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a b s t r a c t

Adverse impacts from wind turbine obstruction lights have received little attention in literature and
practice with respect to community annoyance with wind energy and studies on the effects of mitigation
measures are absent. Technology development has made demand-based obstruction lights possible,
allowing lights to be turned on only when aircrafts are approaching. The aim of this study is to inves-
tigate the effects of demand-based obstruction lights on community annoyance while considering the
intervening effects from other influential factors. This is done by means of a before-after study of the
installment of a demand-based obstruction light technology at a test center for wind turbines with a
height up to 330 m in the northern part of Denmark. The results document that a radar-based
obstruction light controlling system contributes to the reduction of community annoyance, but that
annoyance is also influenced by several factors besides the direct impacts from obstruction lights. The
results underscore the importance of communicating the effects of the radar system during the planning
phase and when implemented. The findings thus provide important evidence that informs the efforts
made by developers and authorities to reduce annoyance and increase community acceptance of wind
turbines as part of the green transition of societies.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Obstruction light control (OLC) systems are installed and tested
at an increasing number of locations [e.g. 1,2]. A keymotivation is to
reduce light pollution and annoyance of residents living nearby
[3e7] and thus overcoming community opposition, which consti-
tutes a main barrier to wind energy development [8]. However,
scientific investigation and documentation of the effect of OLC-
systems on annoyance has so far been limited.

The literature on impacts on communities and community
annoyance related to wind turbines has focused primarily on
negative physical impacts such as noise [9e12], visual changes to
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the landscape [3,4] and shadow-flicker [10,5]. An aspect of this
discussion that has received relatively little attention is the impact
from aviation obstruction lights [6,7,13,14]. Traditionally, impacts
from obstruction lights have been regarded as a part of the visual
impacts and not a distinct impact from wind turbines [15]. How-
ever, as the size of wind turbines has increased significantly over
time, from average hub heights between 60 and 70 m in the
beginning of the century to an average hub height over 120 m 20
years later [16], turbines more often reach into elevations of in-
terest to aviation. Consequently, there is a growing need for avia-
tion obstruction lights on wind turbines in order to ensure aviation
safety [7]. This development has emphasized the relevance of
investigating impacts from obstruction lights on local communities
separately from other visual impacts, including how tomitigate the
impacts effectively.

Research on light pollution has predominantly focused on
health impacts or public perception of light pollution in general
[17,18]. General light pollution, defined as excess use of artificial
light from multiple sources, can consist of different kinds of
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pollution e.g., sky glow (Typically from cities on to the sky), light
trespass (From specific light sources on the ground), glare (Light
shining horizontally) and over illumination (Excess level of lux)
[19]. General light pollution has been linked to cancer [19,20] and
disturbances to the circadian clock causing sleep problems and
metabolic disorders [21]. Impacts from the specific glare and over
illumination pollution from obstruction lights are less described.
Pohl et al. [7,14] and Rudolph et al. [6] are a few of the scholars who
have discussed the impacts on local communities specifically from
obstruction lights installed on wind turbines and connected it to
community annoyance caused by wind energy.

Pohl et al. [7,14] in accord with Rudolph et al. [6], found that
obstruction lights on wind turbines do cause annoyance among
neighbors when referring to annoyance as an evaluation of the
perceived WT sound. However, in relation to other impact factors,
participants felt comparably strongly annoyed by shadow-casting
but more strongly annoyed by landscape changes and WT noise
[7]. Particularly, substantial annoyance effects including stress re-
actions from obstruction lights among neighbors was not observed
[7,14]. . Despite individual differences in how neighbors are affected
by obstruction lights, Rudolph et al. [6] furthermore find that
annoyance caused by obstruction lights is not reduced over time
without mitigation measures.

This paper investigates themitigation effects from a radar-based
obstruction light control system (OLC-system), a technology that
has only recently become widespread in connection to wind tur-
bines. The system consists of a radar device placed near awind farm
that continuously scans the airspace for objects (planes, birds etc.)
and ensures that obstruction lights are activated only when air-
planes are sufficiently near the wind farm [18]. The radar system is
typically either a single-turbine system where each turbine is
equipped with a radar, or a central system, where one central radar
detects relevant airplane transponders so that only relevant air
traffic activates the obstruction lights [22]. Either way, the result of
OLC-systems is that obstruction lights are turned on less frequently
thus reducing the light emission from obstruction lights.

Optimally, less light emission means fewer negative impacts on
the local community, which could reduce the annoyance of wind
turbines. However, community annoyance is a complex phenom-
enon that is not solely determined by the physical impacts from a
project [1,23]. The effect of an OLC-system on community annoy-
ance is therefore still unknown. The aim of this study is to inves-
tigate the effects on community annoyance from installing an OLC-
system at wind farms, while considering the intervening effects
from other influential factors including; attitudes, the planning
process and economical compensation schemes. The study is based
on a case study of a test center for wind turbines with a height up to
330 m in the northern part of Denmark. The concept of community
annoyance is further discussed in the following section in order to
provide a framework for evaluating the mitigation effects from the
OLC-system.

2. Theoretical background - the concept of community
annoyance

In order to assess the mitigation effects of the OLC-system on
community annoyance, the concept must be unpacked. Annoyance
is related to other concepts in the literature such as perceptions,
attitude, acceptance and stress [e.g. 24,25]. In a study of annoyance
related to noise, Guski et al. [26] conceptualized annoyance as
related to; a) an outcome, b) a multi-faceted psychological concept,
c) terms such as “nuisance” and “disturbance” and, d) a concept
with different meaning depending on culture. Perception of
annoyance has furthermore been conceptualized through the
psychometric paradigm [27] as subjective judgements and
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constructions of impacts, utilising and internalising heuristics and
simplified information to frame impacts. In terms of definition,
several definitions have been used in empirical research. A study of
exposure to environmental factors defined annoyance as “a feeling
of displeasure associated with any agent or condition, known or
believed by an individual or group to adversely affect them”

[27,p.3]. In their study of obstruction lights from wind turbines
Rudolph et al. defined annoyance as “a feeling of displeasure
directly or indirectly related to an emitting source” [6, p. 82]. In this
paper, we use the definition by Rudolph it al [6], but we use the
term community annoyance to distinguish from any associations to
disturbances on animals.

Annoyance is, furthermore, one of the feelings that can be
closely connected to community acceptance [28,29]. and it has
been used as a measure for acceptance particularly in connection
with community acceptance related to noise and obstruction lights
[6,7,13].

In this paper, we follow the efforts of the scholars discussed
above when assessing the effects of the OLC-system as a mitigation
measure of obstruction light-impacts. Hence, any positive changes
to annoyance are considered as a sign of the effectiveness of OLC-
system as a mitigation measure. However, acknowledging that
the mitigation of impacts from obstruction lights does not take
place in a vacuum, the scope of the study is broadened by discus-
sing the effects of influencing factors that are present in a planning
process but are outside the direct impacts from the obstruction
lights.

2.1. Factors that influence the mitigation effects of the OLC-system
e a framework for inquiry

Defined as a feeling of displeasure, the perception of annoyance
is highly influenced by people's values and emotions [30,31]. This,
in turn, places annoyance in an important context of social, cultural,
spatial, and temporal settings, inwhich people are embedded, since
the context influence how people perceive impacts of activities
[6,32].

Research on community annoyance related towind turbines has
identified a range of factors that could influence community
annoyance. This includes correlations between annoyance and
acceptance [13, 33, 34], between annoyance and prior attitudes [32]
between annoyance and planning process fairness [13] as well as
outcome fairness and economical compensation [32] and between
annoyance and visual impacts (e.g., Ref. [35]. Furthermore, studies
have documented strong annoyance induced by landscape changes
[13,36] and in some cases the direct visibility of turbines has also
been found to have an effect [37,38]. Gender has in some cases been
found to have a significant influence [32] and finally, a correlation
has been found between annoyance and the perceived sensitivity
towards impacts from wind turbines e.g. noise [10,39].

Specifically related to impacts from obstruction lights, Pohl et al.
[7] find that annoyance is also influenced by a number of factors
besides the direct impact from the obstruction lights. Factors such
as the time of day and weather conditions are found to be strong
predictors of annoyance because, according to Pohl et al. [7], they
affect the visibility of the lights. Rudolph et al. [6] support this
finding adding that the kinds of activities that the individual un-
dertakes and the micro-geography of the residents’ properties also
influence the visibility and thus the annoyance of the turbines.

Inspired by the review of research on community annoyance of
wind farms, this study focuses on some of the most commonly
found predictive factors to assess the effects of the OLC-system:
Personal/socio-demographic factors, factors related to impact on
place perception, awareness of light emission, procedural and
distributive justice and attitudes towards wind energy and the



S.B. Aaen, I. Lyhne, D.P. Rudolph et al. Renewable Energy 192 (2022) 164e173
specific facility. “Awareness of light emission” encompasses the
perceived visibility of the obstruction lights and is a factor that
attempts to include the findings from Pohl [7] and Rudolph [6] that
temporal factors such as weather and time of day influence
annoyance due to differences in visibility.

The OLC-system has potential for mitigating the negative im-
pacts from obstruction lights since it has the ability to reduce light
emission from obstruction lights considerably, especially in areas
with little air traffic. However, the review of factors influencing
community annoyance indicates that the mitigation effect might
not be so straightforward to assess, since community annoyance
depends on many other factors besides the light impacts.

To investigate the mitigation effects from an OLC-system, this
study has focused on a critical case. That is, a case that is most likely
to reveal the most information related to the problem under
investigation [40]. The study thus investigates a Danish case, where
an OLC-system has been implemented at a test center for wind
turbines in a sparsely populated area with little air traffic. The area
is characterized by little light pollution apart from the obstruction
lights, meaning that the effects of the OLC-system are presumably
more noticeable.

3. The case of the Danish test center

The test of the OLC-system is located at the National Test Center
for Large Wind Turbines at Østerild in the north-western part of
Denmark. It is operated by the Technical University of Denmark
(DTU). The test center holds nine turbine test spots that permit
wind turbines with total heights up to 330 m. The test sites are
rented out to different wind turbine manufacturers. The current
wind turbines have capacity ranging between 3 and 11 MW [41].

The test center is located in a sparsely populated area that
mainly consists of pine plantation and smaller towns, which was
originally one of the arguments for the siting of the center [42]. The
siting process was full of conflict, as a large variety of stakeholders
from both the local community and at national level, including
press, academia, NGOs and politicians, objected to the project [43].
To some of the local residents, the unjust experience with the
process became an integral part of how they perceived and referred
to the test center several years after the inauguration in 2012 [6].
One of the main issues that did not gain much attention in the EIA-
process but eventually became a main issue for the local commu-
nity, was the impact from the obstruction lights [6].

In order to comply with aviation safety regulation [44,45], two
250 m pylons (light masts) were placed at each end of the test area
with flashing high-intensive white obstruction lights (up to
2000 cd at night) [46]. Initially, the lights were blinking day and
night, which produced considerable dissatisfaction among the local
residents [6]. As a response to complaints from the local residents,
DTUwas granted a dispensation in 2017 to alter the light-system, so
that the white obstruction lights would only be turned on full-time
in the daytime. At night, the obstruction lights would be radar-
controlled and only turned on if any planes were within a radius
of 5500 m from the test center. The dispensation was given on the
condition that in addition to the white high-intensive obstruction
lights, red low-intensive lights (10e32 cd at night) [46] would be
installed on the light pylons, and turned on at all times [47].

The OLC-system was installed in the summer 2017 but was
especially in the following half year prone to malfunction, which
entailed increased light intensity at night, asynchronous blinking,
and lights that in certain periods were constantly turned on instead
of only in case of approaching airplanes. This produced some
dissatisfaction in the local area as the residents were expecting the
obstruction lights to be completely shut off during the night.

In addition to the implementation of the OLC-system, the
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Danish Government decided in the spring 2017 to further expand
the test center [47], thereby making it possible to test two addi-
tional turbines. This meant establishing an additional pylon with
high-intensive white light marking in the middle of the test center
and moving one of the existing pylons further south. Furthermore,
the expansion entailed cutting additional 63 acres of forest in the
area, and the increased noise impact caused a local camping ground
to be closed and the acquisition of a single estate because noise
levels were expected to exceeded threshold values for these spe-
cific locations. Given the size and impact of the expansion, as well
as the previous highly conflictual planning process connected to
the test center, an Environmental Impact Assessment was carried
out in the autumn 2017, and public meetings were held in April
2017 and January 2018 [48].
4. Materials and methods

This longitudinal study is a follow up of a study conducted in
SeptembereNovember 2015 where the local residents’ perceptions
of Østerild test center were investigated prior to the implementa-
tion of the OLC-system [See 11]. The aim has been to examine the
impacts from the OLC-system on the local residents. Hence, it was
imperative to evaluate the same residents in the before- and after-
study to investigate the development in their perception of the
impacts. In addition to the data from the 2015 pre-OLC survey, the
data collection consisted of six semi-structured interviews and a
post-OLC survey conducted in AprileMay 2018 of the same local
community.
4.1. Semi-structured interviews

In order to investigate some of the possible interference be-
tween the expansion process, the red lights that were introduced
together with the OLC-system and the effects from the OLC-system
itself, the team conducted six interviews with respondents in the
area. Interviewees were chosen among local residents who had
participated in the pre-OLC study or among the respondents who
provided their contact information in the pre-OLC survey. The in-
terviews covered questions regarding their perception of the
changes to the area and test center during the past 2 years, how the
obstruction lights affected them at the moment, and how the
imminent plans for expanding the test center affected them. Based
on the interviews, questions concerning the red obstruction lights
and the expansion were included in the post-OLC survey. Further-
more, questions that allowed the respondents to self-evaluate the
effect of the OLC-system were included.
4.2. Survey methodology

The post-OLC survey consisted of 40 questions and was to a
large extent similar to the pre-OLC survey in order to ensure
comparability. The questions covered subjects such as: Perception
of the local area, the extent to which respondents noticed the
obstruction lights and were influenced and annoyed by them, as
well as their general attitudes to wind energy, the test center and
the planning process connected to the test center.

‘Annoyance’ is, similar to previous studies on obstruction lights
[6,7], measured via a range of questions. We differentiate between
‘daily annoyance’ - annoyance experienced during different activ-
ities during a day and ‘general annoyance’ - annoyance experienced
in different circumstances.

The measure for general annoyance includes annoyance under
different circumstances such as;
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� … time of day (when it is dark outside in the morning, at
daylight, when it is dark outside in the evening, at night), and

� … different weather conditions (when the sky is clear, when it is
cloudy, when it rains and when it is foggy),

The measure for daily annoyance includes:

� annoyance during different activities (walking, doing sports,
relaxing, driving, watching TV, biking, reading, talking and
entertaining guests).

The recruitment of participants to the survey took place from
mid-April to late-May 2018. In Denmark, nights are short during
the summer, which could cause the effects from the obstruction
lights to be reduced. Therefore, the data collection was finalized in
the spring. Because the study had the objective to studywhether an
OLC-system controlling the obstruction lights is capable of miti-
gating negative impacts, a non-probability sampling strategy was
applied that targeted respondents that had participated in the pre-
OLC survey. It included two rounds of targeted letters to earlier
respondents that had provided contact information followed by
recruitment methods such as, posters on gathering places in the
local area, Facebook announcements in a group previously used for
recruitment of respondents, leaflets, and newspaper articles to
create awareness. The survey was distributed both electronically
via the software tool SurveyXact and via physical copies.

4.2.1. Participants
101 respondents answered the survey, 82 completed the survey,

and 19 partially answered the questionnaire. 52 of the respondents
had also answered the pre-OLC survey. These respondents were the
relevant sample for the study. Despite the two non-probability
sampling methods that were applied, the sample showed a repre-
sentative distribution compared to the local population in the area
around the test center on key theoretical and socio-demographic
variables. 46.3 pct. were women, and 53.7 pct. were men. The
average age was 55.7 years (SD 13.3). 17.6 pct. held a primary or
secondary education, 64.8 pct. a vocational education or a Bache-
lor's degree and 17.6 pct. a Master or PhD degree. However,
regarding one of the two concepts of interest for this study “degree
of perceived annoyance”, there is a tendency that the sample is
distributed along the more extreme parts of the annoyance scale,
showing an overrepresentation of respondents that are either “not
annoyed at all” or “very annoyed” by the obstruction lights under
different circumstances. This is also supported by standard de-
viations between 1.18 and 1.64 for a 5-point scale for the general
annoyance variable which is rather spread out (See Table 1).

Furthermore, comparing with e.g., Pohl et al.’s [14]. annoyance
measure means for Denmark, Germany and Switzerland, the
annoyance level for the sample is rather high. Pohl et al. [14] e.g.,
report for ‘annoyance at night’ a mean of 1.88 and 1.14 for Denmark
and Germany/Switzerland respectively compared to 3.31 in this
case. Similar, Pohl et al. [14] report means < 1 for all measure of
daily annoyance and even <0.5 for a many of the measures
compared to means above 1.3 in this sample (See Table 1).

4.3. Analytic strategy

The first analysis investigates how the perceived annoyance has
changed in the community after the implementation of the OLC-
system. In addition to annoyance level, it is investigated how the
OLC-system has influenced other impacts caused by the obstruc-
tion lights, such as; the residents’ attitudes towards the test center
and perceptions of their local area, and the extent to which they
notice the obstruction lights. This is done by applying Wilcoxon
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Signed Rank Test [49], a non-parametric test that compares rank
sums of variables at the two points in time; pre-OLC-system and
post-OLC-system. Wilcoxon Signed Rank Test was chosen for its
ability to handle the fact that differences between pre-OLC-system
and post-OLC-system variables were not normally distributed.
Which is a precondition for the more powerful paired t-test. In
addition to the Wilcoxon Signed Rank Test, the effect size is
calculated to assess which impacts from the obstruction lights have
changed the most due to the implementation of the OLC-system.
Hence, in addition to establishing whether the change is statisti-
cally significant, which the significance (p) will allow us to do, the
effect size (r) will reveal how big the change is compared to other
changes in impact [50]. For some of the variables, the respondents
themselves have assessed the changes caused by the introduction
of the OLC-system e.g., attitudes which means that the Wilcoxon
test is not applied on these variables.

The second analysis investigates which factors influence the
community annoyance after the introduction of the OLC-system.
This is done by applying a multiple linear regression analysis. A
multiple linear regression is fitting because it shows the association
between several predictive variables with ‘annoyance’ and it is
sufficiently robust to handle an Likert-scaled variable such as the
‘annoyance’-variable. The dependent variable - ‘annoyance’ con-
sists of the same items as the ‘general annoyance’-variable applied
in the Wilcoxon Signed Rank test. The analysis investigates the b-
values and goodness of fit for the model. The b-measure describes
the effect of the predictor variable on the dependent variable
annoyance. Comparing b-values will thus give an indication of the
relative importance of the predictor variables [51]. Significance
levels was set at p < 0.05 for influential predictors. The goodness of
fit is investigated for themodel in order to understand howwell the
model predicts the data. This indicates to what extent all relevant
predictive factors have been included in the model.

4.4. Methodological challenges

The data collection took place in the period October 2017eMay
2018, starting with interviews, and followed up by the surveys. The
timing of the data collection was an issue that required careful
consideration because it coincided with the expansion process,
whichmight have affected the local residents’ perception of the test
center and impacts from the obstruction lights. However, because
no actual changes connected to the expansion had been imple-
mented yet in May 2018, the impact on the residents’ annoyance is
presumably negligible which was supported by the interview
results.

Furthermore, the conditions had changed from the pre-OLC
survey, because the introduction of the OLC-system prompted the
requirement of red low-intensive obstruction on the light pylons in
addition to the white high-intensity lights. Consequently, the post-
OLC situation was potentially rather different from the pre-OLC
situation. The post-OLC survey sought to investigate the potential
influence from these changed conditions by formulating questions
directly aimed at understanding the effects from the red low-
intensity lights on the local community. To the question: ‘How
often do you notice the red lights at the test center’, the majority
answered that they noticed them less than once aweek (61.4 pct. in
the summer and 52.5 pct. in the winter). When asked whether they
found the red lights more annoying than the white lights, only 3
pct. agreed. From these results, we concluded that the introduction
of the red lights had a minor negative impact compared to the
impacts from the white obstruction lights. Worst case was that it
made the respondents answer more negatively regarding impacts
from the lights, which would underestimate the effect of the OLC-
system as a mitigation measure for white obstruction lights. The



Table 1
Mean and standard deviation (SD) for ‘general’- and ‘daily annoyance’ in pre- and
post-OLC-system surveys. (n ¼ 52).

Mean (SD)

Pre- OLC Post-OLC

General
Annoyance

To what extent do you feel bothered by
the WHITE aircraft obstruction lights
from test centre Østerild in the following
conditions? (1 ¼ Not at all, 5 ¼ Very)
When it is dark outside in the evening 3.48 (1.60) 2.96 (1.60)
At night 3.31 (1.64) 2.87 (1.62)
When it is dark outside in the morning 2.90 (1.56) 2.65 (1.58)
At daylight 1.94 (1.18) 2.13 (1.37)
When it is cloudy 2.65 (1.45) 2.25 (1.43)
When the sky is clear 2.92 (1.63) 2.58 (1.51)
When it rains 2.37 (1.25) 2.13 (1.30)
When it is foggy 2.29 (1.33) 2.00 (1.37)

Daily
Annoyance

Do the white obstruction lights bother
you in your daily activities? (1 ¼ Not at
all, 3 ¼ To a larger degree)
When I am taking a walk 2.10 (0.85) 1.94 (0.83)
When I am relaxing 1.87 (0.82) 1.60 (0.80)
When I am reading 1.31 (0.61) 1.19 (0.53)
When I am doing sports 1.38 (0.66) 1.31 (0.67)
When I am driving 1.83 (0.81) 1.65 (0.79)
When I am watching TV 1.37 (0.69) 1.23 (0.58)
When I am biking 1.75 (0.81) 1.63 (0.81)
When I am talking 1.33 (0.62) 1.21 (0.50)
When I am entertaining guests 1.62 (0.72) 1.48 (0.70)
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awareness of the red lights was included as a predictive factor in
the regression analyses to separate the effect on annoyance from
the effect from the obstruction lights.

5. Results

5.1. Changes to annoyance caused by implementation of the OLC-
system

The change to the residents’ annoyance level was determined by
comparing the answers from the pre-OLC survey with the post-OLC
survey using the Wilcoxon signed rank test. The test provides an
Table 2
Results from the Wilcoxon Signed Rank test of differences in rank sums for indicators of

General
Annoyance

To what extent do you feel bothered by the WHITE aircraft obstruction ligh
following conditions? (1 ¼ Not at all, 5 ¼ Very)
When it is dark outside in the evening
At night
When it is cloudy
When it is dark outside in the morning
At daylight
When the sky is clear
When it rains
When it is foggy

Daily
Annoyance

Do the white obstruction lights bother you in your daily activities? (1 ¼ N
When I am taking a walk
When I am relaxing
When I am reading
When I am doing sports
When I am driving
When I am watching TV
When I am biking
When I am talking
When I am entertaining guests
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opportunity to generalize the results beyond the sample. Table 2
summarizes the results from the Wilcoxon Signed Rank test.

The results show that the sum of the post-OLC-system rank for
the general annoyance caused by the obstruction lights is lower
than the pre-OLC-system rank sum, which is also evident from a
lower median, a change that is statistically significant. This is the
case when it is dark outside in the evening (Pre-OLC MD ¼ 4, post-
OLC MD ¼ 3, Z ¼ �3.483, p ¼ 0.000), at night (pre-OLC MD ¼ 4,
post-OLCMD¼ 3, Z¼�2.457, p¼ 0.014) andwhen it is cloudy (Pre-
OLCMD¼ 2.5, post-OLCMD¼ 2, Z¼�2.287, p¼ 0.022). This means
that the local residents are generally less annoyed by the obstruc-
tion lights after the implementation of the OLC-system compared
to before the implementation in these specific situations. There are,
however, conditions under which no change can be detected. At
daylight, and in clear sky, foggy or rainy conditions the lack of effect
can be explained by the fact that the obstruction lights are less
visible under these conditions, which is supported by the in-
terviews. According to the interviewees, especially cloudy condi-
tions seem to amplify the visibility of the obstruction lights because
light is reflected by the clouds. It is perhaps more surprising that no
change can be detected when it is dark outside in the morning. This
is however, in accordance with results found by Rudolph et al. [6].

The same tendency is visible in the respondents’ annoyance
level during daily activities. Here the results show that the rank of
the pre-OLC annoyance is lower when the residents are taking a
walk (Pre-OLC MD ¼ 2, post-OLC MD ¼ 2, Z ¼ �2.000, p ¼ 0.046),
relaxing (Pre-OLCMD¼ 2, post-OLCMD¼ 2, Z¼�2.428, p¼ 0.015)
or reading (Pre-OLC MD ¼ 1, post-OLC MD ¼ 1, Z ¼ �2.121,
p ¼ 0.034). The medians for the pre- and post-OLC surveys are
evidently the same. This is due to the fact that the ranks of the pre-
OLC survey and post-OLC survey can display similar sums even
though the rank sums are different. Therefore, the median should
always be interpreted together with the standard test statistics (Z-
value) and the p-valuewhich, in this case, both confirm that there is
in fact a difference between the groups despite the similar medians.
Hence, the test shows that there is in fact a mitigation effect from
the OLC-system and that the local residents are less annoyed after
the installation of the OLC-system compared to before, in instances
where they are reading, taking a walk or relaxing. Like the general
annoyance measure, there are activities where no change is
annoyance between pre- and post-OLC-system surveys. (n ¼ 52).

Median
(MD)

Std. test
statistic (Z)

p-
values
(p)

Effect
size (r)

Pre-
OLC

Post-
OLC

ts from test centre Østerild in the

4 3 �3.483 0.000 �0.48
4 3 �2.457 0.014 �0.34
2.5 2 �2.287 0.022 �0.32
e e e n.s. e

e e e n.s. e

e e e n.s. e

e e e n.s. e

e e e n.s. e

ot at all, 3 ¼ To a larger degree)
2 2 �2.000 0.046 �0.28
2 2 �2.428 0.015 �0.34
1 1 �2.121 0.034 �0.29
e e e n.s. e

e e e n.s. e

e e e n.s. e

e e e n.s. e

e e e n.s. e

e e e n.s. e
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detected. For daily annoyance, no effect can be detected from the
OLC-system when respondents are; doing sports, driving, biking,
talking, entertaining people or watching TV. The common de-
nominator seems to be, that respondents are engaging in an ac-
tivity. Whereas they might be more aware of the light impacts
when they are less engaged in activities e.g., when they arewalking,
relaxing, or reading and therefore the effect of the OLC-system is
greater. This is, however, speculative. Rudolph et al. [6] speculate
that differences in annoyance can rather be explained by the time
of day when the activities take place. The results from theWilcoxon
Signed Rank test show that the OLC-system has had a mitigation
effect on the annoyance level caused by the obstruction lights in the
local community. Introducing the OLC-system in Østerild test
center had additional effects on several of the common predictors
of community annoyance, which is investigated in the following
section.

5.2. Changes to predictive factors caused by implementation of the
OLC-system

The analysis of the changes caused by the implementation of the
OLC-system to the predictive factors of community annoyance
showed changes for; the ‘attitudes towards the test center’,
‘awareness of light emission’ and factors related to ‘place percep-
tion’. In addition to these three factors, as an explorative strategy,
the Wilcoxon Signed Rank test was also run on the factors general
Fig. 1. Answers to the question: ‘Did the latest changes to the obstruction lig

Fig. 2. Answers to the question: ‘Did the installation of the radar-controlled light-system (
conditions?‘.
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‘attitudes towards wind energy’, and ‘feeling of attachment to the
place’ for which there were found no effect.

Residents' attitudes towards the test center appeared to have
been influenced by the implementation of the OLC-system. When
asked directly about the effects from the implementation of the
OLC-system, between 42 pct. and 47 pct. of the respondents report
to have a ‘more positive’ or ‘much more positive’ attitude towards
the test center as a result of implementing the OLC-system (See
Fig. 1). The respondents were asked to consider their attitudes; at
the time of questioning, when the OLC-system was still challenged
by a number of malfunctions and their attitudes towards the test
center in the hypothetical situation, when there would be no
malfunction. Naturally, hypothetical questions are problematic, but
it indicates that a properly working OLC-systemwould presumably
have had an even bigger positive influence on the attitudes of the
local community. However, even with the negative bias created by
the malfunctions, the mitigation effect of the OLC-system is
substantial.

In addition, the implementation of the OLC-system has caused
the respondents to notice the white obstruction lights less than
before the installation of the radar (See Fig. 2), and they relate this
directly to the installation of the OLC-system.

Between 40 and 61 pct. of the respondents report that they
notice the white obstruction lights ‘less’ or ‘a lot less’ at all times of
the day. The change is most significant during winter and at night,
where respectively 58 pct. and 61 pct. of the respondents report
hts since 2017 cause your attitude towards the test center to change?‘.

since July 2017) cause you to notice the white lights more or less under the following



Table 3
Results from the Wilcoxon Signed Rank Test of differences in rank sums for predictive factors between pre- and post-OLC surveys. (n ¼ 52).

Median (MD) Std. test
statistic (Z)

p-values
(p)

Effect size
(r)

Pre-
OLC

Post-
OLC

Awareness How often do you notice the WHITE obstruction lights at the test centre Østerild? (1 ¼ Never,
7 ¼ More than 5 times a day)
In the summer 5 5 �2.928 0.003 �0.41
In the winter 5 4 �3.689 0.000 �0.51

Perception of
local area

What is your view on the qualities of the area? (1 ¼ Very unattractive, 5 ¼ Very attractive)
Scenery 5 5 �2.744 0.006 �0.38
Nature 5 5 �2.829 0.005 �0.39

How have the obstruction lights changed your sense of the skyline? (1 ¼Much worse, 4 ¼ Better) 2 4 5.667 0.000 0.80
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that they have noticed the white obstruction lights ‘less’ or ‘a lot
less’. This is perhaps not surprising given that these are the periods
where the impacts from the white obstruction lights have been
strongest due to the darkness.

Besides the self-reported changes, the Wilcoxon Signed Rank
Test was also applied to investigate the effects on the predictive
factors. Table 3 describes the results from the test.

The Wilcoxon signed rank test supports the results from the
self-reported effects on awareness, finding that there has been a
statistically significant change in the residents’ awareness of the
obstruction lights between the pre- and post-OLC survey. The
Wilcoxon signed rank test finds that the residents notice the
obstruction lights less both in summertime (pre-OLC MD ¼ 5, post-
OLC MD ¼ 5, Z ¼ �2.928, p ¼ 0.003) and in wintertime (pre-OLC
MD ¼ 5, post-OLC MD ¼ 4, Z ¼ �3.689, p ¼ 0.000). Looking at the
effect sizes, it is furthermore evident that the change has been
largest in the winter (effect size ¼ �0.51) compared to summer
(effect size ¼ �0.41). This, again, is not surprising given that the
impacts are presumably larger because of more darkness in the
winter, which makes the obstruction lights more visible. In
Denmark, the difference between daylight in the darkest winter
weeks compared to the brightest summer weeks can be up to 10 h
[52].

Furthermore, the test shows that the implementation of the
OLC-system has caused the residents’ perception of their local area
to change. The results from the Wilcoxon signed rank test point in
different directions. The residents generally find the quality of the
area less attractive at the time of the post-OLC study, measured by
scenery (pre-OLCMD¼ 5, post-OLCMD¼ 5, Z¼�2.744, p¼ 0.006)
and landscape (pre-OLC MD ¼ 5, post-OLC MD ¼ 5, Z ¼ �2.829,
p ¼ 0.005). However, when asked about how the obstruction lights
have affected their view of the skyline, the tendency is that it has
improved after the installation of the OLC-system (pre-OLCMD¼ 2,
post-OLC MD ¼ 4, Z ¼ 5.667, p ¼ 0.000). The somewhat conflicting
results can be interpreted as follows: While the OLC-system seems
directly linked to the sense of scenery, the perception of landscape
involves many other aspects in addition to the changes to the
obstruction lights e.g., visual impacts from the turbine structures or
the light-pylons.

The effects on the residents' perception of the local area are
inconclusive, but the effects on the residents’ awareness of the
lights as well as the change to their attitudes and annoyance caused
by the obstruction lights rather conclusively show a positive effect
from the OLC-system. However, it is also evident that even though
the annoyance level is improved by the implementation of the OLC-
system, the negative impacts from the obstruction lights are not
completely gone. For instance, the percentage of respondents who
are annoyed ‘to some extent’ or ‘to a great extent’ by the obstruc-
tion lights is still above 40 pct. when taking a walk (57 pct.), when
driving (45 pct.) or when biking (43 pct.). The same is the case at
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night (50 pct.), when it is dark outside in themorning (44 pct.) or in
the evening (55 pct.) and when the sky is clear (42 pct.). These
numbers also correspondwith the effect size of both the annoyance
measures and the awarenessmeasure, which showamedium effect
from the introduction of the OLC-system according to the scales
introduced by Cohen [50]. The same is the case when measuring
the residents’ attitudes towards the test center. 27 pct. of the local
residents still find that the test center is ‘generally unnecessary’,
and 20 pct. of residents find it to be ‘unsafe’.

To understand why the OLC-system has not succeeded in
eliminating the annoyance from the obstruction lights completely,
we need to better understand what creates annoyance among the
local residents and to know which predictive factors are decisive
and which are less important to consider. This will help to tailor
mitigation measures such as OLC-systems better to the impacts
imposed by obstruction lights.

5.3. Predictive factors of annoyance

To understand why the negative impact on annoyance is not
fully mitigated by the OLC-system, a multiple linear regression
analysis was conducted. It shows which factors can predict local
residents’ annoyance in addition to the direct impacts from the
obstruction lights. A significant regression equation was identified
for annoyance (F(1,42) ¼ 11.791, p < 0.0005 with adj.R2 ¼ 0.675).
The regression analysis reveals several influential predictors of
annoyance caused by obstruction lights (See Table 4).

The regression model contains the predictive factors discussed
in section 2.1 with the exception of the factor ‘perception of local
area’which showed no significant explanatory power in the model.
It was thus excluded from the regression model.

The analysis confirms the suspicion that ‘awareness of the
obstruction lights’ e the factor most directly measuring the effects
from the OLC-system e is not the most influential predictor of
community annoyance. This explains why the residual annoyance
towards the test center is high even after the implementation of the
OLC-system despite the apparent effectiveness of the OLC-system
as a mitigation measure shown by the Wilcoxon-test.

The local residents are predominantly influenced by five factors
that are found to be statistically significant predictors of annoy-
ance: Their ‘perception of the planning process’ (b ¼ �0.348), their
attitudes towards the test center’ (b ¼ �0.327), the ‘awareness of
the malfunctions in the OLC-system’ (b ¼ 0.291) the ‘length of their
education’ (b ¼ 0.228) and whether they have received economical
compensation in the process of establishing the test center
(b ¼ �0.210). However, all predictors have a low or moderate effect
on ‘annoyance’ according to Cohen's scale [50] and no single pre-
dictor is the dominant explanation of ‘annoyance’.

The ‘awareness of malfunctions’ shows a positive, statistically
significant relationship with ‘annoyance’. Hence, the more the



Table 4
Linear multiple regression predicting ‘annoyance’ from the factors: ‘Awareness of
the red lights’, ‘Awareness of the obstruction lights’, ‘Awareness of malfunctions’
‘Attitudes towards the test center’, ‘Attitudes towards wind energy’, ‘Perception of
the planning process’, ‘Economical compensation’ and ‘Socio-demographic factors’.

Standardized
Coefficients

P-values

Constant 27.021 0.014
Age 0.021 0.810
Gender 0.026 0.761
Education 0.228 0.017
Economic compensation �0.210 0.041
Awareness of obstruction lights 0.063 0.579
Awareness of red lights 0.020 0.823
Awareness of malfunctions 0.291 0.006
Attitudes towards the test center �0.327 0.018
Attitudes towards wind energy 0.197 0.098
Perception of the planning process �0.348 0.001

Adjusted R2 0.675
P-value model <0.000
N 53
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residents notice malfunctions, such as asynchronous blinking, too
high intensity of the lights etc., the more annoyed they are with the
lights. This means that ‘awareness of the red or white obstruction
lights’ has a comparably lower effect on residents’ annoyance
compared to the ‘awareness of malfunctions’. This is an important
result since it indicates that installing an OLC-system involves a risk
of residents being even more annoyed if the implementation in-
volves technical problems.

The goodness of fit (R2) of the regressionmodel is 0.675, and it is
evident that the model explains the variation of the dependent
variable annoyance quite well. However, there are evidently still
important predictors of annoyance missing from the model. Hence,
it is prudent to say that the model does not provide us with the
complete understanding of what creates annoyance. However, even
though large proportions of the annoyance created by the
obstruction lights are not mitigated by the introduction of the OLC-
system, it does not mean that the OLC-system is not successful.
There are just other predicting factors that fuel annoyance that
must be dealt with by additional mitigation measures.

6. Discussion

6.1. Effects of the OLC-system on community annoyance

The OLC-system did have an independent influence on the
community's annoyance caused by the obstruction lights which is
shown by the Wilcoxon signed rank analysis. Furthermore, the
residents reported that the implementation of the OLC-system had
a direct effect on their attitudes towards the test center as well as
their awareness of the obstruction lights. Therefore, it is sound to
conclude that the OLC-system has had a mitigation effect on
negative impacts from the obstruction lights. However, the analysis
covers only the evaluation of perceived emission - termed by Pohl
et al. [7,14] and Hübner et al. [13] as possible stressors, and not
potential psychological or physical reactions to those stressors. The
mitigation effects from the OLC-system onwhat Pohl et al. [7] term
as ‘substantial annoyance’ is a relevant subject for further research
bearing in mind that no long-term substantial annoyance has so far
been connected to obstruction lights emissions [7].

The analysis does not allow us to be conclusive regarding why
the effect occurred. As evident from the regression analysis, the
positive changes to the local residents’ annoyance level is not only
caused by the introduction of the OLC-system, as annoyance is
influenced by a number of factors, including those related to the
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way the obstruction lights are impacting the local residents’ lives at
the present.

The findings on predictors are in line with other research con-
cerning the importance of planning processes [e.g. 53, 54, 55], the
level of education [13,56], prior attitudes [32,57] and the softening
effect of economic benefits [58e60] for residents’ annoyance from
wind turbines. Evidence does not, however, point in the same di-
rection on all predictive factors. Pohl et al. [14] did not find edu-
cation or prior attitudes to be a significant predictor in their
investigation of obstruction lights annoyance stress. However,
contrary to results found in this study, Pohl et al. did find gender to
be a significant predictor in one of their cases. Considering the
conflicting results, the most robust result of the present study
regarding predictive factors of annoyance is the effect from the
residents’ perception of fairness in the planning process. Which has
repeatedly been identified in different contexts [see e.g. 13,14,57].
This consistent result raises the question: When annoyance that is
detected six years after the inauguration of the test center is still
influenced by events in the past connected to the planning process,
can impacts from obstruction lights then ever be fully mitigated by
implementing an OLC-system in the present? In the case of
Østerild, an OLC-system alone was not an adequate mitigation
measure. A relevant question is therefore to discuss how it could be
supplemented.

6.2. Ways to improve the mitigation effect of OLC-systems

For mitigation measures to be considered effective, they need to
avoid, reduce, or remedy adverse impacts of a development project
[61]. This can be done in a number of ways aimed at either: ’(…) the
proposed development, its processes, the end product of its pro-
cesses, the byproduct of the process or even the structure or
essence of the development’ [65 p. 197]. The focus tends to be on
physical features and the structure of projects, neglecting possible
mitigating opportunities related to the planning process or the
operational phase [62]. The case of Østerild is an example where
the focus of the mitigation efforts has been on physical features by
means of the OLC-system and less on other mitigation measures
which, the study shows, could have been effective in com-
plementing the mitigation efforts of the OLC-system. The regres-
sion analysis identifies three factors that influence how the
residents are affected by the obstruction lights: The residents’
perception of fairness in the planning phase, their awareness of the
malfunctions in the operational phase, and economical compen-
sation. None of these are mitigated by the OLC-system, which calls
for other forms of mitigation measures in order to effectively
mitigate the adverse effects from the obstruction lights.

Transparency, procedural justice, and fairness in the process are
well-known factors which in other studies have proven to be
important for residents’ experience of the planning process [13, 53,
57, 63]. Improving on these factors would undoubtedly also
contribute to improving residents’ perception of the planning
process and community acceptance. However, a factor that
emerged in this study specifically connected to OLC-systems and
which played a role in their perception of the planning process was
the presentation of the OLC-system in the planning process. In this
case, many of the residents initially got the impression from pre-
sentations in the planning phase that the OLC-system would
completely eliminate nuisance from the obstruction lights during
the night. This was not the case since lights are turned onwhenever
an aircraft approaches. Parts of the annoyance with the obstruction
lights thus arose due to unclear communication of what could be
expected from the OLC-system. This should be possible to allay by
being clearer regarding the limitations of the OLC-system in the
planning phase.
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Furthermore, the study shows that a strong contributor to the
annoyance related to the obstruction lights was the residents'
awareness of themalfunctions of the OLC-system in the operational
phase. Being a relatively new technology for wind turbine in-
stallations, the OLC-system is vulnerable to malfunctions in the
implementation phase. This was also the case at Østerild test center.
Residents thus experienced malfunctions, such as increased light
intensity at night, asynchronous blinking, and lights that in periods
were constantly turned on regardless of approaching airplanes. As
shown by the regression analysis, the awareness of the malfunc-
tions contributed to residents’ annoyance. Part of it was caused by
the impacts of the malfunctions themselves, but part of the
annoyance was, according to the interviewees, caused by a lack of
information regarding malfunctions and the fact that residents did
not know whether the effects they experienced were temporary or
permanent conditions of the obstruction lights. During meetings
and interviews, the residents therefore expressed a request for
better continuous communication between the authorities and the
local community specifically related to the malfunctions.

7. Conclusions

There is still a lot to learn about the negative impacts from
obstruction lights and how they can be mitigated effectively. This
study has advanced the discussion on three accounts in particular.
First, it has shown that a radar-based obstruction lights controlling
system does indeed have a mitigation effect on annoyance levels.
Furthermore, it has a positive effect on residents’ awareness of the
obstruction lights as well as their attitudes towards the test center,
and thus can be viewed as an effective mitigation measure of
adverse impacts from obstruction lights connected to wind tur-
bines. Second, it has shown that annoyance connected to obstruc-
tion lights is influenced by a number of factors besides the direct
impacts from obstruction lights, such as the residents' education
level, the residents’ perception of fairness in the planning phase,
their awareness of the malfunctions in the operational phase and
economical compensation. Hence, it should not be expected that an
OLC-system alone will mitigate all adverse impacts caused by
obstruction lights. Third, further measures can be taken that would
make an OLC-system a more effective mitigation measure if
attention is paid to other factors that influence community
annoyance. Based on this study, two additional mitigation mea-
sures are proposed to complement the OLC-system. First, special
attention should be paid to realistic communication of the perfor-
mance of the OLC-system and to aligning it with residents’ expec-
tations in terms of shutting off lights and second, continuous
communication with local communities regarding malfunctions of
the system should be prioritized in order to avoid unnecessary
frustration.

This study is based on a Danish case study and further studies
are therefore needed in order to generalize the findings to an in-
ternational perspective and to validate proposals for increasing the
effectiveness of OLC-systems. However, the study indicates that an
OLC-system is a promising mitigation measure that can be an
important part of the toolbox to mitigate adverse impacts on
community acceptance from obstruction lights and thereby reduce
barriers for wind energy development.
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