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Abstract. With the current expansion of wind power as a re-
newable energy source, wind turbines increasingly extract ki-
netic energy from the atmosphere, thus impacting its energy
resource. Here, we present a simple, physics-based model
(the Kinetic Energy Budget of the Atmosphere; KEBA) to es-
timate wind energy resource potentials that explicitly account
for this removal effect. The model is based on the regional
kinetic energy budget of the atmospheric boundary layer that
encloses the wind farms of a region. This budget is shaped
by horizontal and vertical influx of kinetic energy from up-
wind regions and the free atmosphere above, as well as the
energy removal by the turbines, dissipative losses due to sur-
face friction and wakes, and downwind outflux. These terms
can be formulated in a simple yet physical way, yielding an-
alytic expressions for how wind speeds and energy yields are
reduced with increasing deployment of wind turbines within
a region. We show that KEBA estimates compare very well
to the modelling results of a previously published study in
which wind farms of different sizes and in different regions
were simulated interactively with the Weather Research and
Forecasting (WRF) atmospheric model. Compared to a ref-
erence case without the effect of reduced wind speeds, yields
can drop by more than 50 % at scales greater than 100 km,
depending on turbine spacing and the wind conditions of the
region. KEBA is able to reproduce these reductions in en-
ergy yield compared to the simulated climatological means
in WRF (n= 36 simulations; r2

= 0.82). The kinetic energy
flux diagnostics of KEBA show that this reduction occurs be-
cause the total yield of the simulated wind farms approaches

a similar magnitude as the influx of kinetic energy. Addi-
tionally, KEBA estimates the slowing of the region’s wind
speeds, the associated reduction in electricity yields, and how
both are due to the depletion of the horizontal influx of ki-
netic energy by the wind farms. This limits typical large-
scale wind energy potentials to less than 1 W m−2 of sur-
face area for wind farms with downwind lengths of more
than 100 km, although this limit may be higher in windy
regions. This reduction with downwind length makes these
yields consistent with climate-model-based idealized simu-
lations of large-scale wind energy resource potentials. We
conclude that KEBA is a transparent and informative mod-
elling approach to advance the scientific understanding of
wind energy limits and can be used to estimate regional wind
energy resource potentials that account for the depletion of
wind speeds.

1 Introduction

The use of wind energy as a renewable energy resource has
substantially increased over the last decades in the attempt
to decarbonize the energy system. Particularly wind over
the sea is seen as a tremendous yet under-utilized energy
resource. In Europe alone, the current installed capacity of
22 GW in offshore wind power has increased by 3.5 GW in
2019 (WindEurope, 2019a). It is expected to expand further
to 450 GW and more by 2050 (WindEurope, 2019b), playing
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a key role in Europe’s transition to a carbon neutral energy
system by 2050.

There is, however, a substantial discrepancy in how effi-
cient wind turbines are in generating electricity, depending
on the scale of deployment. An isolated turbine in an off-
shore environment with high, continuous wind speeds may
generate electricity highly efficiently, with a capacity fac-
tor (i.e. the ratio of generated electricity to the capacity of
the turbine) above 50 % and more than 4300 full load hours
per year. These high efficiencies are typically used in assess-
ments of offshore wind resource potentials (e.g. WindEu-
rope, 2019b). Similarly, on land, wind resource potentials are
typically being derived without explicitly considering how
the regional air flow responds to a large-scale use of wind as
renewable energy (e.g. Enevoldsen et al., 2019).

However, the more wind turbines that are deployed within
a region, the more these remove kinetic energy from the
atmosphere, leaving less behind, resulting in lower wind
speeds and lower efficiencies of turbines downwind. Ideal-
ized climate model simulations at the planetary scale showed
that this wind depletion effect results in much lower large-
scale limits to wind power (Miller et al., 2011; Jacobson and
Archer, 2012; Adams and Keith, 2013; Miller and Kleidon,
2016) on the order of about 1 W m−2 of surface area or less.
The resulting wind energy potentials are then below the rate
by which the natural atmosphere dissipates kinetic energy
near the surface. It is this effect on wind speeds that results
in a decline in turbine efficiencies when deploying wind en-
ergy at increasingly larger scales. Regional simulations with
weather forecasting models have shown similar effects in hy-
pothetical simulations (Adams and Keith, 2013; Miller et al.,
2015; Volker et al., 2017). What this demonstrates is that as
wind energy use expands to larger scales, turbine efficiency
becomes less a question of the technology being used and
more about how the natural, atmospheric environment sup-
plies the kinetic energy extracted by the wind farms.

Here, we describe a modelling approach to estimate
regional-scale wind energy resource potentials that explic-
itly accounts for the wind speed reductions and lower yields.
The goal of this modelling approach is to provide simple and
transparent first-order estimates based on physical concepts.
To do so, we focus on the Kinetic Energy Budget of the At-
mosphere (KEBA), as shown in Fig. 1. We consider the vol-
ume of the atmosphere that encloses the region in which wind
farms are deployed and that extends to the height of the at-
mospheric boundary layer. The boundary layer is used here
as the basis for our budgeting, as it represents the region of
the lower atmosphere that is typically considered to be well
mixed, so that when turbines remove kinetic energy, this mix-
ing replenishes the kinetic energy in the flow behind the tur-
bines. By balancing the fluxes of kinetic energy of this vol-
ume, which include the energy extracted by the wind turbines
as one of the terms, we obtain an analytic approach to for-
mulate the decline in wind speeds with greater wind energy
use. Note that this approach extends beyond turbine wakes,

the immediate reduction of wind speeds right behind individ-
ual turbines in wind farms. Turbine wakes cause reductions
in yields of downwind turbines due to the incomplete replen-
ishment of the kinetic energy from the surrounding flow. This
is an effect that has been well observed and modelled (e.g.
Frandsen et al., 2006; Barthelmie et al., 2010; Emeis, 2010).
We aim here at a broader description, not focusing on indi-
vidual turbines and incomplete mixing but rather at the cu-
mulative effects of all wind turbines within a region in de-
pleting the kinetic energy of the boundary layer. We also aim
for a first-order estimate that may not be as precise but is suf-
ficiently simple so that it can be implemented in a way that
it is accessible to a wider range of scientists and can provide
a transparent way based on physical concepts to estimate re-
gional wind energy potentials.

Naturally, our KEBA approach needs to be tested to see
whether it can reasonably reproduce the effects and magni-
tudes simulated by far more complex simulation models. To
do this, we use the published results of numerical simulations
performed by Volker et al. (2017). Their study used a wind
farm parameterization and the Weather Research and Fore-
casting (WRF) atmospheric model to evaluate the effects of
wind farms of different sizes, different turbine spacings, and
in different regions with respect to their yields. As their study
represents a broad range of sensitivities and the publication
includes the necessary information to evaluate against, we
use this study to evaluate how well KEBA can estimate yields
of wind energy across various scales.

In the following, we first describe the mathematical formu-
lation of KEBA in Sect. 2, where we describe the kinetic en-
ergy budget and how wind speed reductions as well as turbine
yields are simultaneously derived from KEBA from the wind
forcing of the region. The resulting equations of KEBA can
easily be implemented in a spreadsheet, which is included in
this paper in the Supplement. We then describe its evaluation
using the simulations by Volker et al. (2017) in Sect. 3. There,
we also show the utility of diagnosing the kinetic energy bud-
get to understand why turbine yields need to decline at larger
deployment scales. The sensitivity of the model to meteoro-
logical conditions, in terms of boundary layer height as well
as the drag coefficient, is evaluated as well. We then use the
sensitivity of KEBA to downwind length of a wind farm to
illustrate the scale at which the average turbine yields ap-
proach the large-scale wind energy limit. We briefly discuss
some potential limitations of the approach and close with a
brief summary and conclusions.

2 Model formulation

2.1 Overview

The goal of the KEBA model is to provide a simple and
transparent yet physically based approach to estimate wind
energy potentials for a given region across scales that can
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Figure 1. Illustration of the Kinetic Energy Budget of the Atmosphere (KEBA) approach to estimate regional wind energy potentials, which
considers the fluxes of kinetic energy in and out of a virtual volume that encloses a given region of dimensions L ·W ·H to infer limits to
electricity generation as well as wind speed reductions. The mathematical formulations of the fluxes are provided next to the arrows.

reproduce the wind speed reductions found in much more
complex numerical simulation models. It uses an observed
record of wind speeds, dimensions of the region, and turbine
characteristics as well as the number of turbines as an input.
It predicts the reduction in wind speeds as well as the gener-
ated yields as output. The simplicity of the approach allows
for it to be implemented in a spreadsheet, which is provided
in the Supplement.

KEBA derives an effective wind speed within a region of
wind turbines from the different fluxes that add, remove, or
dissipate kinetic energy within the associated atmospheric air
volume that encloses the region (Fig. 1). For this, KEBA uses
information of the unaffected wind speed, vin, of the region
in combination with a few meteorological parameters (the
drag coefficient Cd and a typical boundary layer heightH ) as
well as turbine characteristics (number of turbines, N , rated
capacity, Pel,max, rotor-swept area, Arotor, and power coef-
ficient, η, as well as cut-in and cut-out velocities, vmin and
vmax). The enclosing atmospheric volume is described by the
dimensions of the cross section perpendicular to the wind di-
rection (height H and width W ) and the downwind depth L
of the considered region. The variables are summarized in
Table 1.

The effective wind speed v within the region is derived
from the kinetic energy budget of the enclosing atmospheric
volume. The influx of kinetic energy, Jin,h, through the up-
wind cross section (HW ) and the vertical downward mix-
ing Jin,v over the area (WL) of the region add kinetic en-
ergy (dark and light blue arrows in Fig. 1), while the elec-
tricity generation, or yield, of the wind turbines, Pel,tot (yel-
low arrow), the outflux of kinetic energy, Jout,h, downwind of
the region (purple arrow), and dissipative losses by surface
friction, Dfric (red arrow), and wake turbulence, Dwake (or-

ange arrow), remove or dissipate kinetic energy. We neglect
changes in kinetic energy within the region and dissipative
losses by mixing taking place above the wind farms but in-
side the air volume. The balance of these fluxes is given by

Jin,tot = Jin,h+ Jin,v = Jout,h+Pel,tot+Dfric+Dwake. (1)

2.2 Energy fluxes

The total influx of kinetic energy, Jin,tot, is described in terms
of the upwind wind speed vin by the horizontal influx of ki-
netic energy by the wind through the cross-sectional area
WH ,

Jin,h =WH ·
ρ

2
v3

in, (2)

and by the vertical mixing due to surface friction over the
surface area WL,

Jin,v =WL · ρCdv
3
in, (3)

where Cd is the drag coefficient of the surface. The use of the
surface drag coefficient is used here as an approximation.

The loss terms of kinetic energy are described with respect
to an effective wind speed, v, within the region. For simplic-
ity, we derive an effective velocity v that is representative of
the mean generation of wind turbines, neglecting variations
of wind speed within the region, particularly in the down-
wind direction.

For the electricity generation, or yield, Pel,tot, N wind tur-
bines of the same characteristics are being considered, with
each turbine having a rated capacity of Pel,max. The turbines
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Table 1. Overview of KEBA variables and how these are specified or computed.

Symbol Description Units (or value) Comment

vin Wind speed (unaffected by wind turbines) m s−1 Forcing
v Wind speed within region (affected by wind turbines) m s−1 Eq. (8)
ρ Air density kg m−3

≈ 1.1 kg m−3

H Boundary layer height m Prescribed
Cd Drag coefficient – Prescribed

Turbine characteristics

Pel,max Turbine capacity W Specified
D Rotor diameter m Specified
Arotor Rotor-swept area m2 π(D/2)2

η Power coefficient for vmin ≤ v ≤ vrated – Specified
vmin Cut-in velocity m s−1 Specified
vrated Rated velocity m s−1 Pel,max = ρ/2 · v3

rated · ηArotor
vmax Cut-out velocity m s−1 Specified

Scenario characteristics

N Number of turbines – Specified
W Width of cross section of wind farm region m Specified
L Downwind length of wind farm region m Specified
n Turbine number density m−2 N/(WL)

Energy fluxes

Jin,tot Total influx of kinetic energy W Eq. (1)
Jin,h Horizontal influx of kinetic energy W Eq. (2)
Jin,v Vertical mixing of kinetic energy W Eq. (3)
Pel,tot Electrical power generation, or yield, of all turbines W Eqs. (10) or (12)
Dfric Dissipation by surface friction W Eq. (6)
Dwake Dissipation by wake turbulence W Eq. (7)
Jout,h Horizontal outflux of kinetic energy W Eq. (5)

have a rotor-swept cross-sectional area Arotor and a power
coefficient η. The yield, Pel,tot, is then described by

Pel,tot =N ·min
[
ηArotor ·

ρ

2
v3
;Pel,max

]
, (4)

with ρ being the air density and v the effective wind speed.
The minimum function is being used with the two arguments
inside the parentheses to distinguish the case when the tur-
bines operate below or at their capacity. In the case that the
wind speed is below the cut-in velocity (vin ≤ vmin) or above
the cut-out velocity (vin ≥ vmax), no generation is assumed
(Pel,tot = 0), resulting in no effect on the wind speed.

The outflux of kinetic energy, Jout,h, downwind of the re-
gion is described by

Jout,h =WH ·
ρ

2
v3. (5)

Dissipation by surface friction,Dfric, is described by a typical
surface drag parameterization of the form

Dfric =WL · ρCd · v
3, (6)

where Cd is the drag coefficient of the surface, which can be
calculated for neutral conditions using the roughness length,

z0, of the surface by Cd = κ
2/ln2(z/z0), where κ ≈ 0.4 is the

von Kármán constant and z the reference height at which the
wind speed is being measured.

Dissipation of kinetic energy by wake turbulence, Dwake,
caused by the wind turbines is assumed to be half of the gen-
erated electricity:

Dwake =
1
2
·Pel,tot. (7)

This simple approximation is based on theoretical work by
Corten (2001). Dissipative losses by the downward mixing
of kinetic energy are neglected.

2.3 Estimation of wind speed and yields

The Eqs. (1)–(7) are combined to derive an expression for the
effective wind speed, v:

v = f
1/3
red · vin, (8)

where fred is a reduction factor that depends on the character-
istics of the enclosing air volume and the installed capacity of
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the region. In the case in which the turbines of the region op-
erate below their rated capacity, this reduction factor is given
by

fred =
H + 2CdL

H + 2CdL+
3
2nηArotorL

, (9)

where n= (N − 1)/(WL) is the turbine number density.
The yield of the wind farm, Pel,tot, is then given by

Pel,tot = fred ·N · ηArotor ·
ρ

2
v3

in, (10)

which is the same as Eq. (4), except for the use of fred and
vin instead of v. In other words, the reduction in yield in this
formulation is captured entirely by the factor fred. A value
of fred = 1 represents the case of an isolated wind turbine
in which wind speeds are unaffected. The lower the value of
fred is, the greater the reduction in effective wind speed and
in yield. The primary factor that results in a reduction is the
number of turbines, N , combined with rotor cross-sectional
area, Arotor, as this reduces the value of fred in Eq. (9).

In the case in which the wind farm operates at its rated
capacity (vin ≥ vrated), the reduction factor takes a different
form of

fred = 1−
3
2
·

1
H + 2CdL

·
H

L
·
(N − 1) ·Pel,max

Jin,h
, (11)

where the last fraction on the right-hand side is the ratio of
total installed capacity in the region divided by the total hor-
izontal influx of kinetic energy. The electricity generation
simply takes the form of

Pel,tot =N ·Pel,max. (12)

2.4 Diagnostic energy fluxes

To link and visualize reductions in yield and wind speeds, it
is instructive to explicitly look at the fluxes that shape the ki-
netic energy balance. The influxes of kinetic energy, Jin,h and
Jin,v, are given by Eqs. (2) and (3), respectively. The yield of
the wind turbines is given by the flux Pel,tot (Eqs. 10 or 12,
depending whether vin < vrated or vin ≥ vrated), with dissipa-
tionDwake by wake turbulence given by Eq. (7). The remain-
ing two terms, dissipation by surface friction, Dfric, and the
outflux of kinetic energy, Jout,h, can then be obtained from
the energy balance, Eq. (1), and take the simplified forms of

Dfric =
2CdL

H + 2CdL
·
(
Jin,tot−Pel,tot−Dwake

)
(13)

and

Jout,h =
H

H + 2CdL
·
(
Jin,tot−Pel,tot−Dwake

)
. (14)

These two equations are a reformulation of Eqs. (5) and
(6). They simplify the calculation of the budget because these
can be directly derived from the forcing, Jin,tot, and the rate
of electricity generation, Pel, and no distinction needs to be
made whether turbines operate below or at capacity as this is
already accounted for in Pel,tot.

2.5 Model implementation

Equations (8)–(12) describe the KEBA approach. These
equations describe the lower wind speed within the region
(Eq. 8) as a function of the reduction factor fred (given by
either Eq. 9 or 11) and the meteorological forcing given by
vin. The generated yield within the region is then described
by Eq. (10) or (12). Note that these expressions are very sim-
ilar to well-established formulations, particularly regarding
the yield. However, instead of a fixed reduction factor to ac-
count for wake effects in wind farms, the reduction factor in
Eq. (10) is not a fixed value and it is also not empirically
determined. Instead, the reduction factor depends explicitly
on the size of the region (width W and downwind length L
of the region) as well as on the number of wind turbines and
their characteristics (rated capacity Pel,max, power coefficient
η, number of turbines N , rotor-swept area Arotor, cut-in and
cut-out velocities) but also on meteorological characteristics
(boundary layer height H , drag coefficient Cd). The KEBA
approach is thus mostly based on the physical concept of
a kinetic energy balance and it requires comparatively little
empirical parameters to infer the magnitude of wind speed
and yield reduction with certain installed capacities at the re-
gional scale.

To estimate wind energy yields, KEBA needs meteoro-
logical input in form of wind speeds, vin, the height of the
boundary layer, H , and the drag coefficient, Cd, as well as a
specification of the size of the wind farm region (specified in
terms ofW andL), the number of turbines,N , and their char-
acteristics (power coefficient η, cut-in and cut-out velocities,
and rotor-swept area Arotor).

The implementation of KEBA as well as the evaluations
shown in the following section is provided in the Supplement
as an Excel spreadsheet.

3 Model evaluation

We evaluated KEBA with a set of sensitivity simulations
with the WRF regional weather model published by Volker
et al. (2017). Volker et al. (2017) evaluated the yield for
four different sizes of wind farms, ranging from 25 km2

(“small”) to 114 000 km2 (“X-large”), with three different
turbine spacings (“narrow”, with an installed capacity den-
sity of 11.5 MW km−2, “intermediate”, with 6.38 MW km−2,
and “wide”, with 2.9 MW km−2) for three wind climates: the
central US (region A), the North Sea (region B), and the
Strait of Magellan (region C). The scenarios of Volker et al.
(2017) as well as their estimated yields are summarized in
Table 2. The KEBA model parameters to evaluate these sce-
narios are provided in Table 3.

3.1 Forcing and scenario setup

The wind speed histograms of the three regions considered
are shown in Fig. 2a, with median wind speeds of 7.4, 9.1,
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Figure 2. Wind forcing and turbine power curve used for the eval-
uation of KEBA. Panels (a, b) show the frequency distribution
of wind speeds for the three regions (A: Iowa, US (orange); B:
North Sea (blue); C: Strait of Magellan (green)) considered here
including their cumulative distribution function (CDF) at the top.
Panel (c) shows the power curve used here for the Vestas V-80
2 MW wind turbines with a power coefficient of η = 0.44, with the
circles representing the actual power curve of the turbine (obtained
from http://www.windpower.net, last access: 20 March 2020). Both
form the inputs of the KEBA evaluation and are based on the data
provided in Volker et al. (2017). The blue shaded region reflects
wind speeds at which the turbine operates above its cut-in but be-
low its rated velocity.

and 13.1 m s−1 for the three regions. The histograms are rep-
resented by Weibull distributions of the form

f (v)=
k

λ
·

(v
k

)k−1
· e(

v
λ )
k

, (15)

with values k = 3.1 and λ= 8.33 for region A, k = 2.4 and
λ= 10.6 for region B, and k = 3.1 and λ= 14.7 for region
C. These distributions were created to closely resemble those
shown in Fig. 1 of Volker et al. (2017) and have the same me-
dians. These velocities are taken here as being representative
of hub-height wind speeds.

Each scenario considered a set of 2 MW Vestas V-
80 turbines (Pel,max = 2 MW), with a rotor diameter
of D = 80 m (yielding a rotor-swept area of Arotor =

5027 m2), a cut-in velocity of vmin = 4 m s−1, a cut-out
velocity of vmax = 25 m s−1, and a power coefficient of
η = 0.44 when the turbines operate below their capac-
ity. These turbine properties are typically provided by
the manufacturer or can be obtained from other data
providers such as http://www.thewindpower.net (last access:
20 March 2020) or http://www.wind-turbine-models.com
(last access: 20 March 2020). The power curve of the tur-
bine we use here is shown in Fig. 2c and was obtained
by fitting the power coefficient η to the values provided at
http://www.thewindpower.net (last access: 20 March 2020).

The scenarios consider four different sizes of wind farms
arranged in a square, ranging from about 5 to 337 km, with
three turbine spacings of 5.25D, 7D, and 10.5D, yielding a
range of installed capacities in the scenarios from 72 MW to
1293 GW. We evaluated each scenario with KEBA and com-
pare the resulting yields to the reported yields of the WRF
simulations. The wind speed histograms shown in Fig. 2b
are sufficient as inputs for vin; that is, these histograms al-
ready encapsulate the climatological information of the wind
speeds that are needed to evaluate KEBA. As the wind farms
are arranged in a square configuration, we did not consider
effects of wind direction. The height H is not derived from
the WRF simulations of Volker et al. (2017), but we use
typical heights for the boundary layer instead. We use a
height of about 2000 m as being representative of region A
(land) and 700 m for the marine setting of regions B and C
(see, e.g. Seidel et al., 2010, von Engeln and Teixeira, 2013,
and Peña et al., 2013 for observed climatological boundary
layer heights). For the drag coefficient, we used a value of
Cd ≈ 0.001, which is representative of a relatively smooth
surface with a low roughness (such as grassland or an ocean
surface) and a reference height of about 100 m.

We compare the KEBA estimates also to an estimate in
which no wind speed reductions are considered (“isolated”
case), so that each turbine operates as if it were an isolated
wind turbine. This case is represented in KEBA by a reduc-
tion factor of fred = 1.

3.2 Comparison to Volker et al. (2017) simulations

The comparison of KEBA estimates to the estimates by
Volker et al. (2017) is shown in Fig. 3 as well as in Table 4.
Figure 3 compares yield estimates in absolute terms (Fig. 3a)
and in terms of the relative reduction in yield (Fig. 3b) com-
pared to the “isolated” case of what would be expected from
turbines that do not experience loss effects due to reduced
wind speeds. The comparison shows that KEBA estimates
the annual yields very well. The more detailed comparison
in terms of the relative yield reduction in Fig. 3b shows that
KEBA seems to be better suited at estimating the effect for
larger farms, where it shows closer agreement to the esti-
mates of Volker et al. (2017), while for small wind farms,
the yields show a bias towards lower reductions. Using the
n= 36 simulations as the sample size, a linear regression be-
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Table 2. Scenarios used to evaluate KEBA, as defined in Volker et al. (2017) for three regions (A, B, and C) and three turbine spacings:
wide (10.5D), intermediate (7D), and narrow (5.25D). The yields are taken from Table 3 of Volker et al. (2017) and are shown in units of
TWh a−1 as well as W m−2.

Size N W , L Installed capacity Yield A Yield B Yield C
(in km) (in GW) (in TWh a−1) (in W m−2) (in TWh a−1) (in W m−2) (in TWh a−1) (in W m−2)

Small

Wide 36 5.0 0.07 0.2 0.9 0.33 1.5 0.47 2.1
Intermediate 81 5.0 0.16 0.41 1.9 0.7 3.2 1.0 4.6
Narrow 144 5.0 0.29 0.64 2.9 1.1 5.0 1.7 7.8

Medium

Wide 484 18.5 1.0 2.5 0.8 4.0 1.3 6.0 2.0
Intermediate 1089 18.5 2.2 4.4 1.5 7.5 2.5 12 4.0
Narrow 1936 18.5 3.9 5.9 2.0 11 3.7 18 6.0

Large

Wide 40 804 169.7 82 180 0.7 280 1.1 440 1.7
Intermediate 91 809 169.7 184 280 1.1 430 1.7 780 3.1
Narrow 163 216 169.7 326 350 1.4 520 2.1 1000 4.0

X-large

Wide 161 604 337.7 320 690 0.7 1000 1.0 1700 1.7
Intermediate 363 609 337.7 730 1100 1.1 1600 1.6 2900 2.9
Narrow 646 416 337.7 1290 1300 1.3 1800 1.8 3600 3.6

Table 3. KEBA parameters used to evaluate the scenarios of Volker et al. (2017).

Variable Specification

vin Wind forcing, prescribed by Weibull distribution; see Fig. 2 and Eq. (15)
The following parameters were used for the Weibull distribution:
Region A: k = 3.1, λ= 8.33
Region B: k = 2.4, λ= 10.6
Region C: k = 3.1, λ= 14.7

H Region A (Iowa, land): 2000 m
Region B (North Sea, ocean): 700 m
Region C (Strait of Magellan, ocean): 700 m

Cd 0.001
Pel,max 2 MW
Arotor 5027 m2

η 0.44
vmin 4 m s−1

vmax 25 m s−1

N Dependent on scenario; see Table 2, column N
W , L Dependent on scenario; see Table 2, column W
L Dependent on scenario; see Table 2, column W , L

tween KEBA estimates and Volker et al. (2017) yields a cor-
relation of r2

= 0.822 and a slope near 1, reflecting the close
agreement between the two methods.

The key variable that describes the effect of the kinetic
energy removal by the wind turbines is the reduction fac-
tor, fred, which is given by Eq. (9) for conditions in which
the wind turbines operate above the cut-in velocity but below
their rated velocity. This reduction factor is shown in Fig. 4
for the different scenarios, together with the implied reduc-

tion in wind speeds (see Eq. 8) and yields (cf. Eq. 10). While
this reduction factor does not describe all conditions (only
those shaded in blue in Fig. 2), as it does not consider the
velocities below the cut-in wind speed or the conditions in
which the turbines operate at their rated capacity, it captures
the reductions of the different scenarios very well, so that this
factor can be used for the interpretation.

Figure 4 shows how the reduction in effective wind speed
becomes greater the larger and denser the wind farm is.
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Figure 3. (a) Comparison of yields for the scenarios of Table 2 estimated by KEBA and as reported by Volker et al. (2017). The open circles
represent wind energy estimates that do not take wind speed reductions into account (“isolated”, with fred = 1). (b) Relative yield reductions
compared to the case of isolated turbines without the wind speed reduction effect. The dotted line reflects a linear regression between the two
estimates, with the regression equation provided in the figure.

Table 4. Mean yields estimated for the case of isolated wind turbines (without wind speed reductions) and yield estimates with wind speed
reductions by KEBA and by Volker et al. (2017) for three regions (A, B, and C). “CF” stands for capacity factor (Pel,tot/NPel,max). The
ranges for the “KEBA” and “Volker et al. (2017)” cases refer to the different sizes of the wind farms (small, medium, large, X-large), with
lowest CFs and yields representing the estimates of the largest wind farms.

Scenario Isolated KEBA Volker et al. (2017)

nPel,max CF Yield CF Yield CF Yield
MW km−2 (%) (W m−2) (%) (W m−2) (%) (W m−2)

Region A

Wide 2.8 32.7 0.9 21.2–32.4 0.6–0.9 24.4–31.7 0.6–0.9
Intermediate 6.4 32.7 2.1 14.5–32.0 0.9– 2.0 17.3–28.9 1.1–1.9
Narrow 11.3 32.7 3.7 10.0–31.5 1.1–3.6 11.5–25.4 1.3–2.9

Region B

Wide 2.8 51.7 1.5 32.1–50.9 0.9–1.4 35.3–52.3 1.0–1.5
Intermediate 6.4 51.7 3.3 21.0–50.0 1.3– 3.2 25.1–49.3 1.6–3.2
Narrow 11.3 51.7 5.9 13.8–48.6 1.6–5.5 15.9–43.6 1.8–5.0

Region C

Wide 2.8 78.4 2.2 59.7–77.8 1.7– 2.2 60.0–74.5 1.7–2.2
Intermediate 6.4 78.4 5.0 44.1–77.1 2.8– 4.9 45.5–70.5 2.9–4.6
Narrow 11.3 78.4 8.9 31.0–76.0 3.5–8.6 31.8–67.4 3.6–7.8

Mathematically, this can be seen in the expression for fred
(Eq. 9), which decreases with increasing downwind length
L of the wind farm. The reduced wind speed is then associ-
ated with a reduction factor fred that deviates more and more
from the “isolated” case that is represented by fred = 1. Note
that the actual yield is not always affected by the reduction in
wind speed as there are some situations in which wind speeds
are above the rated wind speed at which the turbines would
operate at their capacity despite the reduction in wind speeds.
This can be seen in the estimated yields for region C, which
has a substantial fraction of wind speeds above the rated ve-
locity (above the blue-shaded region in Fig. 2). Hence, the

simulated yields for region C are typically less than what is
described by this simplified interpretation of Eq. (9).

3.3 Kinetic energy balance diagnostics

Since KEBA is explicitly based on the budgeting of ki-
netic energy, we can further analyse these scenarios in
terms of changes in the energy fluxes within this budget.
These terms are approximated here using the mean kinetic
energy fluxes (with the densities given by (ρ/2)v3

in, re-
gion A: 313.6 W m−2; region B: 742.5 W m−2; region C:
1738.2 W m−2) into the regions. The resulting budgets are
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Figure 4. The value of the reduction factor fred for the case in which v < vrated (Eq. 9) for the different scenarios as well as the implied
relative reduction in wind speed, f 1/3

red − 1, and the relative reduction of yield, fred− 1, derived directly from the value of fred. The circles
in the right panel refer to the actual estimates that include the information of the wind speed histograms (open circles: KEBA; full circles:
Volker et al., 2017), with the colour coding as in Fig. 3.

displayed in Fig. 5 and Table 5. The fluxes are grouped into
two terms: the terms that gain kinetic energy by the influx
of kinetic energy from upwind areas and from above, and the
loss terms, the outflux of kinetic energy, the conversion of ki-
netic energy into electricity by the wind turbines, as well as
the dissipation of kinetic energy within wakes and at the sur-
face. The fluxes are shown in Fig. 5 as relative contributions
to the total, so that they are normalized and comparable. The
relative contributions depend only on the dimensions of the
wind farm volume (H ,L), as well as the drag coefficient (Cd)
and turbine characteristics (N , η, Arotor) but not on the wind
climatology of the region. Hence, regions B and C show the
same relative contributions and are combined.

The analysis of the kinetic energy budget illustrates how
an increasing share of the kinetic energy influx is taken by
the turbines and converted into electricity, resulting in less
kinetic energy outflux and reduced wind speeds. For the sce-
narios of small wind farms, essentially all of the kinetic en-
ergy supply is provided by the horizontal influx, and the wind
farm removes an insignificant fraction of it. The larger the
wind farm region, the more the vertical influx of kinetic en-
ergy contributes to the supply of kinetic energy, and wind
farms remove an increasingly significant fraction of this sup-
ply (yellow bars in Fig. 5). This results in less kinetic en-
ergy in the outflux (purple bars in Fig. 5), associated with
the unavoidable reduction of wind speeds, which, in turn, is
reflected in lower average yields by the turbines.

It is hence this constrained nature of the fluxes that feed the
kinetic energy budget of the regional lower atmosphere that
encloses the wind farm that results in the diagnosed magni-
tude of yield reductions. As the estimates by KEBA match
those derived from much more complex model simulations
by Volker et al. (2017) very well, it is very likely that the

same interpretation holds for these simulations, and they are
thus a realistic representation of the actual dynamics of large
wind farms.

3.4 Sensitivity to boundary layer height H and drag
coefficient Cd

We next evaluated the sensitivity of the KEBA estimates to
the height of the boundary layer H and the drag coefficient
Cd. Both of these meteorological parameters are quite uncer-
tain, yet they determine how much kinetic energy enters the
air volume budgeted by KEBA either in the horizontal or ver-
tical direction. To quantify this sensitivity, we evaluated by
how much the yield estimates changed when these two model
parameters are varied by ±50 % and determined the linear
regressions, as shown in Fig. 3b. The estimates changed sys-
tematically and yielded weaker (stronger) reductions with
greater (smaller) values for H and Cd. The regression slopes
reflected this change, with the slope being reduced to 0.91
and 0.96 when the values of H and Cd were increased, in-
dicating that KEBA would underestimate the yield reduction
compared to Volker et al. (2017). When the values forH and
Cd decreased, the slope increased to 1.17 and 1.10, reflect-
ing an overestimation of the yield reduction. Yet, the slope
changed substantially less than the imposed change of 50 %
to H and Cd, indicating that the KEBA estimates are rela-
tively insensitive to these two parameters.

3.5 Sensitivity to downwind length L

The sensitivity to downwind length L is more of scientific
interest, as it does not reflect a model uncertainty because it
is specified by the evaluated scenario. This sensitivity is of
interest because it links the high yields and efficiencies of
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Table 5. Estimated kinetic energy influxes for the different scenarios and wind farm sizes in comparison to the estimated yields. The ranges
for the “KEBA” and “Volker et al. (2017)” cases refer to the different turbine spacings (narrow, intermediate, wide) with lowest CFs and
yields corresponding to the narrowest spacing and highest turbine densities.

Small Medium Large X-large

Region A

Horizontal influx (GW) 3.14 11.6 106 210
Vertical influx (GW) 0.02 0.2 18 70
Yield (GW) 0.02–0.10 0.3–1.2 21–48 70–130

Region B

Horizontal influx (GW) 2.60 9.6 88 180
Vertical influx (GW) 0.04 0.5 43 170
Yield (GW) 0.06–0.21 0.7–2.2 38–66 120–190

Region C

Horizontal influx (GW) 6.08 22.5 206 410
Vertical influx (GW) 0.09 1.2 100 400
Yield (GW) 0.07–0.25 0.9–2.6 46–80 150–230

individual turbines and small wind farms to the low, large-
scale wind energy potential of less than 1 W m−2.

To evaluate this sensitivity, we use the meteorological
forcing of region B (North Sea) and evaluate how the KEBA
reduction factor, fred, the capacity factor (i.e. the average
yield of a turbine divided by its capacity, Pel/NPel,max), as
well as the kinetic energy influx per surface area of the wind
farm change with L. This sensitivity is shown in Fig. 6 for
the three installed capacity densities considered above. Note
that a downwind length of L= 0 represents the case of an
isolated wind turbine. In this case, the reduction factor in
KEBA is fred = 1. In the specified meteorological forcing,
a wind turbine would achieve a capacity factor of 54.1 %,
which would be provided solely from the horizontal influx of
kinetic energy.

As L increases and the horizontal influx of kinetic en-
ergy gets depleted by the wind turbines, the reduction factor
drops, and so does the capacity factor. The drop of the reduc-
tion factor is relatively fast, being reduced to a value of 0.5
within 260, 82, or 42 km for an installed capacity density of
2.8, 6.4, or 11.3 MW km−2 for the cases of wide, intermedi-
ate, and narrow turbine spacings. This spatial scale is linked
to the length scale, Ld, associated with an exponential de-
cay of the horizontal kinetic energy input and is described by
Ld =H/(2Cd+ nηArotor).

For very long downwind lengths (L→∞), the yield
per surface area in KEBA reaches a limiting value of
(nηArotor)/(2Cd+ 3/2nηArotor) ·Cdρv

3
in, which is less than

two-thirds of the natural frictional dissipation rate of the re-
gion. This limit is then again consistent with the global-scale
energetics of the large-scale atmospheric circulation, which
generates about 2 W m−2 of kinetic energy and dissipates
about 1 W m−2 within the boundary layer. The North Sea re-

gion is windier than the global mean with a frictional dissi-
pation of about 2 W m−2, so that KEBA would yield a max-
imum generation of 1.33 W m−2. The drop in yields of wind
farms from small to very large scales thus reflects the transi-
tion from the dominant contribution by a high local horizon-
tal kinetic energy flux to a low global generation and dissipa-
tion rate of kinetic energy.

3.6 Limitations

The KEBA approach is, clearly, extremely simple and ne-
glects many complicating factors, such as the role of stabil-
ity, different drag coefficients, variations in boundary layer
height, or the wind direction. KEBA can nevertheless repro-
duce the wind energy yields and their reductions in large
wind farms simulated by the much more complex WRF sim-
ulations of Volker et al. (2017). As we deal with climatolog-
ical estimates, it would seem that the effects of stable and
unstable conditions may average out. It therefore suggests
that KEBA works well because the most relevant factor is
the depletion of the horizontal flow of kinetic energy. This
horizontal flow is prescribed by the wind conditions and is
thus insensitive to stability and the value of the drag coef-
ficient. Variations in boundary layer height, captured in our
approach by the height H , play a more prominent role as
these directly affect the total horizontal inflow of kinetic en-
ergy. Wind direction in our evaluations probably did not play
a large role because we considered simple, artificial square
layouts of wind farms. In future applications, it would be in-
sightful and potentially necessary to evaluate the effects of
these aspects on simulated wind speed reductions and yields.
The estimate by KEBA could help to set a baseline for such
evaluations.
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Figure 5. Diagnosed terms of the kinetic energy budget, with the
relative contributions to the influxes of kinetic energy (KE) shown
in the left column and the conversion to electricity, dissipation, and
outflux of kinetic energy shown in the three right columns (for three
different turbine spacings: W: wide; I: intermediate; N: narrow).
The horizontal and vertical contributions to the KE influx are shown
by dark and light blue, respectively. The yield (conversion to elec-
tricity) is shown in yellow and the dissipation by surface friction
(red) and wake turbulence (orange) and outflux of kinetic energy
(purple). The plots show the KE budgets for the scenarios of wind
farms of four different areas (S, M, L, and XL) for region A (cen-
tral US, land, a) and for regions B and C (North Sea and Straight
of Magellan, ocean, b). The colours of the bars match the arrows
shown in Fig. 1.

Our KEBA approach also only crudely describes the
wakes that develop directly behind wind turbines through
the wake dissipation term, Dwake (Eq. 7) and does not re-
solve differences in yields within the same wind park. For
these wake effects, approaches are already available to cap-
ture these (e.g. Frandsen et al., 2006; Barthelmie et al., 2010;
Emeis, 2010). Future extensions could aim to combine such
approaches to yield a model that cannot estimate only re-
gional wind energy potentials but also variations within wind
farms. On the other hand, it would seem that more complex
numerical simulations of wind farm effects would benefit
from an analysis of the kinetic energy budget.

In its present form, KEBA can adequately capture wind
energy resource estimates at the regional scale and, as such,
can inform the planning and policy development regarding

Figure 6. KEBA sensitivity to downwind length L for region B
(North Sea). The panels show (a) the KEBA reduction factor fred
as a function of downwind length for three turbine spacings, (b) the
associated reduction in capacity factor (Pel/NPel,max), and (c) the
supply of kinetic energy by the horizontal influx from upwind areas
(dark blue) and by vertical mixing (light blue) as well as the yields
by the wind farms (lines). The circles represent the different sizes of
wind farms considered in the comparison with Volker et al. (2017).

the future expansions of wind energy. By being implemented
in a spreadsheet, it can quickly estimate the yields of different
scenarios in a transparent and reproducible way, given the
prescribed wind conditions of the region.
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What are the likely cases where KEBA would provide
useful insights? Current wind farms on land typically have
installed capacity densities of less than 3 MW km−2, cov-
ering less than 500 km2 (e.g. using data from the US; see
Miller and Keith, 2018). These settings are similar to the
“small” and “medium” wind farm sizes using a “wide” spac-
ing (cf. Table 2), for which the wind speed reduction ef-
fects should be comparatively small, if wind farms are sep-
arated sufficiently well to be considered as isolated farms.
For these settings, KEBA would not add novel insights be-
cause regional wind speed reductions would not necessarily
need to be taken into account. The effects become more rele-
vant at larger scales (cf. Fig. 6 and length scale Ld described
above) or when larger capacity densities are being consid-
ered. This is, for instance, the case when German wind en-
ergy scenarios for offshore wind energy in the North Sea are
being evaluated, where the KEBA model was used (Agora
Energiewende et al., 2020). In these scenarios, installed ca-
pacity densities in the range of 5 to 20 MW km−2 were con-
sidered to be installed over an area of 2800 to 7200 km2,
which falls between the “medium” and “large” areas con-
sidered here, with “intermediate”, “narrow”, and even denser
spacings. For these settings, KEBA estimates considerable
reductions in yield that are consistent with WRF-based es-
timates (Agora Energiewende et al., 2020). When wind re-
source potentials are evaluated for whole continents, as it
was done recently for Europe by Enevoldsen et al. (2019),
who considered 10 MW km−2 being installed over 45 % of
Europe, such reduction effects would clearly matter, would
need to be accounted for, and would reduce the resource po-
tential rather substantially. It would thus seem that KEBA
can provide useful estimates particularly for large-scale re-
source assessments and scenarios for the future expansion of
wind energy.

4 Conclusions

We presented a model to estimate wind energy resource po-
tentials at the regional scale that explicitly accounts for wind
speed reductions caused by the wind turbines. This formula-
tion yielded analytical solutions to estimate these wind speed
reductions and the associated mean yields of the wind farms.
We compared this formulation to a set of sensitivity simula-
tions with the WRF regional weather forecasting model by
Volker et al. (2017) and found that KEBA can adequately re-
produce yield reductions.

The modelling of the kinetic energy budget thus provides
valuable insights for estimating wind speed reductions and
wind energy resource potentials at the regional scale but also
at a more general level in terms of understanding the im-
pacts that large-scale wind energy use has on the atmosphere.
While our approach can be extended in future work to ad-
dress some of the shortcomings, it seems that an explicit
analysis of kinetic energy fluxes would be informative and

provides valuable information. In its present form, KEBA
seems well suited to provide first-order estimates of wind en-
ergy resource potentials at the regional scale that are based
on atmospheric physics.

Code and data availability. The KEBA implementation is pro-
vided in an Excel spreadsheet available in the Supplement. All data
used to evaluate KEBA are contained in the Excel spreadsheet.
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