
Seite 1 von 26 

 

Note on Translation 

The present translation constitutes a content-accurate and textual rendering as well as a 
transcription of the original expert report prepared by WIND-consult GmbH. It is not the original 
document, but a translated and reproduced version of the original report. 

The figures and tables included herein have likewise been reproduced in terms of content, 
wording, and graphical representation. Complete conformity with the original document cannot 
be guaranteed in all cases due to the process of translation, transcription, and reproduction. 
Where figures or tables contain references to additional sources or allow for different 
interpretations, the representation in the original German expert report shall prevail in case of 
doubt. For any legally binding interpretation, only the German original report shall be 
authoritative. 
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1 Introduction 

1.1 Scope of work 

WIND-consult GmbH was commissioned to determine the shadow flicker caused by the wind 
turbines (WTG) planned by BWP BB Wind GmbH & Co. KG at the site Böxlund in accordance 
with the LAI Guidelines for Shadow Flicker from Wind Turbines /1/ for 21 immission 
locations in Schleswig-Holstein and 15 immission locations in Denmark. 

No measures or services deviating from or extending beyond the scope of the order were carried 
out. 

1.2 Method of calculation and assessment 

1.2.1 Mathematical and physical principles of shadow flicker 

Every opaque object creates a shadow in the path of radiation from a light source, the contours of 
which correspond to the outer boundary of the object.In the case of a real, extended light source, 
there is no sharp shadow boundary. Instead, between the completely shaded and limited area 
(umbra — from the observer’s point of view a complete covering of the light source by an opaque 
object) and the illuminated area, there exists a transition zone (penumbra — from the observer’s 
point of view an incomplete covering of the light source by an opaque object), in which only part 
of the light source is obscured. 

The decisive characteristic of shadow flicker caused by a wind turbine (WTG) is the rapid 
alternation of light and shadow resulting from the moving rotor blades under windy conditions. 

This effect may cause a noticeable impact on the surroundings even at larger distances from the 
wind turbine, i.e. well outside the area of the umbra. A distinction between penumbra and umbra 
is not relevant with regard to the annoyance effect. 

The static shadow of the wind turbine tower or the rotor under calm wind conditions is generally 
no more disturbing than that of any comparable structure.In order to reliably avoid significant 
disturbance caused by periodic light effects from wind turbines, the optical immissions must be 
determined. These depend not only on their intensity, but also on the type and duration of 
exposure.Therefore, when assessing optical immissions, all wind turbines in the surrounding area 
that may affect the respective immission location must be taken into account. 
All wind turbines located outside the area of influence or shadowing range can be excluded with 
certainty from causing periodic shadow flicker at a given immission location. 

According to /1/, the relevant area of influence or shadowing range is defined by the distance from 
the wind turbine at which 20% of the solar disc area is covered by the mean rotor blade 
width.Since the blade width is not constant over the entire rotor blade but decreases towards the 
blade tip, a rectangular rotor blade shall be assumed for the calculation in accordance with 
/1/.The mean blade width is determined according to Equation 1.1, and the area of influence or 
shadowing range according to Equation 1.2 /7/. 
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Deutsch Englisch 

mittlere Blatttiefe mean blade width 

max. Blatttiefe maximum blade width 

min. Blatttiefe bei 90% Rotorradius minimum blade width at 90% rotor radius 

Beschattungsbereich shadowing range / shadowing distance / area of influence 

Einwirkungsbereich area of influence 

Rotorradius rotor radius 

d distance to wind turbine 

f solar disc diameter 

 

Where: 
d: mean distance to the sun (approx. 150,000,000 km), 
f: width of the obscured portion of the sun at 20% coverage (approx. 219,556 km). 
 

The impact of periodic shadow flicker is considered to cause significant disturbance according to 
/1/ if the astronomically maximum possible shadow duration at an immission location exceeds 
30 hours per calendar year and 30 minutes per calendar day.If the above limits are exceeded, 
measures for the temporal limitation of the operation of the wind turbines may have to be 
implemented. 
 

The calculation of the astronomically possible shadow duration (assumption: continuous 
sunshine from sunrise (SR) to sunset (SS), i.e. no consideration of cloud cover or atmospheric 
attenuation) at an immission location caused by the rotor blades of a wind turbine is based on 
generally known spherical-trigonometric relationships describing the position of the sun during 
the day and throughout the year (DIN 5034 /2/) as well as on the laws of plane geometry.For the 
calculation, the rotor swept area of the wind turbine is assumed to be a circular area 
perpendicular to the line connecting the immission location and the wind turbine tower, and 
therefore perpendicular to the direction of sunlight, while the immission location is represented 
by an area of 0.1 × 0.1 m at an agreed height above ground (2.0 m) (see Figure 1.1). 

 

 

Figure 1.1: Shadow flicker of a wind turbine affecting the surrounding area (source: /6/) 

 

The shadow duration on any given day is defined as the period during which the sun, as seen from 
the immission location, is positioned behind the rotor swept area. 

It is calculated from the instantaneous solar elevation angle and the solar azimuth angle for all 
days within a previously determined maximum annual period. Shadow flicker for solar positions 
below 3° above the horizon can be neglected due to vegetation, buildings, and the atmospheric 
layers through which the sunlight must pass. 
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A decisive parameter for determining shadow flicker is the apparent elevation of the sun HRP 
within the rotor circle area, relative to the elevation HIP of the immission location, at the 
horizontal distance LRI between this point and the rotor plane, for the instantaneous solar 
elevation angle hs. 

 

The calculation of shadow flicker is performed stepwise starting from a minimum solar elevation 
angle of 3°. 

Another parameter to be determined according to /1/ is the probable (meteorological) shadow 
duration. This results from the astronomical shadow duration and long-term averaged, regional, 
monthly climate data regarding sunshine duration and wind direction distribution, as well as 
an approach according to BEHR /3/ for determining the effective rotor area. The meteorological 
shadow duration is relevant for the practical assessment and is generally significantly lower than 
the astronomical shadow duration, in particular during the early morning or late afternoon hours, 
in some cases by up to one order of magnitude. Therefore, according to /1/, the meteorological 
shadow duration shall not exceed 8 hours per calendar year. 

1.2.2 Method of prediction uncertainty 

According to /1/, no specific instructions are given regarding the determination or application of 
uncertainties.The calculation model according to /1/ is based on a purely geometric calculation 
using a worst-case scenario approach. 

Finally, it should be noted that due to the necessarily simplifying physical-mathematical 
assumptions and methodological specifications in /1/, uncertainties in the calculation may 
occur, for example with regard to the time-of-day assignment of approximately 1.0 minute and 
the annual astronomical shadow duration of approximately 0.5 h/a. 

The determination of additional shading of the immission locations caused by other obstacles is 
not part of the calculations. 

 

1.2.3 Tabular presentation of results 

All calculations and graphical representations were carried out using the SHADOW module of 
the software WindPRO, version 4.2.285. In this process, self-shading of buildings at all 
immission locations was not considered (so-called “greenhouse mode”). 

The quantitative results of the stepwise calculation of the shadow path of the wind turbines at the 
respective immission locations are summarized in the tables in Chapter 4. 
They include the annual astronomical shadow duration, the probable shadow duration of an 
immission location, and the number of shadow days. The most important input parameters and 
characteristics of the immission locations and the shadow-causing wind turbines are 
summarized in Chapter 3. 

The shadow calendars, for each wind turbine of the additional load to be assessed, are shown in 
Appendix 8.7. The shadow calendars for the immission locations within the area of influence or 
shadowing range can be provided upon request. The shadow calendars allow, among other things, 
detailed decisions to be made regarding the required shut-down times of selected wind 
turbines on the respective shadow days. 

 



Seite 7 von 26 

 

1.2.4 Graphical representation of the annual shadow distribution of wind 
turbines 

For a comprehensive assessment of shadow flicker caused by wind turbines, an area-wide 
representation of the distribution of the annual astronomical shadow duration in the entire 
surroundings of the wind turbines is useful. This applies in particular to wind farms. Such a 
representation as a shadow map provides, on the one hand, a quick overview of the size and 
shape of the area significantly affected by shadow flicker from the wind turbines. 

On the other hand, it allows a preliminary assessment of additional or future immission locations 
with regard to possible shadow effects caused by the wind turbines. 

For this purpose, the annual sums of the astronomical shadow duration caused by the totality 
of all wind turbines are determined on a grid with suitable step widths within a sufficiently large 
area around the wind farm, and these values are subsequently assigned to the corresponding 
geometric locations. For an accurate determination of this shadow field, a topographic map of 
the area with digitized elevation data is used. By appropriate classification of the values of the 
annual shadow duration and their marking, areas with equal limit ranges of shadow duration 
caused by all wind turbines can be identified. The shadow maps calculated in this way are 
presented in Chapter 4.2. 

Possible immission locations located within the first shadow range (< 3.0 h/a) are not affected or 
only negligibly affected by shadow flicker, so that a detailed shadow analysis for such locations is 
not required. Immission locations located within the second shadow range (3.0 h/a to 30.0 h/a) 
are generally affected by shadow flicker from one or more wind turbines, but remain below the 
critical guideline value of 30.0 h/a. A detailed shadow analysis is recommended in particular if 
such immission locations are close to the third shadow range (> 30.0 h/a). Immission locations 
located within the third shadow range (> 30.0 h/a) are affected by shadow flicker to such an 
extent that, on the basis of a necessary detailed shadow analysis, measures to reduce the 
shadow duration must be implemented. 

Such a graphical representation also allows a rough assignment of the values with respect to the 
time of day and season of the year: Points located to the left (west) of the respective wind turbine 
are affected by shadow flicker in the morning, whereas points located to the right (east) are 
affected in the afternoon. Points located above (north of) the respective wind turbine are affected 
during the winter half-year, while points located below (south of) the turbine are affected during 
the summer half-year. 

However, the representation of the shadow field does not replace a detailed shadow analysis at 
a specific immission location. A precise determination of the shadow duration in time is not 
possible, and due to uncertainties resulting from the grid resolution and the orography, the overall 
uncertainty — particularly in the vicinity of the third shadow range (> 30.0 h/a) — is approximately 
5.0 h/a or 5 min/d, respectively. 
  



Seite 8 von 26 

 

2 Site and project description 

At the site Böxlund, the construction of two wind turbines (WTG) of type ENERCON E-160 EP5 E3 
R1 / 5560 kW and one wind turbine of type ENERCON E-138 EP3 E3 / 4260 kW is planned. 

The wind farm to be investigated is located approximately 2.5 km northwest of the village of 
Böxlund. About 3 km south of the planned wind turbines lies the village of Weesby. 
The respective municipalities are located within the district of Schleswig-Flensburg. 
To the north, the planned wind turbines border the territory of Denmark at a distance of 
approximately 200 m. 

The terrain at the wind farm site is largely flat and open. 
The elevation above mean sea level (m a.s.l.) in the area of the wind turbine locations is 
approximately 15 m a.s.l. The digital elevation model used for the calculations is the “Schleswig-
Holstein Elevation Model (DGM5)”. 

An overview of the wind turbines considered as existing load (pre-load) and additional load, as 
well as the immission locations taken into account, is shown in Figure 2.1. The detailed 
parameters of the wind turbines and the considered immission locations are listed in Chapter 3. 

 

Figure 2.1: Site layout Böxlund 
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3 Input data for the calculation 

3.1 Coordinate system and coordinates 

For the calculations, coordinates in the reference system ETRS 89 with UTM projection, 6° zone 
system, zone 32 were used. 

The reference height at the immission locations is 2 m above ground level, taking into account 
the existing buildings. 

3.2 Source parameters 

Deutsch Englisch 
WEA-Typ WTG type 

Rotordurchmesser Rotor diameter 

Nabenhöhe Hub height 

Max. Einwirkungsbereich Max. shadowing range 

Max. Blattiefe Max. blade width 

Blattiefe bei 90% Rotorradius Blade width at 90% rotor radius 

Table 3.1: Parameters and coordinates of the wind turbines of the additional load 

 

Table 3.2: Parameters and coordinates of the wind turbines of the existing load 
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3.3 Parameters of the immission locations 

The immission locations to be considered in Schleswig-Holstein (see Table 3.3) were determined 
based on the results of the site inspection carried out on 06 June 2023 by an employee of WIND-
consult GmbH, as well as on the basis of cartographic data. The immission locations to be 
considered in Denmark (see Table 3.4) were taken from the noise immission forecast prepared 
by the engineering office Ingenieurbüro für Akustik Busch GmbH /9/. 

The immission locations are considered as receptors with a size of 0.1 × 0.1 m and an inclination 
of 0°.The reference height above ground level is 2 m in each case. 

 

Table 3.3 shows the immission location numbers, the coordinates, and the absolute elevation. 
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Table 3.4: Site parameters and coordinates of the immission locations in Denmark 
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4 Results 

4.1 Duration of shadow at the considered immission locations caused 
by the wind turbines 

The main results (astronomical annual shadow duration, maximum astronomical daily 
shadow duration, shadow-causing wind turbines, and meteorological probable shadow 
duration) of the calculations are presented for the wind turbines of the additional load in Chapter 
4.1.1, for the wind turbines of the existing load in Chapter 4.1.2, and for the wind turbines of the 
total load in Chapter 4.1.3, for all immission locations affected by shadow from the respective 
wind turbines.The corresponding SHADOW printouts of the main results are included in 
Appendix 8.1 to Appendix 8.5. 

Immission locations at which no shadow is caused by the additional load are shown below for 
information purposes only and are marked in grey. 

4.1.1 Additional load 

Table 4.1: Results of shadow flicker caused by the additional load at the immission locations in 
Schleswig-Holstein 
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Deutsch Englisch 
Adresse Address 

Astronomisch maximal mögliche Beschattungsdauer Astronomically maximum possible 
shadow duration 

met. Wahrsch. Beschattungsdauer Meteorological probable shadow duration 
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4.1.2 Existing load 

Table 4.3: Results of shadow flicker caused by the existing load at the immission locations in 
Schleswig-Holstein 
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Table 4.4: Results of shadow flicker caused by the existing load at the immission locations in 
Denmark 

 

 

4.1.3 Total load 

Table 4.5: Results of shadow flicker caused by the total load at the immission locations in 
Schleswig-Holstein 
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Table 4.6: Results of shadow flicker caused by the existing load at the immission locations in 
Denmark 
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4.2 Shadow maps of the additional load and total load 

The annual and daily shadow maps caused by the wind turbines of the additional load, as 
explained in Section 1.2.4, are shown for the immission locations in Schleswig-Holstein in Figure 
4.1 and Figure 4.2, and for the immission locations in Denmark in Figure 4.3 and Figure 4.4. 
 

The corresponding annual and daily shadow maps for the total load are shown for the immission 
locations in Schleswig-Holstein in Figure 4.5 and Figure 4.6, and for the immission locations in 
Denmark in Figure 4.7 and Figure 4.8. 
 

In this case, the shadow maps refer to an elevation level in the surroundings of the wind turbines 
determined on the basis of orographic data. 
 

4.2.1 Additional load – immission locations in Schleswig-Holstein 

 

Figure 4.1: Shadow map of the maximum astronomical annual shadow duration caused by the 
wind turbines of the additional load (immission locations Schleswig-Holstein) 
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Figure 4.2: Shadow map of the maximum astronomical daily shadow duration caused by the wind 
turbines of the additional load (immission locations Schleswig-Holstein) 
 

4.2.2 Additional load – immission locations in Denmark 

 

Figure 4.3: Shadow map of the maximum astronomical annual shadow duration caused by the 
wind turbines of the additional load (immission locations Denmark) 
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Figure 4.4: Shadow map of the maximum astronomical daily shadow duration caused by the wind 
turbines of the additional load (immission locations Denmark) 

 

4.2.3 Total load – immission locations in Schleswig-Holstein 

 

Figure 4.5: Shadow map of the maximum astronomical annual shadow duration caused by the 
wind turbines of the total load (immission locations Schleswig-Holstein) 
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Figure 4.6: Shadow map of the maximum astronomical daily shadow duration caused by the 
wind turbines of the total load (immission locations Schleswig-Holstein) 

 

4.2.4 Total load – immission locations in Denmark 

 

Figure 4.7: Shadow map of the maximum astronomical annual shadow duration caused by the 
wind turbines of the total load (immission locations Denmark) 
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Figure 4.8: Shadow map of the maximum astronomical daily shadow duration caused by the 
wind turbines of the total load (immission locations Denmark) 

 

 

5 Deviations 

The determination of shadow flicker from wind turbines was carried out without deviations and 
in accordance with /1/. 
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6 Summary 

WIND-consult GmbH was commissioned by BWP BB Wind GmbH & Co. KG to carry out an 
assessment of shadow flicker caused by wind turbines at the site Böxlund. 

For the planned wind turbines, the shadow impact on 21 immission locations in Schleswig-
Holstein and 15 immission locations in Denmark was investigated in coordination with the 
client with regard to the parameters and coordinates of the wind turbines. The annual and daily 
shadow periods, the accumulated and maximum daily astronomical shadow duration, as well 
as the mean probable meteorological shadow duration, were determined in accordance with 
the wind farm configuration. 

The calculations result in a maximum astronomical total shadow duration of approximately 195 
h/a for the immission locations in Schleswig-Holstein and a maximum meteorological total 
shadow duration of approximately 69 h/a. These maximum values were determined at immission 
location IO11. 

For the immission locations in Denmark, the corresponding values are approximately 164 h/a 
(astronomical) and approximately 33 h/a (meteorological). These values were determined at 
immission location IO022. 

The maximum daily astronomical shadow duration amounts to approximately 1.7 h/d in 
Schleswig-Holstein (IO003) and approximately 2.2 h/d in Denmark (IO022). 

The guideline value for the maximum annual astronomical total shadow duration of 30 h/a and for 
the maximum daily astronomical total shadow duration of 30 min/d is not exceeded at any 
immission location within the area of influence or shadowing range of the wind turbines of the 
additional load. 

Due to the above-mentioned predicted exceedances of more than 30 h/a, technical measures 
must be implemented to limit the probable (meteorological) shadow duration to a maximum of 8 
h/a and 30 min/d. It must be ensured that the maximum permissible shadow durations are 
complied with or undercut at all relevant immission locations. 

Compliance with or reduction below the guideline values can in principle be achieved by installing 
a suitable automatic shut-down device at the respective wind turbine. The necessary 
astronomically determined shut-down times can be taken from the shadow calendar of the 
relevant immission locations after selecting the wind turbines to be shut down. For reasons of 
space, this calendar is not included here but can be provided upon request. 

The statements made apply to the assumptions and parameters on which the model is based. 
The values of the probable shadow duration are based on long-term monthly climate data from 
Schleswig (distance approx. 41 km from the wind farm centre) and are to be regarded as 
statistical values. 

The present investigation was carried out by WIND-consult GmbH impartially and to the best of 
its knowledge and belief in accordance with the current state of science and technology. 
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8.2 SHADOW-Hauptergebnis Zusatzbelastung – Immissionsorte DK 
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8.3 SHADOW-Hauptergebnis Vorbelastung – Immissionsorte S-H 
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8.4 SHADOW-Hauptergebnis Vorbelastung – Immissionsorte DK 
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8.5 SHADOW-Hauptergebnis Gesamtbelastung – Immissionsorte S-H 
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8.6 SHADOW-Hauptergebnis Gesamtbelastung – Immissionsorte DK 
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8.7 SHADOW-Kalender pro WEA (Zusatzbelastung) – Immissionsorte S-H 
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8.8 SHADOW-Kalender pro WEA (Zusatzbelastung) – Immissionsorte DK 
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8.9 Fotodokumentation 
 

In der folgenden Fotodokumentation sind lediglich die Immissionsorte aufgeführt, bei denen die Zusatzbelastung 

einen maßgeblichen Anteil an der Überschreitung der täglichen und jährlichen Beschattungsdauer gemäß den 

LAI-Schattenwurfhinweisen hat. Eine vollständige Fotodokumentation aller Immissionsorte kann bei Bedarf 

angefordert werden. 

 

IO-03 Grenzauweg 3, Böxlund IO-04 Grenzstraße 1, Böxlund 

  
 

IO-05 Weesbydamm 14, Weesby IO-08 Kjerweg 1, Weesby 
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IO-09 Bögelhuus 2, Weesby IO-10 Bögelhuus 2a, Weesby 

  
 

IO-11 Bögelhuus 4, Weesby IO-15 Bögelhus 1, Weesby  

  

 

 

IO-19 Bögelhus 8, Weesby IO-21 Betonstraße 2, Weesby  
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