Renewable and Sustainable Energy Reviews 32 (2014) 84 —99

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

Impact analysis of wind farms on telecommunication services @CwssMark

I. Angulo &, D. de la Vega®", |. Cascorf, J. Cafiizd, Y. Wu®, D. Guerra® P. Angueira®

2 Department of Communications Engineering, University of the Basque Country (UPV/EHU), Alda. Urquijo s/n, 48013 Bilbao, Spain
b Communications Research Centre, Ottawa, Canada

article info abstract

Article history: Wind power is one of the fastest-growing technologies for renewable energy generation. Unfortunately, in the
Received 23 October 2012 recent years some cases of degradation on certain telecommunication systems have arisen due to the presence
Received in revised form of wind farms, and expensive and technically complex corrective measurements have been needed. This paper

21 November 2013
Accepted 29 December 2013
Available online 25 January 2014

presents a comprehensive review on the impact of wind turbines on the telecommunication services. The
paper describes the potential affections to several telecommunication services, the methodology to evaluate
this impact, and mitigation measures to be taken in ¢ ase of potential degradation, both preventive and
K?yword53 corrective. The telecommunication services included in this review are those that have demonstrated to be
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P by-case analysis before the wind farm is installed, taking into account the particular features of each installation
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Radionavigation systems and the involved services. The prediction of the potential impact makes it possible to propose alternative

Broadcasting services solutions in order to assure the coexistence between th e wind turbines and the telecommunication services.
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1. Introduction

The assessment of suitability of a certain location for the
installation of a wind farm requires the consideration of multiple
impact issues: visual aspects, environmental effects such as the
impact on wildlife and birds, shadow icker from wind turbines
and noise pollution [1-3]. Electromagnetic effects should also be
considered, due to the fact that the presence of a wind farm near
telecommunication transmitters or receivers may introduce dis-
tortions on the transmitted signals [1]. These distortions can
cause different effects on the radiocommunications services
depending on several factors such as the frequency band, the
modulation scheme and the discrimination of the radiation
pattern of transmitter and receiver aerials. The radiocommunica-
tion services that have proved to be more sensitive to the
presence of wind turbines are the following: Air Traf ¢ Control
radars [4—-10], weather radars [11-16] and maritime radars [17—
21]; aeronautical navigation systems such as VOR [10,22] and ILS
[23,24]; xed radio links [25-27]; and broadcasting services
(mainly analog television[25,28— 35] and digital television to a
lesser extent [25,37-39]).

Although the critical interference cases are not common, if they
occur when the wind farm is already installed, the posteriori
corrective measurements are normally technically complex and/or
cost prohibitive [40-42]. By contrast, the prediction of the poten-
tial impact of a wind farm on the telecommunication services
before its installation allows the planning of alternative solutions
in order to assure the coexistence between the wind turbines and
the telecommunication services. This potential impact must be
analyzed in a case-by-case basis, taking into account the particular
features of each installation and the involved services, such as the
accurate location of the wind turbines and the telecommunica-
tions infrastructure, terrain altimetry and topography, telecommu-
nication towers height, service frequency and modulation,
radiating systems characteristics and reception conditions.

In case of a potential problem being identi ed, preventive
measurements can be taken in order to avoid it. These may
include proposing safe-guarding zones, changing the location of
a wind turbine in the preliminary design of a wind farm, choosing
a model with different dimensions or selecting alternatives for the
telecommunication services (new transmitter locations, different
communication links, etc.) [1]. Whatever the case may be, the cost
of preventive measurements is lower than the one of corrective
measurements and prevents public opposition to wind energy
development.

This paper presents a comprehensive review on the impact of
wind turbines on the telecommunication services, with special
dedication to the methodology to be applied in order to detect
potential problems before they occur and propose possible
solutions. The paper is organized as follows. First, some basic
concepts on the electromagnetic effects of wind turbines are
introduced in Section 2. Then, the potential affections to the
different telecommunication services are presented in the three
following sections. Each of these sections includes a brief
description of the service, the possible interference effects due
to a wind farm, the methodology to evaluate this potential

impact, and mitigation measures to be taken in case of potential
affection, both preventive and corrective. Finally, the main con-
clusions are summarized in Section 7.

2. EM effects of wind turbines

At microwave frequencies, when an electromagnetic wave
reaches a body, it induces oscillating charges on its surface. These
currents produce in turn a scattered wave that re-radiates energy
in various directions. The spatial distribution of the scattered
energy depends on the size, shape and composition of the
obstacle, and on the frequency and nature of the incident wave
[43]. The mechanism of the electromagnetic scattering is a
complicated process that includes re ections, diffractions, surface
waves, ducting, and interactions between them  [44]. In this
context, the total eld at an observation point due to radiation
by induced elds over the surface of the obstacle will be com-
prised of the direct elds (desired signal) and scattered elds
(potential interference).

When the scattering direction is back toward the Source of the
radiation, it is called monostatic scattering. By contrast, bistatic
scattering is the name given to the situation when the scattering
direction is any but the retro-direction. A particular case is forward
scattering, which occurs when the bistatic angle is approximately
1801 [43]. In general, the forward scattering from an obstacle is
stronger than the backscattering. However, the forward scatter is
nearly out of phase with the direct  eld; therefore, it is subtracted
from the direct eld, creating a shadow behind the wind turbine
[43]. As an example, Fig. 1 shows the horizontal and vertical
scattering patterns of a wind turbine for certain illumination
conditions and static position of the blades.

As observed in Fig. 1, the scattering patterns show great
variability mainly due to the complex design of the nacelle and
the blades. Moreover, the amplitude of the scattered signal varies
with the blade rotation. Fig. 2 shows an example of the time
variability of the signal scattered by a wind turbine with rotating
blades, obtained from empirical data [38,45]. It can be observed
that there is a periodic variation with a repetition period of
approximately 1s, corresponding to 1/3 of the rotation rate of
the wind turbine, as expected for a three-blade rotor. Both the
mean level and the time variability due to blade rotation are
dependent on the orientation of the wind turbine with respect to
the transmitter and the receiver.

Furthermore, due to the moving blades of the wind turbine, the
frequency of the signal will be shifted according to the Doppler
effect. The Doppler frequency shift depends on the radial velocity
of the moving object with respect to the receiver. As a conse-
quence, a frequency spread will be caused in the signal spectrum,
which will depend not only on the rotation angular speed of the
blades, but also on the blade length and on the relative orientation
of the nacelle with respect to the transmitter and the receiver.

In summary, a wind turbine may cause a scattered signal of
dynamic nature which is both amplitude and frequency modu-
lated due to the rotating blades. The time and frequency char-
acteristics of this scattering signal will depend on multiple factors.
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Fig. 1. Example of the scattering pattern of a wind turbine for certain illumination, conditions and position of the blades, where yellow arrows represent the direction of

incidence. (1) Horizontal plane; and (2) vertical plane of the scattering pattern. (For interpretation of the references to color in this

web version of this article.)
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Time(s)

Fig. 2. Example of the time variability of the signal scattered by a wind turbine as
blades rotate.

Some of them are xed, such as the distance from the transmitter
and the dimensions and materials of the wind turbine, while other
are time-varying, such as the nacelle orientation and the rotation
speed of the blades.

3. Weather, Air Traf ¢ Control and maritime radars

A radar is an electromagnetic system for detection, location and
recognition of target objects, which operates by transmitting
electromagnetic signals, receiving echoes from target objects
within its coverage volume, and extracting location and other
information from these echo signals [46]. It basically consists of a
transmitter to generate the high-frequency signal, an antenna to
send the signal out and to receive the echo back from the target,
and a receiver to detect the signal. The antenna of the radar
usually rotates about a vertical axis, scanning the horizon in all
directions around the radar site. Radars equipped with Doppler
capability do not only detect and measure the power of the echo
received from a target, but they also measure the speed of the
target moving toward or away from the radar  [47].

gure legend, the reader is referred to the

According to their speci ¢ purpose, several types of radar can
be identi ed. Each of these is designed to detect a speci c kind of
target, and therefore, they feature different working regimes and
frequency bands, operation ranges, etc. Weather radars aim at
detecting meteorological phenomena like clouds, rain or storms,
while ATC radars aim at detecting aircrafts, and maritime radars at
ships and boats. There are different working frequencies ranging
from S-band (2.0— 4.0 GHz) to X-band (8.0—12.0 GHz) in the case of
weather and marine radars, and L-band (1.0— 2.0 GHz) and S-band
(2.0—4.0 GHz) in the case of ATC radars [48-51].

Weather radars usually work with three main types of data. In
the re ectivity mode, return echoes from targets are analyzed for
their intensities to establish the precipitation rate in the scanned
volume. In the Doppler mode, the precipitation % motion is
calculated. Finally, in the polarization operational mode, orthogo-
nal polarization pulses are used to evaluate drop shapes and
distinguish amongst different precipitation types, such as rain,
snow, or hail [47].

In the case of ATC radars, two main types are distinguished.
Primary Surveillance Radars (PSRs) basically work as explained
before, detecting the electro-magnetic energy re  ected from the
body of the aircraft. By contrast, in the Secondary Surveillance
Radars (SSRs), the equipment on board the aircraft receives an
interrogation from the ground station and cooperates by replying
with a signal broadcast of its own that is detected by the radar

With respect to marine radar, it breaks down into two main
application areas. The vast majority is used at sea and on navigable
waterways by ships and smaller craft; the others are used by port
and coastal authorities for vessel surveillance from land-based
sites [48].

[9].

3.1. Interference effects of a wind farm on radar systems

Wind turbines are huge signal re  ectors of greater dimensions
than the targets that radars aim at, and therefore, their presence
may hide weaker signals from smaller targets. Additionally, the
rotating blades generate a Doppler shift also detected by the
radars. As current radars are not designed to identify and Iter
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out signals from wind turbines, signi cant information in the
surroundings of the wind farm may be lost.

In weather radars, wind turbines may lead to the misidenti ca-
tion of thunderstorm features and to the erroneous characteriza-
tion of meteorological phenomena. These errors may be due to
clutter returns (signal echoes from the wind turbines), signal
blockage (the physical size of the wind turbine creates a shadow
zone behind them) and interference to the Doppler mode of the
radar (frequency shifted echoes from the rotating blades) [49].
Fig. 3 shows the blockage of the radar signal by the wind turbine
and the shadow volume where the detection capacity is reduced.

Fig. 4 shows a real case of how wind farms are detected by the
C-band pulsed Doppler radars of the Spanish weather radar
network, where the re  ected signals are misinterpreted as rainfall,
as analyzed in [52]. Fig. 5 shows an example of how the signals
from wind turbines disturb the precipitation level detected by the
same radar.

Region 1

Radar Wind turbine

1)

Shadow length

I Shadow height

>

@)

Fig. 3. Blockage of the radar signal by the wind turbine and shadow volume where
the detection capacity is reduced. (1) Aerial view; (2) front view.
(Source Eurocontrol [9]).
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Fig. 4. Six hours accumulated rainfall map estimated by a C-band pulsed Doppler
radars of the Spanish, weather radar network, in a sunny day without rain
precipitation. Most of the blue colored areas do not correspond to precipitation,
but to re ected signals from wind farms. ). (For interpretation of the references to
color in this  gure legend, the reader is referred to the web version of this article.)
(Source AEMET [78].
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Fig. 5. Six hours accumulated rainfall map estimated by the same radar in case of
rainfalls. It can be observed that signals from wind turbines (in green and yelow)
increase the estimated precipitation level in the affected area (yellow circle) ). (For
interpretation of the references to color in this gure legend, the reader is referred
to the web version of this article.)
(Source AEMET [78].

In ATC radars, similar effects can be suffered, leading to false
target reports which can have a detrimental impact on the
surveillance component of the radar operations, as observed in
several cases in Germany and France [53,54]. Similarly, other
reports contain numerous examples of the effects of wind farms
on ATC radars in the United Kingdom and the United States of
America [4,8,55].

With respect to marine radars, both shipborne and shorebased,
the large vertical extent of the wind turbine generators might
return radar responses that may be strong enough to produce
multiple interfering echoes [17-19]. Therefore, echoes of small
craft within the wind farm can merge with strong echoes gener-
ated by the turbines when the craft pass close to the towers
making them invisible to radar observers or automatic plotting
facilities. However, while navigating, this effect will only be
temporary until the craft moves away from the turbine [18].

3.2. Methodology to evaluate the potential impact of a wind farm on
weather radars, ATC radars, and maritime radars

3.2.1. Weather radars

The World Meteorological Organization (WMO) [11] and
EUMETNET (an association of national weather services within
Europe) [14] de ne “exclusion distances”, where no wind farms
should be installed, and *“coordination distances ”, where detailed
studies should be carried out. More precisely, according to the
WMO and EUMETNET, the placing of wind turbines should be
avoided at ranges lower than 5 or 10 km (for C and S band radars,
respectively) and coordinated with the weather radar operators at
distances up to 20km or 30km (for C and S band radars,
respectively). The studies should consider the characteristics of
each wind turbine of the wind farm in order to nd reasonable
solutions ensuring, in the non-critical zones, a minimal impact on
the radars.
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Recent studies suggest that the present 20 km upper limit value
should be removed because the risk of interference at longer
distances than 20 km should not be ignored [41]. In practice, this
means that all the wind turbines in line of sight with the weather
radar should be analyzed.

Three different scenarios are considered: blocking of the radar
beam, clutter and Doppler effect.

3.2.1.1. Blocking of the radar beam.The blocking of the beam occurs
when the radar is pointing in direction of the wind turbine and there

is direct line of sight between them. If the physical area of a wind
turbine blocks part of the radar beam, this obstruction, even if partial,
can lead to errors in the precipitation monitoring. Fig. 6 shows an
example of assessment of the volume behind the wind turbines
where the radar beam is blocked, causing the misidenti  cation of
precipitation phenomena.

Typical weather radars transmit the signal to a very limited sector,
using antennas with 1 1-21 beam aperture (at 3 dB). Evidently, the
section of the radar beam increases as the distance from the radar
increases. It should be noted that the service range of a weather radar
may cover up to 150 —300 km, and therefore, geographical areas of
signi  cant size may be affected by the blocking of the beam [11]. The

< “

degree of the radar beam blocking depends on both the distance
between the radar and the turbine and the turbine dimensions, and
it is possible to estimate it by calculating the portion of the power
density that is obstructed by the physical dimensions of the wind
turbine.

Accordingly, in order to evaluate the impact due to the blocking of
the beam on the weather radar, the percentage of the beam section
blocked by the wind turbine structure should be calculated (see
Fig. 7) for the wind turbines located within a distance of 10 km from
the radar [11] . To do so, the particular features of the case under study
should be considered: terrain height, position of the radar and the
wind turbines, physical size of the turbine, volume occupied by the
scanning radar beam and the different elevation angles of the radar
beam. The value of 10% of blocking of the beam is the acceptable
maximum value proposed by the Wor Id Meteorological Organization
[11]. Most European countries follow this recommendation in their
national consultation and approval processes, although there are
countries that use more restrictive values, such as the United King-
dom Met Of ce (1% maximum beam blocking) or Sweden (2%
maximum beam blocking) [41]. Other countries, such as Denmark
and Germany, only apply a xed minimum separation distance

between the radar and the wind turbines  [41].

T vy

Fig. 6. Blocking of the radar beam and “shadow volume ” (in red) generated behind each wind turbine

the reader is referred to the web version of this article.)

[61]. (For interpretation of the references to color in this gure legend,
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Fig. 7. Example of how estimate the section of the radar beam blocked by a wind turbine.

(Source: WMO [11]).





