Energies 2009, 2, 816-838; doi:10.3390/en20400816

energies

ISSN 1996-1073
www.mdpi.com/journal/energies

Article

Investigating the Effect of Large Wind Farms on Energy in the
Atmosphere

Magdalena R.V. Sta. Maria* and Mark Z. Jacobson

Atmosphere/Energy Program, Civil and Environmental Engineering Department, Stanford University,
Stanford, CA 94035, USA; E-Mail: jacobson@stanford.edu

* Author to whom correspondence should be addressed; E-Mail: eena@stanford.edu;
Tel.: +1-650-721-2730.

Received: 21 August 2009 / Accepted: 27 September 2009 / Published: 30 September 2009

Abstract: This study presents a parameterization of the interaction between wind turbines
and the atmosphere and estimates the global and regional atmospheric energy losses due to
such interactions. The parameterization is based on the Blade Element Momentum theory,
which calculates forces on turbine blades. Should wind supply the world’s energy needs, this
parameterization estimates energy loss in the lowest 1 km of the atmosphere to be ~0.007%.
This is an order of magnitude smaller than atmospheric energy loss from aerosol pollution
and urbanization, and orders of magnitude less than the energy added to the atmosphere
from doubling CO,. Also, the net heat added to the environment due to wind dissipation is
much less than that added by thermal plants that the turbines displace.
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1. Introduction

Wind Energy is currently one of the fastest growing new electric power sources. With this speed of
development, it is important to evaluate the impact of wind farms on the environment. Aside from the
issues of aesthetics [1-3], which is subjective, and effects on wildlife [4-7], which may be smaller than
effects of conventional energy sources that wind displaces [7], another concern raised with respect to
wind energy is the feedback of large wind farms to weather and climate. Knowing the effects of wind
farms on the wind flow will help in site selection and in determining the best layout required to optimize
power capture by wind farms.



Energies 2009, 2 817

A number of modeling studies have examined the feedback of wind turbines or farms to weather or
climate at coarse spatial resolution. A common approach in such models has been to modify surface
drag to simulate the effect of wind farms [8,9]. Results have varied from suggesting that a large
deployment of wind farms would cause local temperatures to rise by a few degrees [9], with negligible
changes in global mean temperatures, to possibly changing weather and climate features [10]. Another
parameterization simulated wind turbine effects by adding an elevated sink of resolved kinetic energy
(RKE), and a source of turbulent kinetic energy (TKE) [11]. That study found that the increased near
surface turbulence due to a wind farm affected local near-surface heat and vapor fluxes. The turbulence
behind the rotors increased mixing and sensible heat fluxes from the atmosphere to the ground while
increasing the vapor flux from the ground to the atmosphere. A more recent study used a mesoscale
model to examine wind farm effects [12]. They parameterized the wind farms by formulating a drag
coefficient based on the thrust coefficients of a wind turbine, as the thrust coefficient is a measure of the
force the turbine exerts on the wind flow. The study assumed that part of the energy lost from the wind
due to drag is extracted as electric power, and the remaining energy is added to the turbulent kinetic
energy of the flow. Their results showed increased mixing in the boundary layer, leading to increased
surface temperatures.

2. Blade Element Momentum Model

Typically used for blade design, the BEM theory was formulated by Glauert [13,14] and gives both
the force in the axial direction, or the direction parallel to the rotor’s axis of rotation, and the tangential
direction, or the direction tangent to the rotor radius. The axial force is called the thrust and the
tangential force is the force related to the torque.

The BEM theory assumes that the turbine rotor can be divided into non-interacting annular rings
(Figure 1). The forces on these rings are analyzed using a combination of momentum theory and blade
element theory. Momentum theory gives the thrust force, T, from the pressure difference across that
annular ring—the pressure difference is driven by the loss of axial momentum of the incoming flow as
energy is extracted at the rotor. The torque, Q, is computed as the change in angular momentum
imparted by the rotating blades. More information about T and Q are gleaned from blade element
theory, where these annular rings divide the blades into elements whose cross-sections resemble an
airfoil. Lift and drag forces on the blade elements are estimated using 2D airfoil theory. The forces at
each blade element, dT and dQ, are then derived as a combination of the lift and drag experienced by
that blade element. Integrating dT and dQ over the whole blade gives the total thrust and torque
experienced by the rotor. The resulting T acts as a pressure drag, slowing the wind down, while the
spinning blades apply Q onto the air flowing through the rotor, generating rotation in the wake.

This analysis is based on the assumptions that the incoming wind speed is steady and perfectly
perpendicular to the rotor plane, and that there is no interaction between annular rings—i.e., 3D effects
are neglected. Although in reality, a steady, perpendicular incoming wind rarely occurs in the field [15],
the error introduced by this assumption is not so large as it could be since modern turbines are built to
yaw in order to face the wind. The errors from neglecting 3D effects however, are more problematic
since there is reduced lift near the tip of the blade [16] that is not simulated by this 2D analysis. Another
limitation is that momentum theory breaks down at low wind speed. At low wind speed, the wake
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becomes turbulent and, instead of energy being extracted at the rotor, energy goes into recirculating the
wake. In order to correct these limitations and errors, empirical parameterizations need to be added to
the basic theory, but even with these modifications, extracted power is still currently underestimated at
low wind speed [17]. Despite this, BEM results are generally acceptable, especially when the wind is
relatively steady and uniform. Since it is also the simplest and most straightforward to implement, this
model is the model used most by the wind industry today. A number of turbine studies that use BEM
include References 18 and 19.

Figure 1. Annular rings on a turbine rotor.

Although there are other, more detailed methods of describing the flow around turbine blades—such
as the vortex wake method [20,21] and computational fluid dynamics (CFD) methods [22,23]—the
BEM method was chosen because it is relatively straightforward to implement and computationally
inexpensive. Since the BEM model is applied here to estimating the effect of wind turbines on the wind
flow for the purpose of building a parameterization, the level of detail provided by these other methods
is not required. The version of the BEM model that we implemented is described in Reference 24.

To illustrate the application of the BEM method to this study, the BEM model results are compared
with data for three turbines. Since thrust and torque data on wind turbines are not readily available, the
torque calculate by the model is converted into power and compared with the power curves associated
with the turbine test cases. The power is calculated as the product of the torque and the rotor’s angular
velocity, Q:

P= Qj dQ (1)

As the power is a function of the aerodynamic forces applied to the turbine rotor, a comparison gives

a good indication of how well the model is simulating the aerodynamic system.
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3. Power Curve Comparisons

The characteristics of three different turbines were input into the BEM model and power curves were
generated as a function of incoming wind speed, V,, for all three turbines. The model-generated power
curves were compared with the expected power output of these turbines.

The first test case was the turbine used in Phase VI of the NASA/NREL Unsteady Aerodynamics
Experiment (UAE). The National Renewable Energy Laboratory (NREL), together with NASA-Ames,
conducted wind tunnel studies on a wind turbine to develop a database of aerodynamic and flow
parameters. These parameters were used in a blind comparison between different wind turbine
modelers. This experiment, called the Unsteady Aerodynamics Experiment (UAE), aimed to test the
validity and range of applicability of the different turbine models involved, as well as to determine areas
of improvement [18]. The second turbine used for validation had a blade designed by LM Glasfiber
(LMG). The blade and power curve data were provided by Peter Hansen from LM Glasfiber (pers.
comm.). The third turbine was a 2 MW experimental wind turbine in Tjaereborg, Denmark. For this
turbine, only the power generated from the cut-in wind speed (5 m/s) to 14 m/s (when rated power is
reached) is used for comparison. This is because this particular turbine uses variable blade pitching for
power control, and the BEM model cannot currently simulate this feature. The characteristics of the
different turbines are summarized in Table 1.

Table 1. Summary of turbine properties for model validation.

Cut-in
wind speed

Turbine No. of Blade

type blades radius (m)

NREL UAE 2 5 71.63 19.8 6
(Y, [€] 3 29 19 1,500 5
Tjaereborg 3 30 22 2,000 5

Figure 2 shows how the two power curves compare for the NREL turbine. The data for the NREL
turbine was taken from Reference 25. The agreement is best at low to medium wind speeds, but at
higher wind speeds, the model over-predicts the power. This may be because the model does not
include a way to handle stall. Stall occurs when the flow separates from the blade, which increases the
drag and lift. This is typically how fixed-pitch turbines regulate their power generation and keep it at the
rated value. The rated power is generally reached at about 12—-15 m/s, depending on the turbine, so stall
acts to decrease power generation after that wind speed is reached. This phenomenon needs to be
modeled differently once the rated power is reached but this is not dealt with here.
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Figure 2. NREL power comparison as a function of incoming wind speed, V,. The gray
lines indicate the range of wind speeds that are relevant for wind energy production.
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Figure 3 compares the power curves from LM Glasfiber and the BEM model. The agreement
between these two power curves is much better, although in this case, the model underpredicts the
power at high wind speeds. It is not clear why this occurs. The power curve was generated by the blade

manufacturer so it is more difficult to determine where the discrepancy takes place.

Figure 3. LMG power comparison as a function of wind speed.
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Figure 4 compares the Tjaereborg turbine and the BEM model. Here, the model performs well at low
to medium wind speeds. This comparison can be done only up to the rated wind speed 14 m/s since this
turbine is pitch-controlled and the pitch angle changes at higher wind speeds in order to keep power
output constant. This process has not been included in the model calculations, so no comparison can be
made at this time for wind speeds higher than 14 m/s.

Figure 4. Tjaereborg power comparison as a function of wind speed.
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Another way of analyzing these comparisons is from the context of wind frequency distributions.
From the cases shown above, the model appears to be simulating accurately the dynamics of the flow
around the turbine blades up to about 15 m/s wind speed. The fact that the model does not perform well
at higher wind speeds may not be important if the typical wind distribution at a wind farm site is taken
into account. Although varying from site to site, the wind distribution typically follows a Rayleigh
probability density function [26]:

f(V,)= b_22V° exp {—(%) } (2)

where b = i\7 . The mean wind speed, V,is specific to the site.

Jr
Figure 5 shows how the winds would be distributed around a specified mean wind (in this case,
V =85 m/s) with the highest probability occurring at the mean. This figure shows that there is a greater
probability that winds fall within 5-15 m/s and a lower probability that they exceed 15 m/s. If the power
curves are weighted by this probability distribution, the agreement greatly improves (Figure 6).
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Figure 5. Rayleigh distribution function.
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The improvement added by this wind distribution weighting is seen in the error analysis between the
modeled curves and the data. To quantify the difference between the modeled power and the expected
turbine power, the normalized gross error (NGE) is used. For the power curves in Figures 2—4, the
error is calculated as:

model (VO i data (VO,i )‘

NGE, _—Z‘ Vo)

x100(%) 3)

The resulting errors from this analysis are 38.3%, 13.1%, and 9.2%, for the NREL, LMG, and
Tjaereborg cases, respectively. If the weighting by the wind frequency distribution is included, the
equation for NGE becomes:

N P - V..
NGEf Z%Zf(vm)*‘ modeI(V0|) data( 0,|)‘
i=1

x100(% 4
data(V0|) ( ) ()

The errors then become 0.6%, 0.6%, and 0.7%, for the NREL, LMG, and Tjaereborg turbines,
respectively. These results show that however imperfect, this model is sufficient for the purpose of
providing more information about turbine blade-atmosphere interactions so that a better
parameterization for wind farm-atmosphere interactions can be developed.
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Figure 6. Previous power comparisons weighted with the Rayleigh probability distribution:
(A) NREL vs. model, (B) LMG vs model, and (C) Tjaereborg vs model.
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4. Energy Reduction Estimate

With the momentum theory from the BEM method, an analytical model can be used to estimate how
much the wind is slowed down behind a rotor. From the momentum theory [13], the rotor can be
approximated as an energy extracting disc, with wind speed decreasing as it approaches the rotor, and
slowing even further as the energy is extracted at the rotor disc (Figure 7). The wind velocity at the
disc, V, is found to be the average of the incoming velocity, Vo, and the velocity at the wake, Vyage:

V- Vo +Vyae (5)
2
Note that Vyake is Not the velocity throughout the whole wake, but an estimate of the velocity in the
region of the wake where the static pressure is equal to the static pressure outside the stream tube. This
distance is typically 2D to 3D, where D is the diameter of the rotor [27]. The thrust, T, due to the

pressure difference across the rotor can be computed as the momentum change across the disc:

T= Pa AV (VO _Vwake) (6)

The analytical model assumes that the power extracted comes from the product of the thrust force
and the velocity at the disc. Using Equation (5) for V, the power becomes:

1
P = Z paA(VO2 _vaake )(VO +Vwake ) (7)

The efficiency, Cp, which is the ratio of the generated to available power in the wind, is then
calculated as:

1 (VO2 _Vviake )(VO +Vwake)
CP =5 3 (8)
2 V,
Equation (8) can be manipulated into a cubic equation for Vyage:
Ve 4V V2

wake 0" wake

+V AV

e TV (2CP —1) =0 9)
The efficiency is calculated by the BEM model (but can also be derived from turbine specifications), and
Vo is an input, so Vi is easily solved for. Vyaee is @ measure of the axial velocity downstream of the
disc and rotation in the wake is not taken into consideration. The rotation in the wake adds to the
pressure drop across the disc and further reduces the kinetic energy of the flow, so Vyak Calculated here
is an overestimate. Including wake rotation should lead to lower axial velocities downstream (e.g.,
~50% lower), but typically only near the wake edge.

Figure 8 shows how V. changes with Vi for a GE 1.5 MW turbine with a 77 m rotor diameter [28].
This turbine was chosen because it is typical of the type of turbines being erected in many wind farms
today. It can be seen from the figure that the ratio of the two velocities increases with V, implying that
less energy is taken out of the flow as the incoming wind speed increases. This makes sense as the
efficiency of this specific turbine is maximum at lower wind speeds. The efficiency, C,, is plotted
together (dashed line) with the velocity to show that Vyak. is small when the efficiency is high.



Energies 2009, 2 825

Figure 7. Schematic of wind speed and pressure as air flows through a wind turbine rotor.
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Reference 29 shows measurements of the wake velocity ratio (V,./V, ) to be about 50% at 2.5D
downstream. Although the wind speed at which the ratio was measured was not specified, it is still
possible to compare this with the minimum ratio shown in Figure 8 since this minimum is found in the
8-9 m/s wind speed range, which is the most common wind speed at many wind farms. Another
measure for comparison is the relative velocity deficit, computed as:

VO _Vwake . (10)
VO

The maximum relative velocity deficit is about 24%, occurring at 9 m/s. The average deficit is about
11%. The maximum deficit is relatively similar to maximum velocity deficits of around 32% that are
observed in wind turbine wakes in the distance range of 2-3D [30]. Although different turbines were
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used in this observational study and measurements were taken at 32 m (lower than hub height), these
maximum velocity deficit values are of the same order. Moreover, these velocity deficits are on the
same order as a 20%—-30% wind velocity decrease measured downwind of a large grove of pine and
juniper trees, also at 32 m height [30].

In order to determine how the reduced velocity may affect energy in the atmosphere, the turbine
wake velocity is used to calculate the energy loss from one turbine. Assuming the same mass of air
upwind and downwind of a turbine thus cancelling the mass terms in the energy equation, the fraction of
energy reduced by the turbine can be estimated as:

2 2
A_E — VO _\2/wake (ll)
E0 VO
This energy is reduced only in the wake region behind the turbine however, and the rest of the air
around the wake is relatively undisturbed. If it is assumed that the wake roughly follows the shape of a
cone with a flat top (a frustum), then the volume of the affected air can be calculated. The volume of a
frustum can be computed as:

Volume = % h (K2 +16r,+17) (12)

where hy is the height of the frustum (or, in this case, depth, since the frustum is on its side), and r; and
r, are the radii of the top and base circles. Previous studies have found that the wind speed in the wake
of a turbine has been recovered by more than 90% of the free stream wind speed at a distance of 10D,
where D is the rotor diameter [30] and that at that distance (10D), the average wake width was about
3D. Translating these lengths into the dimensions of a frustum results in hs = 10D, r; = 1D/2, and
r, = 3D/2 (see Figure 9). The volume of the wake, Syage, is then:

:£10D><E D2 Zgﬂ'D3

wake 3 4 6

S (13)

Next, a control volume can be defined that includes both the wake volume and the volume of the
surrounding atmosphere. The control volume is shown in Figure 9 as the shaded region. Assuming the
dimensions of this control volume are a function of the turbine spacing in a wind farm and that the
turbines are spaced 3D > 10D apart (3D in the cross-wind direction, and 10D in the along wind
direction) the control volume is:

Set =3Dx10Dxh (14)
where h is assumed to be 1 km (the average boundary layer height). The height of 1 km is relevant
because this usually encompasses the atmospheric boundary layer, which is the layer of the atmosphere
most affected by the ground and objects on it. For a single turbine, the fraction of air that is affected by
the energy reduction is:

S

wake

S

_ 132D (15)
36h

ctrl
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The percent of energy reduction for each turbine is then:

(E] (o) = 2E  Sue 1009 (16)
ctrl

EO 0 ctrl

The percent of energy reduced as a function of wind speed is shown in Figure 10. The solid line
shows the energy loss behind one turbine normalized by the energy of the upstream wind, as calculated
by Equation (11). The dashed line shows the energy loss with the volume factored in, given that only a
fraction of the air downstream of the turbine is actually affected by it (calculated using Equation (16)).
The figure indicates that there can be about 40% energy loss behind a turbine. When seen in the context
of the fraction of atmosphere that this loss actually applies to however, the energy reduction is not
so significant.

Figure 9. Cone-like volume of air encompassed by turbine wake.
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after factoring in the fraction of atmosphere actually affected by the wake (dashed line). In
the case of a wind farm with 3D X 10D spacing, this fraction is 137nD/36h (see
Equation (15)).
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It is possible to expand this analysis to determine the energy loss from many wind turbines,
considering different atmospheric volumes. Two scenarios needing large installations of wind farms are
examined—scenario A, which assumes that wind energy displaces the CO, from all fossil fuel energy
sources (both electric and non-electric), and scenario B, which assumes that all onroad vehicles are
replaced by wind-powered battery electric vehicles. For scenario A, two cases were analyzed. The first
case assumes that wind displaces all fossil fuel energy worldwide that produces carbon. The second case
assumes that wind displaces all fossil fuel carbon in the United States. Scenario B also examines two
cases: replacing onroad vehicles throughout the whole U.S. and replacing onroad vehicles in California.
California is of interest because it is the U.S. state with the largest vehicle density. Table 2 summarizes
the cases. The energy losses from all these cases are examined both as the loss from the lower 1 km of
the atmosphere (heretofore referred to as L1)—over global land and oceans—and the loss from only
sections of the L1 layer that are above the land area of interest, e.g., over U.S. land.

Table 2. Different cases and scenarios used in the analysis of the energy loss from large wind farms.

Scenario Description

Al Replace all fossil fuel energy globally with wind

Replace all fossil fuel energy in the US with wind

Replace all onroad vehicles in the US with wind-powered battery electric vehicles
(BEVs)

Replace all onroad vehicles in California with wind-powered BEVs

[

To calculate the total energy reduction in each scenario, it is important to consider the wind speed
frequency distribution. Although the Rayleigh distribution is not universal, it is general enough to make
a good first approximation. Since wind farms are typically sited in regions where mean wind speeds at
hub height are greater than 6 or 7 m/s, the energy loss should be applied only to locations with mean
wind speeds greater than 6 m/s. The loss is then normalized by the total energy available in the wind
worldwide, over the U.S., or over California. There are two values for average wind speed worldwide,
V', used here-over the ocean, V = 8.6 m/s, and over land, V = 4.8 m/s [31]. If the energy loss in L1
above a certain country/state is being calculated, only the average wind speed over land is used for the
total available energy. Moreover, if the loss in L1 over the entire globe is calculated, both the ocean and
land average wind speeds are used.

The equation used to calculate the relative energy loss for a wind farm at a site with a mean wind
speed of 8 m/s, is then:

(Ej _N*S,, 26 an
Bo i Satm z (1- Aua ) Eo (Vo) oo (Vo) + Aung Eo (Vo) fs(Vo)

Vo5
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where f;, f,, and f,; are the Rayleigh distributions centered around 8 m/s, 8.6 m/s and 4.8 m/s,

respectively. The variable Aj.ng represents the fraction of land included in the analysis. In analyzing the
energy loss only over land, Ai.ng = 1. For the analysis involving the entire ABL, Ajag = 0.29, as the
globe is 29% land and 71% ocean. From Equation (11), AE =V -V,;? and E, =V,;. The remaining
variables are the number of turbines, N, the volume of the wake, Sy, and the volume of the
atmosphere being analyzed, S,m. This latter volume is analogous to the control volume described earlier
in the single turbine case. Here, the chosen control volume will be depend on the energy loss scenario
being analyzed. It is computed as S__ = A, xhwhere h = 1 km, and A is the surface area for each
case. For example, in analyzing case Al for L1 over the whole globe, A« is the surface area of global
land and oceans, but if only the loss in L1 above global land is desired, Agc is only the global land
surface area.

The number of turbines, N, is found by dividing the energy required for each scenario, Es, by the
energy produced by a single turbine, E;:

N =B (18)

Since each scenario demands a different amount of energy, the number of turbines will vary from
scenario to scenario. The values of the required energy per scenario are taken from Reference 32, which
calculates energy consumption for the year 2007. The other energy term, E; (KWh/yr), is calculated as:

E, =P, x8640 hrs/yrxCF x . (19)

where P, is the turbine’s rated power (kW), CF is the turbine’s capacity factor, and y is an efficiency

factor that takes into account the energy loss due to heat, mechanical, and transmission issues. In this
analysis, we assume y =0.85, or a loss of 15%. The capacity factor, CF, is a measure of how much

energy the turbine produces over its maximum rated energy. An empirical equation for CF is:

CF =0.087V —% (20)
where V is the mean wind speed at the wind farm site, P, is the turbine’s rated power (kW), and D is its
rotor diameter (m) [26]. Note that since this equation is empirical, its units do not equate.

To examine the sensitivity of the calculated energy loss, wind distributions based on different mean
wind speeds, namely 7, 8, 9 and 10 m/s, were also applied to wind farm sites. Changing the mean wind
speed at the wind farm sites changes the amount of energy available to be converted to electricity, thus
also changing the number of turbines needed to supply the needed energy. Table 3 presents the number
of turbines required for the different scenarios given the different mean wind speeds.

Figure 11 shows the results of this energy analysis for Scenario Al. The different bars indicate the
losses given different mean wind speeds. Larger relative energy losses are found at lower mean wind
speeds, where more turbines are required to generate the same energy. Relative energy losses in L1
above global land range from 0.06%-0.08%, and those above global land plus ocean range from
0.006%-0.008%. The relative energy losses for Scenario A2 are shown in Figure 12. In this scenario,
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L1 above the U.S. loses 0.19%-0.23% of its energy, but when seen in the context of the global (land
plus ocean) L1 layer, only 0.0012%-0.0014% is lost. Figure 13 and Figure 14 present the relative
energy losses from Scenario B1 and B2, respectively. In these two cases, there is even less of an effect,
even in the local L1. If all U.S. onroad vehicles were powered by wind farms, the loss in L1 over U.S.
land ranges from 0.04%-0.05%. If only California vehicles, the energy loss from L1 layer over
California would be 0.10%-0.12%. In L1 over global land plus ocean, a relative energy loss of
0.00026%—0.00031% results from Scenario B1, and 0.000026%—0.000032% from Scenario B2.

Table 3. Number of 1.5 MW turbines required for each scenario (see Table 2 for scenario description).

MEAN WIND

SPEED (M/S)

NUMBER OF TURBINES

o

Figure 11. Energy loss (%) for Scenario Al, where wind is used to power global energy.
The first set of bars indicates the relative energy loss in the entire boundary layer, while the
second set indicates the losses in the boundary layer over just the global land area. The
different bars represent the different mean wind speeds, 7, 8, 9, and 10 m/s, with the number
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Figure 12. Energy loss (%) for Scenario A2, where wind farms supply U.S. energy. Similar
to the previous figure, the first set of bars represents the relative loss in the entire boundary
layer, and the second set represents the relative loss in the boundary layer just above the
U.S. The number of turbines for each wind speed is given in Table 3.
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Figure 13. Energy loss (%) for Scenario B1, where all U.S. onroad vehicles are replaced
with WBEV. The number of turbines for each mean wind speed case is given in Table 3.
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Figure 14. Energy loss (%) for Scenario B2, where all California onroad vehicles are
replaced with WBEV. Here, the second set of bars represents the relative loss in the
boundary layer just above California. The number of turbines for the different mean wind
speeds are just roughly an order of magnitude less than that needed for the Scenario B1 and
shown in Table 3.
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Even with higher energy consumption, the atmospheric energy loss will be minimal. Reference 33
describes a situation where all global direct electricity needs are met with wind. Moreover, other uses of
fossil fuels are divided into those that can be replaced by electricity directly (such as gas heating
converted into electric heating), and those that are replaced by hydrogen. The first category uses
electricity powered by wind, and the second category uses hydrogen produced via electrolysis powered
by wind turbines. The additional use of hydrogen increases the energy consumption, and thus the
number of turbines also increases. For example, it will take three times the number of wind turbines to
power a hydrogen fuel cell vehicle as it does to power an equivalent BEV. Although this study analyzes
the energy consumption in the year 2030, the number of 5 MW turbines used to supply this demand can
be scaled back down to 2007 values by assuming the energy demand in 2030 is 1.3 times that in
2007 [33]. This new number of 5 MW turbines for 2007 can then be scaled to the corresponding
number of 1.5 MW turbines needed to supply the added hydrogen. It was found that it will take
6-21 million 1.5 MW turbines (depending on the mean wind speed) to power the world’s energy
demand when hydrogen is part of the equation. This increased turbine number results in an energy loss
in L1 over global land and ocean of ~0.010%-0.013%.

As indicated by these results, the energy losses from the L1 layer are very small. To put it into
context, the energy reduction can be converted into a power density loss (W/m?) and compared with
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radiative forcing due to increased carbon dioxide (CO.) in the atmosphere. The maximum energy loss in
Scenario Al is largest at a mean wind speed of 7 m/s. The equation used to calculate the power density
loss, R (W/m?), is:

3 AE(Y,) 5 (V%)

R= =3.4x10*W 21
(3600 J/W) (8760 hriyr) A, | Vo (21)

where A, =5.1x10° km?, the surface area of the Earth. The energy loss, AE (J), is calculated as
AE=1m (Ve —Viae) (22)
2 a wake

where m, is the mass (kg) of the lower 1 km of the atmosphere. In contrast to the power density loss
from Equation (21), the radiative forcing due to CO; in the atmosphere is 1.6 W/m* [34]. A doubling of
CO, in the absence of replacing current energy generation with wind, therefore, will have a several-
order-of-magnitude larger effect on the overall climate than the atmospheric momentum loss from
supplying the world’s energy demands with wind.

Furthermore, if the analysis were to be extended to include most of the atmosphere—and not just the
lower 1 km—the scale height value of h = 8.7 km can be used. The scale height represents the layer of
the atmosphere within which most of its mass is found. The results will be the values reported above
multiplied by a factor of 0.11, which is just the ratio of the two heights, 1 km to 8.7 km. Reference 31
has found that the mean wind speed in areas that are potential wind farm sites is 8.4 m/s. The energy
reduction using 8 m/s as the mean wind speed, therefore, gives the closest to realistic energy reduction
scenario. Also, these energy reductions are assuming 100% penetration of wind energy, which is
unlikely to happen, so even less of an effect can be expected.

5. Limitations and Context

It should be noted, however, that this analysis does not include other potential-mostly local-effects,
like changes in soil moisture content, sensible and latent heat fluxes due to the increased mixing.
Turbine rotors have been observed to add turbulence, or TKE, in their wakes [30,35] and Reference 11
reported changes in the vertical distribution of heat and humidity and in surface heat and moisture
fluxes. Taking into consideration the increased turbulence and the changing fluxes, the modeling study
in Reference 11 reports a local maximum wind speed reduction of 50% and a mean wind speed
reduction of about 20% at hub height. These values can be compared to those shown in Figure 8, where
the maximum velocity deficit is about 25%. Even if a 50% deficit were to be used in this analysis,
because the wake volume is such a small portion of the total atmosphere, the conclusions will not be
significantly changed.

The presence of turbulence can also affect power production. Relative variations in power
production has been found to increase with TKE [36], especially if the TKE/RKE ratio is large.
Production from upwind turbines can be influenced by turbulence generated by the environment-from
uneven terrain or an unstable atmosphere, for example-while downwind turbines, if not spaced properly,
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can be affected by the added TKE in the wake of the upstream rotors [37]. The effect of variable power
production is also not included in this analysis, but it is not believed to have a significant effect on the
conclusions here. Even if the results reported here were off by a factor of 10, the conclusions would
still hold.

Similarly, wind shear also affects power production. Studies done at wind energy facilities in the
Midwest showed lower than expected power production during the day due to low wind shear, while
there was higher than expected production during the night when the wind shear was much
stronger [38]. High wind shear also adds extra load to the turbine blades, which can increase the
maintenance needs and downtime of turbines. It is not clear if the addition of both turbulence and wind
shear effects will have a significant difference on the range of values reported here, since it is difficult to
quantify just how power production is affected by either phenomenon. In order to investigate these
effects, the BEM model will have to be coupled to an atmospheric dynamics model to be able to
simulate the changes in wind flow caused by both shear and high TKE.

Also not included are the effects of land use change caused by the construction and the presence of
the wind farm. These can alter soil moisture content and albedo, among others, although it is most likely
that these effects will be small. The turbines themselves occupy a very small footprint, and the roads are
usually dirt roads with vegetation sometimes growing over them, minimizing the impact of the land use
change [32]. Even with the 10 million turbines required for Scenario Al, only ~1% of global area
is needed.

Even if the energy loss values reported in the previous section increased due to correcting all the
limitations expressed above, the energy reduction effect due to wind farms should be taken in the
context of other causes for wind speed reduction. Reference 39 simulated wind speed reductions
ranging from 1%-5%, resulting in a 1.7%-8.6% wind energy loss, that correlated with increased
atmospheric aerosol content over California. Losses of this magnitude can be expected over any highly
urbanized area. Even if similar losses applied only to 3% of the Earth’s land area (approximately the
amount of land already urbanized [40]), the energy reduction in the L1 layer due to aerosol pollution
would be 0.051%-0.258%, which compares with a 0.006%-0.008% reduction due to supplying global
energy with wind power. Even locally, where the energy loss from wind turbines is expected to be a
maximum, other factors can also reduce wind speeds. For example, a 24% decrease in wind speed has
been reported in Southeast China due to new construction and vegetation growth over a span of
20 years [41]. Any global and local atmospheric effects due to wind turbines, therefore, should be seen
in the light of these other factors.

Furthermore, the energy loss from wind farms should be measured against the environmental
disadvantages of maintaining fossil fuels as energy sources. Aside from mitigating global warming due
to fossil-fuel combustion, using wind power can also avoid thermal pollution. Thermal power plants
(TPP) have typical thermal efficiencies on the order of 30% [26]. This means that two-thirds of the
energy input into the system is rejected as waste heat. A fraction of this heat is released into the
atmosphere, while a majority of it is often absorbed by water, which is discharged into a nearby lake or
river. The resulting increase in temperature of the water can be dangerous to the aquatic ecosystem.
Assuming an average efficiency of 34%, and a typical heat production rate of 10,000 Btu/kWh [26],
which translates into 10,550 kJ/kWh, the waste heat is on the order of 6,600 Btu/kWh or
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6,963 kJ/kWh. Even if combined cycle gas turbines, at about 60% efficiency, or combined heat and
power (CHP) systems are used, which can be up to 80% efficient, the waste heat will still be on the
order of 2,000 kJ/kWh. In comparison, based on the above analysis, the maximum energy loss per year
from the horizontal wind is ~2,500 kJ/kWh. Some of the loss goes into electric power production, some
goes into spiraling the wake, and the rest to turbulence, which converts mechanical energy to heat.
Although heat may be added to the atmosphere through this turbulent dissipation, or through the eddies
transferring heat into or out of the ground, the effect and magnitude will be akin to the normal process
of winds that are dissipated by surface friction. It will not be as damaging as the heat discharged by
TPPs, which would otherwise not be generated if they were not in use. Thus, any heat and turbulence
added to the atmosphere by turbines is significantly outweighed by the more environmentally damaging
heat from the thermal power plants that these wind farms will displace.

6. Conclusions

A BEM model was developed for the purpose of determining the forces exerted onto the atmosphere
by turbine blades. This provides a more detailed parameterization for the modeling of wind turbine
effects on the atmosphere. The model was evaluated against three turbines, where the power curves
from the turbines were compared with model-generated power curves. The best agreement between the
model and data power curves occurred at wind speeds between 5-15 m/s, which is the wind speed
range that is most relevant to wind energy. When the power curves were weighted with a typical wind
frequency distribution—where the majority of wind speeds that occur are between 5-15 m/s—the
agreement between model and data increases significantly. Based on these results, the model was found
to be sufficient for the purpose of simulating the interaction between the turbine blades and the
atmosphere in the context of wind power generation. Because of the resolution of this model-it uses a
number of data points along a turbine blade-it will be a good tool to use to couple with an atmospheric
dynamics model in order to create a better parameterization for the presence of wind farms.

The model was combined with efficiency data to estimate the energy lost from the atmosphere due to
a large deployment of wind farms. The rough estimates from this model show that if the world’s energy
needs were supplied by wind energy, the L1 layer over global land plus ocean would lose only
0.006%-0.008% of its energy. Even with the added energy consumption of putting hydrogen in the
energy mix will only result in a loss of 0.010%-0.013%. If only the U.S. energy needs are supplied, the
loss from L1 above U.S. land ranges from 0.19%-0.23%, and above global land plus ocean ranges from
0.0012%-0.0014%. Replacing U.S. onroad vehicles with wind-powered BEVs reduces energy in L1
over U.S. land by 0.04%-0.05% and over global land plus ocean by 0.00026%-0.00031%. Certainly
less than 100% of the entire energy demand and vehicle energy demand will be satisfied by wind, so the
actual percentages of energy loss in the L1 layer over the regions specified will likely be lower than
those shown. Such losses are also estimated to be at least an order of magnitude less than energy losses
due to other anthropogenic influences, such as by aerosol pollution and urbanization. Moreover, the
maximum energy loss estimated in this study translates to a power density that is a few orders of
magnitude less than the radiative forcing due to the doubling of CO, in the atmosphere. Also, any
heating effects of this energy loss is outweighed by the thermal pollution that it will avert when wind
farms displace the thermal power plants driven by fossil fuels.
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In sum, the energy losses due to wind turbines, while high immediately downwind of a turbine, are
quite small when averaged over large geographic regions, even if the entire world were powered by
wind. A complete evaluation of the effects of wind turbines on local meteorology though, requires
three-dimensional simulations of turbines interacting with the environment when the turbines are
resolved. The BEM module discussed here can be used in such a resolved model to calculate
these feedbacks.

Acknowledgements

Much thanks to Peter Hansen (LM Glasfiber) and Martin O.L. Hansen (Technical University of
Denmark) for providing turbine data for model comparison, and to Cristina Archer for her invaluable
input. This project was funded by NASA and the Precourt Institute for Energy Efficiency.

References

1. Pasqualetti, M.J. Morality, space, and the power of wind-energy landscapes. Geogr. Rev. 2000, 90,
381-394.

2. Devine-Wright, P. Beyond NIMBY ism: towards an integrated framework for understanding public
perceptions of wind energy. Wind Energy 2005, 8, 125-139.

3. Johansson, M.; Laike, T. Intention to respond to local wind turbines: the role of attitudes and
visual perception. Wind Energy 2007, 10, 435-451.

4. Anderson, R.; Morrison, M.; Sinclair, K.; Strickland, D. Studying Wind Energy/Bird Interactions:
A Guidance Document; National Wind Coordinating Committee: Washington, DC, USA, 1999;
pp. 1-88.

5. Johnson, G.D.; Erickson, W.P.; Strickland, M.D.; Shepherd, M.F.; Shepherd, D.A.; Sarappo, S.A.
Mortality of bats at a large-scale wind power development at Buffalo Ridge, Minnesota. Am. Midl.
Nat. 2003, 150, 332-342.

6. Everaert, J.; Stienen, E.W.M. Impact of wind turbines on birds in Zeebrugge (Belgium).
Biodiversity Conserv. 2007, 16, 3345-3359.

7. Sovacool, B.K. Contextualizing avian mortality: A preliminary appraisal of bird and bat fatalities
from wind, fossil-fuel, and nuclear electricity. Energ. Policy 2009, 37, 2241-2248.

8. lvanova, L.A.; Nadyozhina, E.D. Numerical simulation of wind farm influence on wind flow. Wind
Engineer. 2000, 24, 257-269.

9. Keith, D.W.; DeCarolis, J.F.; Denkenberger, D.C.; Lenschow, D.H.; Malyshev, S.L.; Pacala, S.;
Rasch, P.J. The influence of large-scale wind power on global climate. Proc. Natl. Acad. Sci. USA
2004, 101, 16115-16120.

10. Kirk-Davidoff, D.; Barrie, D. Downstream synoptic impact of time-varying windfarm roughness. In
Geophysical Research Abstracts; Proceedings of the 4th EGU General Assembly, Vienna, Austria,
April 15-20, 2007; Copernicus Publications: G&tingen, Germany, 2007.

11. Roy, S.B.; Pacala, S.W.; Walko, R.L. Can large wind farms affect local meteorology? J. Geophys.
Res. 2004, 109, D19101.

12. Adams, A.S.; Keith, D.W. Wind energy and climate: Modeling the atmospheric impacts of wind
energy turbines. Eos Trans. AGU 2007, 88.



Energies 2009, 2 837

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24,
25.

26.

217.

28.

29.

30.

31.

32.

33.

Glauert, H. Windmills and fans. In Aerodynamic Theory; Durand, F.W., Ed.; Springer: Berlin,
Germany, 1935; pp. 324-341.

Glauert, H. Airscrew theory. In Aerodynamic Theory; Durand, F.W., Ed.; Springer: Berlin,
Germany, 1935; pp. 170-293.

Bermudez, L.; Velazquez, A.; Matesanz, A. Numerical simulation of unsteady aerodynamics
effects in horizontal-axis wind turbines. Sol. Energy 2000, 68, 9-21.

Johansen, J.; Serensen, N.N. Aerofoil characteristics from 3D CFD rotor computations. Wind
Energy 2004, 7, 283-294.

Snel, H. Review of the present status of rotor aerodynamics. Wind Energy 1998, 1, 46-69.
Jonkman, J.M. Modeling of the UAE Wind Turbine for Refinement of FAST_AD. NREL/TP-500-
34755; National Renewable Energy Laboratory: Golden, CO, USA, 2003.

Martinez, J.; Bernabini, L.; Probst, O.; Rodriguez, C. An improved BEM model for the power
curve prediction of stall-regulated wind turbines. Wind Energy 2005, 8, 385-402.

Zervos, A.; Huberson, S.; Hemon, A. Three-dimensional free wake calculation of wind turbine
wakes. J. Wind Eng. Ind. Aerod. 1988, 27, 65-76.

Chattot, J.-J. Helicoidal vortex model for wind turbine aeroelastic simulation. Comput. Struct.
2007, 85, 1072-1079.

Duque, E.P.N.; Burklund, M.D.; Johnson, W. Navier-Stokes and comprehensive analysis
performance predictions of the NREL phase VI experiment. J. Sol. Energ. 2003, 125, 457-467.
Sorensen, N.N.; Michelsen, J.A. Drag prediction for blades at high angle of attack using CFD. J.
Sol. Energ. 2004, 126, 1011-1016.

Hansen, M.O.L. Aerodynamics of Wind Turbines; James & James Ltd.: London, UK, 2000.
Leclerc, C.; Masson, C. Wind turbine performance predictions using a differential actuator-lifting
disk model. J. Sol. Energ. 2005, 127, 200-208.

Masters, G.M. Renewable and Efficient Electric Power Systems; John Wiley and Sons, Inc:
Hoboken, NJ, USA, 2004.

Frandsen, S.; Barthelmie, R.; Pryor, S.; Rathmann, O.; Larsen, S.; Hgstrup, J.; Thegersen, M.
Analytical modelling of wind speed deficit in large offshore wind farms. Wind Energy 2006, 9,
39-53.

GE-Energy Company. 1.5 MW Turbine. Available online: http://www.gepower.com/prod_serv/
products/wind_turbines/en/downloads/ge_15 brochure.pdf (accessed 10 January 2009).

Smith, G.; Schlez, W.; Liddell, A.; Neubert, A.; Pena, A. Advanced wake model for very closely
spaced turbine. In European Wind Energy Conference, Athens, Greece, Febrary 27-March 2,
2006; pp. 1-9.

Elliott, D.L.; Barnard, J.C. Observations of wind turbine wakes and surface roughness effects on
wind flow variability. Sol. Energy 1990, 45, 265-283.

Archer, C.L.; Jacobson, M.Z. Evaluation of global wind power. J. Geophys. Res. Atmos. 2005,
110, D12110.

Jacobson, M. Review of solutions to global warming, air pollution, and energy security. Energy
Environ. Sci. 2009, 2, 148-173.

Jacobson, M.Z.; DeLucchi, M.A. Powering the Planet. Sci. Amer. 2009 (in press).



Energies 2009, 2 838

34.

35.

36.

37.

38.

39.
40.

41.

Solomon, S.; Qin, D.; Manning, M.; Chen, Z.; Marquis, M.; Averyt, K.B.; Tignor, M.; Miller, H.L.
Climate Change 2007: The Physical Science Basis; Cambridge, UK; New York, NY, USA, 2007.
Petersen, E.L.; Mortensen, N.G.; Landberg, L.; Hojstrup, J.; Frank, H.P. Wind power
meteorology. Part 1: Climate and Turbulence. Wind Energy 1998, 1, 2.

Thiringer, T.; Dahlberg, J.A. Periodic pulsations from a three-bladed wind turbine. IEEE Trans.
Energy Convers. 2001, 16, 128-133.

Ammara, |.; Leclerc, C.; Masson, C. A viscous three-dimensional differential/actuator-disk method
for the aerodynamic analysis of wind farms. J. Sol. Energ. 2002, 124, 345-356.

Smith, K.; Randall, G.; Malcolm, D.; Kelley, N.; Smith, B. Evaluation of wind shear patterns at
midwest wind energy facilities. In AWEA Windpower Conference; Portland, OR, USA, June 2-5,
2002.

Jacobson, M.Z. Wind reduction by aerosol particles. Geophys. Res. Lett. 2006, 33, L24814.
Earth_Institute_News_Archive. The Growing Urbanization of the World; New York, USA,
2005. Awvailable onlione: http://www.earthinstitute.columbia.edu/news/2005/story03-07-05.html.
(accessed February 4, 2009).

Elliott, D.; Schwartz, M.; Scott, G. Wind resource base. In Encyclopedia of Energy; Elsevier: New
York, NY, USA, 2004; pp. 465-479.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This
article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/3.0/).



