Turbulent wind speed fluctuations are horizontally homogeneous.

U(z) = Uil 1) ( : > for z < h,
K 20,lo (8)
Uxhi z
Uni(z) = e In o for 2 > h,

Equation 8 defines the adjusted logarithmic wind profile within a wind farm, taking
into account the lower and upper boundary layers (in relation to hub height) affected
by wind farm loading. It models the wind speed at different heights, distinguishing
between the conditions below and above the turbine hub height h, where the friction
velocities uj, and uj; represent the turbulent stress related to surface roughness zg o
and 2o p;-

h
Uo(h) = Upi(h) = uf; In (h> = uj, In ( ) (9)
20,hi 20,lo



Equation 9 ensures continuity at hub height, which is critical for modeling the
transition of wind speeds across the boundary layer at the turbine hub height.

The friction velocity is per definition given as u* = /7,,/pwhere /7, is the friction
stress at the wall.

2772
Tt =710 = puiy? = puiy? = T PO e (10)
Equation 10 addresses the conservation of momentum above and below the hub height,
incorporating the turbine’s thrust as a key factor. It quantifies the difference in momen-
tum between the upper and lower boundary layers due to the thrust exerted by the
wind turbines. Here, U}, is the average wind speed at hub height, and ¢; is the wind
farm thrust coefficient defined as ¢; = §%F.

To close the system of equations, we need to determine Uj. Equation 11 approxi-
mates the geostrophic drag law (see [45]), providing a formula to estimate the friction
velocity w4, in the lower boundary layer. The geostrophic wind speed G is influenced
by the Coriolis force, where f' = 2Q sin § is the Coriolis parameter, in which Q denotes
the rotational speed of the earth, and 6 is the latitude, and the constant A* = 4 at
latitude 55°. We will define f = f’e4 10,

N kG
= — ()
In (f’eA*zg,lo)
Uy = ¢ (12)

2
a K
1—|—1H(ﬁ> \/Ct+(1n(h/20,1o)>

Equation 12 computes the mean wind speed Uy at hub height within the wind farm.
This formulation considers the wind speed reduction due to wake effects as a function
of ¢;, the wind farm thrust coefficient, the height of the hub h and the geostrophic
wind speed assuming a logarithmic wind profile.

Often, only the undisturbed mean wind speed at given heights is known for a spe-
cific site. This is the case in this work, where the unperturbed wind speed is retrieved
from [6]. The geostrophic wind speed is then determined by setting ¢; = 0 and solving
Equation 12 for G.

1.3.4 Wind Resource and Production modeling

To estimate the wind farm power production, we need to model the convolution of
the wind speed distribution with the power curve of the wind farm/turbine. We follow
the approach presented in [43], combining a simple Weibull distribution model for the
wind speed at a given height.

)k_1 ef(g)k for x > 0,

13
forz <0 (13)

M\ k) = %(%
flas A k) 0

19The nomenclature differs from that used by [45].
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Equation 13 describes the Weibull probability density function, which is widely used
to model wind speed distributions. Here, x represents the wind speed, k is the shape
parameter, and A is the scale parameter.

Usut
Pury = [ PO@A R U =
Uin

U, U, Uout
:a/ U3 f(U; N k) dU+5/ FU;\E) dU+PG/ fU; N\ k) dU

Uin Uin ,

(14)

Equation 14 calculates the yearly energy production P, from the wind turbine, inte-

grating the turbine’s power curve P(U) over the range of operating wind speeds from

Uin (cut-in speed) to U,y (cut-out speed), convoluted with the Weibull distribution
of wind speeds of Equation 13.

oo (54 () o (5 (5))
(5 ) () ()

Equation 15 gives a closed-form expression for the annual energy production of
Equation 14, using the incomplete gamma function T (,).

34k (Un\® 3+k (U \"
_ 3 v _ - r
PWF,y —04(61)\) [F < L ) (61)\) ) r < Lk 3 <61A> )

B (e_([‘];&t>k —e_(‘[i&>k) + Pg <6_(52(UU71)>\)k — e_(éz(UUD;LJW\)k)

+

(15)

+

(16)

Equation 16 modifies Equation 15 to include the effect of changing the velocity profile
of the Atmospheric Boundary Layer by the added roughness and shear caused by the
infinite wind farm, which refines the calculation by adjusting the wind speed scale
parameter A\ for the reduction caused by wakes, using ¢; and e; which are functions
of the wake decay factor and turbine spacing. This equation further nuances the wake
effect by varying the scale factor depending on the wind speed, providing more accurate
predictions of turbine performance under real conditions.

1+3
T . 2
L+ 2 25 + (3)
) 144
o T v |/ TCT rated 3.2 k)2
1+;\/48:§'2 (UT/UE) +(g)

Equation 17 defines €; and €5, the adjustment factors for the wind speed scale param-
eter within the wind farm. These factors account change in the velocity profile as

€1 =

(17)
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Geostrophic wind speed U(z>H)=G

Geostrophic wind speed U(z>H)=G

In(z)

z=h

L
s
U

Fig. 3 Representation of the velocity profile of Fig. 4 Log-scale representation of the velocity
the Atmospheric Boundary Layer (ABL) inside profile of the ABL inside the wind farm (green)
the wind farm (green) and in the absence of the and in the absence of the wind farm (orange),
wind farm (orange), up to the geostrophic wind up to the geostrophic wind speed. Scales are not
speed. proportional.

function of loading for below rated and at cut-out. The parameters v and ¢ are defined

by:
G h
v =1In (fh) , 0=In <ZO’10> (18)

1.3.5 Finite wind farm effect

The previous equations represent the solution for an infinite wind farm. However, for
a finite wind farm, the first rows of wind turbines will experience wind conditions
between unperturbed flow and fully developed wind farm. The work of [43] presented
a formulation that considers that a certain quantity of wind turbines at/close to the
edge of the wind farm experience unperturbed flow, assuming a squared wind farm. In
this work, the number of edge wind turbines experiencing unperturbed wind is defined
as Myows ¥ Myyrbines, where the first represents a depth of rows into the wind farm
and the second represents the number of turbines experiencing unperturbed wind.

1.4 Definition of the Wind Farm Wind Factor

The description of the wind farm in our model is characterized by several variables:
some define the shape and dimensions of the wind farm (e.g., number of turbines),
others the local wind resource (e.g., shape and scale factors of the wind speed dis-
tribution), others the properties of the wind turbines, and still others the load that
the wind farm exerts on the atmosphere. The diverse range of variables makes each
wind farm unique. Furthermore, these variables collectively influence the wind farm’s
capacity factor. Consequently, the problem manifests as multidimensional. However,
for simplicity, we aim to transform it into a predominantly one-dimensional problem,
where the capacity factor is principally determined by a single variable. Upon analy-
sis of the integral for the capacity factor of Equation 16, we find that it is primarily

12



dictated by a ratio of the rated wind speed of the turbine to the average wind speed
perceived by the wind farm, which includes the deceleration effect of the atmospheric
boundary layer profile. We define this ratio as the Wind Farm Wind Factor ¢wp,
expressed by Equation 19:

U,
Uooel

dwr = (19)
where U, is the rated wind speed of the turbine model used in the wind farm; U
is the average speed of the unperturbed wind at the location of the wind farm (in
the absence of the wind farm), at hub height. Based on the Weibull distribution, it is
defined as

— 1+ k

U =A-T <+) (20)
k

and € = ¢; is the wind speed reduction factor.

We can define the capacity factor of the wind farm as

Pywr
Cp=—"72Y 21
F Ps (21)

We can define a limit for maximum capacity factor by assuming U;,, = 0 and Uy, = 0.
Equation 16 then can be rewritten for the limit capacity factor

Crpue = owr T (1—]:]{:) ll -T <3—I:k’¢ ST <1—]:k) >
(22)

Equation 22 shows that the maximum capacity factor is then just a function of the
Wind Farm Wind Factor and the shape factor of the Weibull distribution.

)"

4+ e~ twrl(

2 Validation of the model with real wind farm data

2.1 Validation of model with wind farm data

In this section, we validate the estimates of the model against real wind farm data of
the capacity factor. Figure 6 presents the capacity factor estimated by the model vs.
capacity factor from real wind farm data. It is important to notice that the model esti-
mates the capacity factor assuming only wind-farm aerodynamic losses, without any
operational losses. The wind farm data is the reported energy delivered to the system,
which includes operational losses due to availability, transmission losses, maintenance,
failures, grid availability, etc. These losses are often estimated to be in average 10% of
the potential energy production. We can see in Figure 6 that almost all the real data
values are between 85% and 95% of the values estimated by the model (average 89%),
which can be explained by the aforementioned average 10% operational losses. A lin-
ear regression of the points in the figure of the form y = 0.89z will have a coefficient
of determination R? = 0.87.

13
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2.2 Validation of the Theoretical Limit for the Capacity Factor

Figure 7 presents the relationship between Wind Farm Wind Factor ¢y = =2=— and

Ucc€eq
Wind Farm Capacity Factor CF (%). The data points represent the individual wind
farms. The theoretical-limit line for k,, = 2.4 and the theoretical-limit line accounting
for 10% losses are also shown.
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