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Abstract
Photovoltaic (PV) systems form an important force in the implementation of renewable energies, but as
we all know, the force has always its dark side. Besides efficiency considerations and discussions about
architectures of power distribution networks, environmental impacts caused by optical reflections are a serious concern. PV systems generate optical reflections resulting in glare. On the one hand, glare is a serious security concern, e.g. for traffic. On the other hand, glare is a constant source of discomfort in vicinities of PV systems. Location-oriented assessments are required to limit potential reflections and to avoid
risks for public infrastructure and discomfort of residents. Hence, calculation of glare is decisive for the
success of renewable energies with respect to solar energy. Several courts ruled on necessary adjustments
of PV systems and even their de-installation because of glare effects. Our approach is to provide project
planners with a 3D-based simulation software to calculate and visualise reflections towards the environment of PV systems. Hence, project planners receive flexible assistance for adjusting the parameters of solar panels before installation of a PV system.

1.

Motivation

Nowadays, investments in PV projects for private or industrial use are getting more and more profitable
due to a
nergies. Companies owning large premises
as well as airport operators aim for additional assets by using their space for the operation of PV systems.
However, the smooth surface of PV modules can cause glare effects by reflecting solar light (see Figure
1). Only starting recently, reflections are also considered as immissions by German bylaw (§3 Abs. 2
(BImSchG, 2011)). Thus, owners of PV systems are accountable for any environmental impact. Glint (a
brief flash of light) and glare (continuous source of light) are the potential impacts of reflectivity, which
can cause a brief loss of vision (flash blindness) (Federal Aviation Administration, 2010).
The illumination of reflections depends beside the astronomical and geographical conditions on the
type of surface of PV modules that can act as a mirror of solar luminance. While we are used to bright sun
beams out of the sky, we feel rather disturbed by beams from below the horizontal line. High contrasts on
light intensity on the one hand (Stiles, 1929) or the simple intensity of brightness of a certain spot
(Holladay, 1927) on the other hand can cause glare depending on the surrounding illumination. Former
(Holladay, 1926) and current international light definitions (CIE, 1987) are distinguishing the effects of
glare on the human perception between two types: disability glare refers to a decrease of an observ
optical perception due to a high intensity of light while discomfort glare means that a dominant light attracts
attention and distracts from other things (Vos, 1984). The first is a problem of human physiology whereas
the second of human psychology (Osterhaus, 2005). Both types of glare can certainly be a concern of safety and comfort for areas with a high intensity of public traffic, e.g. highways or train routes. Car drivers
can be endangered, if PV panels border a motorway and reflect the light of the setting sun. Train drivers
could miss signal lights. Areas of shining light almost as bright as direct sunlight can blind pilots and dis1
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tract them on their approach to airports. Hence, glare is certainly a very special concern for airport operators since pilots and air controllers depend very much on their visual perception and any distraction could
have fatal consequences for a great amount of people.
Therefore, the impacts of installing PV systems in the vicinity of airports must be analysed carefully:
for instance, the Federal Aviation Administration (FAA) published a manual for planning PV systems at
airports (Federal Aviation Administration, 2010). In Germany often engineering offices are contracted to
check for impacts of near PV systems for small airports like Eberswalde, Germany, (Ingenieurbüro für
Technischen Umweltschutz Dr.-Ing. Frank Dröscher, 2011).
Fraport AG proposed a computational simulation and animation of glare in order to assess the potential
for distraction. They initiated a thesis to compute the effects of future PV systems on the premises of
Rhein-Main Airport in Frankfurt. This thesis developed a computational model to calculate sun reflections
of PV panels and visualised reflections in a 3D scene. These computations unveiled the deep impact of
glare effects on flight routes on more than 300 days a year (Wollert, 2010). Hence, the placement of PV
panels at the considered location would be a potential threat for security of operations.

Figure 1
Glare effect on a solar panel (Hilber AG)
On the other hand, comfort might be an issue for residents. They can also be affected due to the increasing number of installations of solar modules in housing areas. Although modern technologies allow many
ways to absorb the most part of sunlight, cases of annoyed residents are brought to court frequently, e.g. at
the city of Heidelberg (Landgericht Heidelberg, 15.05.2009). Courts at the cities of Frankfurt am Main
(Landgericht Frankfurt, 18.07.2008), the city of Wurzburg (Verwaltungsgericht Würzburg, 31.01.2008),
the city of Stuttgart (Oberlandesgericht Stuttgart, 09.02.2009) and at the Swiss Canton Zurich (Kanton
Zürich, 05.06.2007) dealt with similar cases.
This paper strives to demonstrate the use of a 3D engine as a tool for simulating and visualising glare
caused by PV modules. To start with, this paper elaborates on glare and its foundation in physics. Then,
the first prototype with its computational model is presented. It is tailored to the calculation of reflections
by PV panels mounted on the premises of an airport. Pivotal objective has been the prediction of safetycritical glare caused by PV panels, which could be moved around for analysing different settings. Based
on this computational foundation we are going to develop the extensions towards an interactive engineer-
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ing framework, which allows engineers to find proper locations for PV systems with respect to safety concerns and levels of comfort for residential neighbourhoods.

2.

Calculating glare

Calculation of reflections is certainly a commodity in physics. However, the occurrence of glare must
approval of projects. Thus, the feasibility of small and largebe traceable
scale projects for deploying PV systems must be computed by federal departments, private engineering
offices and/or industrial companies. Although the calculation of the direction and the intensity of solar reflections appears rather trivial with respect to physics, the visualisation of specific impacts is demanding,
i.e. regions affected and intensity of interference.
Various astronomical, geodetic and photometrical aspects must be taken into consideration when calculating glare in detail. The difference of the density of two materials influences the reflection, i.e. what
amount of solar light is reflected or absorbed. Several parameters impact the intensity, the distribution and
the length of a beam reflected. Modern PV systems consist not only of silicon, but are also covered with
glass and/or an anti-reflective coating. A reduction of reflection to 0% is close to impossible and can only
be approximated with several protection layers on top of each other. 1.1% of the incoming sunlight is still
reflected on a protected panel with a transmission of 98.95%. The remaining light is spread diffusely
(Kaless, 2006). The correct data is hard to measure, though; the manufacturers of solar panels are not accurate in their specifications, if available at all, and admit relative errors of 0.2% of transmission and 0.5%
of reflection (Elmer, 1998).
The value of illumination measures the brightness of light at a certain location. The constant value of
illumination of direct sunlight on the surface is about 100.000 lx (El-Hawary, 2012). 1.1% of this makes a
value of 1.100 lx and can be compared to the illumination of a stadium and would feel like looking
straight into a 60W lamp. Researchers at Sandia National Lab discovered that for a period of 4-12 seconds
(i.e. time to recovery of vision) flash blindness corresponding to a solar irradiance of approximately 7-11
W/m2 (or 650-1,100 lumens/m2) occurs (Ho, Ghanbari, & Diver, 2009).
Those calculations only simulate the direction of glare and measure its intensity to be able to compare
these values with the intensity of other light sources, though. Hence, calculations about the impact on the
human visual perception system (and the level of disability glare) can be made using the formulas from
(Brumleve, 1977). Estimating the psychological effects like distraction or even long term disadvantages is
quite more difficult, however, because these depend on human factors that are different for every individual person. A reference table still in use is the de Boer-scale (De Boer, Burghout, & van Hamerskerck
Veeckens, 1959); several formulas have been developed to use physical parameters to estimate the level of
discomfort glare. Some of the most common methods are the British Glare Index
(CIE, 1983) and
the
(Luckiesh & Guth, 1949), but in 1995 the CIE introduced the Unified Glare Rating (UGR) (CIE, 1995) as a new standard. The problem is, though, that this
rating is only working for light sources with a steradian of less than 0.1, and, hence, of limited use.

3.

Simulation of PV system-caused glare in a 3D environment

Security concerns of operators at Frankfurt Airport originally motivated a thesis for calculating reflections caused by surfaces of PV systems. The originality of this contribution has been a simulation tool for
calculating and animating glare (Wollert, 2010). The specific question has been whether glare can become
a source of hazards to the traffic and processes at the airport. The starting point has been a PV system to
be installed at a specific location in the context of refurbishments.
Our model basically is built upon the framework of a 3D engine that supports a wide range of analytic
and trigonometric functions operating that are optimised for fast and accurate operations. With the engine
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we build a 3D scene of the environment, where the user is actual part of. The advantage of the 3D environment is the haptic of the simulation. One does not only see numbers as results of calculations and as
gear wheels in a huge mechanism of a simulation, but actually see and edit the parameters of a PV project
and its consequences in the field virtually.
Placed in the scene the user has three different forces that would abash any Jedi Master:
1. Based on that perspective a user has full control to move invisibly in a 3D scene simulating an intuitive environment of terrain, sky and sun in a free observer view. The mouse interactions control the direction of the view and with key input the user can move in all dimensions.
2. With the freedom of movement the user can see the PV system, the sun, the reflection beams and the
sensitive areas or objects from all angles of view for as long as the user wants.
3. The user can select objects in the scene and therefore can touch them in the environment. Selected objects (i.e. PV modules) can be moved, erased or edited. Also new objects can be created.
The scene is filled with a satellite map of the location. PV panels as well as individual buildings can be
positioned and oriented manually inside the 3D scene. The sun has its correct position according to the coordinates of the location and the current system time. The light coming from the sun as well as the beams
of reflections from the solar modules are represented. Every beam which hits a building or other environmental objects of interest will be stored in the Log Panel. Additionally, areas of interest can be selected
that will be checked for glare effects. Those areas can be marked in transparent coloured geometrical objects (see Figure 2).

Figure 2
3D scene of flight routes and reflection beams in detail
In the model the photometrical and geometrical data of a reflection are calculated depending on the day
of the year and time of the day, the astronomical position of the sun and the geographical location and di02.07.2013, FIT_EnviroInfo2013.pdf
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rection of the PV system. Providing detailed information about material properties of the PV system, the
direction of reflection beams and their intensity can be computed. The results are calculated for any duration accurate to the second and listed on a log table where any reflection occurrence can be tracked. Concrete episodes of reflection of sunlight affecting the environment can be tracked and presented in a 3D environment. Thus, the circumstances leading to glare effects and their consequences can be grasped and
prevented in a more intuitive fashion.

Figure 3
Screenshot of the first prototype using a 3D engine to simulate and visualise glare caused by PV modules
on a theoretical scenario of Frankfurt Airport
The prototype offers three different panels (see Figure 3) to change the settings and to show the results:
An Editor Panel contains all tools that are required to establish a certain scenario, i.e. the selection
of the date and time, the position, dimension, orientation and material preferences of a PV system
and the definition of sensitive areas in the environment.
In a Scene Panel the scenario of the installation of a PV system is virtually reconstructed and presented. The scene is interactive and objects, i.e. PV systems, can be selected, edited, created, moved
or removed. Satellite maps and the position of the sun are correctly visually displayed. Also the solar and reflection beams are shown and their path over the environment.
All results of glare effects (reflection beams crossing sensitive areas) are listed in a Log Panel with
all important data, i.e. the time and duration of glare, the sources and the illumination.
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3.1 Defining the parameters
Input information can be provided by choosing either a certain time of a specific day of the year or duration between two different specific dates, i.e. from 1st January 2012 to 1st January 2013.
Material properties of panels certainly impact the reflections of sunlight. Their specification can be taken into account in the simulation. Thus, many different materials can be tested in advance before installation of a PV system. Without specific information about material properties, though, our model assumes
the worst-case scenario with pure silicon solar modules without any form of anti-reflective coating. The
input information is synchronised with the Scene Panel (see Figure 3). A Play and Pause button allows
one to start the calculation and visualisation of the sun shining on a virtual PV system and the consequences from one date by second until the final date is reached.
The more specific input is given with geodetic and photometric data (i.e. the material preferences) the
closer our model can approximate the real illumination of the reflections.

3.2 The presentation of results
Results are displayed in a table: each row represents a single occurrence of sunlight reflection affecting
one object of interest for certain duration. Figure 4 shows an example of results in form of a table produced from the prototype for Frankfurt Airport.

Figure 4
Excerpt of the table of results for the example scenario

Figure 5
Two plots of the glare occurrences of a year for the example scenario. The x-axis describes the day in the
year. The plot on the left highlights the time (y-axis) of each occurrence on a day while the right plot displays the illuminance (y-axis) of an occurrence on a day in 104 lx.

02.07.2013, FIT_EnviroInfo2013.pdf

6

Copyright 2013 Shaker Verlag, Aachen, ISBN: 978-3-8440-1676-5

The listed result parameters are the date of the occurrence, its start and end time, the total duration and
the ID of the source solar panel. The Distance displays how far the solar panel is located from the affected
area. The Illuminance highlights the intensity the light would have at that position. Finally a Clearness
factor reminds the user of a parameter he could choose to lighten the sun intensity in the simulation. A
click to the table instantly sets the system to the corresponding situation by switching the sun position and
setting the time and date.
The results for a long duration can be collected, stored externally and loaded again. Additionally the
data can be plotted for certain modules and times (see Figure 3). The total results, which can be seen in
these plots, lead to the conclusion, that the PV modules would be bad located at the simulated position at a
noise protection wall in the north of Frankfurt Airport regarding air traffic.

4.

Improvement of the system

As of now, our prototype allows the calculation of glare in a 3D scene. It assumes a given topography
of the scene and fixed positions of the PV panels. Moreover, the focus has been on identifying safetycritical reflections in given flight corridors. Our computational model can also be adapted to other problems like the test of the installation of PV systems near communities, highways or different airports. The
focus might also shift to aggregate periods of reflection in order to test compliance with immission regulations as governed by bylaws.
In principle, our software can simulate the effect of PV installations and animate the impact on air space
as well as housing environments. We consequently forwarded this idea by accommodating opportunities
for change, i.e. change the distribution and degree of mounting of individual panels, change the type of
panels or install in a different location.
We are currently working on a web-based solution that can be used as a standard for authorities, experts
and companies for demonstration and screening purposes. To start with, we are going to switch to an improved system containing tools for a more flexible use. The user is free to choose the geographic location,
where the simulation shall take place. Automatically, the map material and elevation data is loaded and a
full 3D environment is provided. PV modules with different material preferences can be chosen and positioned manually. Flight routes to test can be defined or areas of interest can be selected.
One can imagine that our approach can also be used to visualise and calculate other sources of glare effects, too. Modern buildings use glass facades with an enormous potential of reflecting sunlight. Within
cities many people can get dazzled and traffic might get endangered.
Furthermore, other fields of environmental simulations can also be taken into consideration, too, for instance the simulation of windmills and their shading radius.

5.

Conclusion

The current prototype has convinced the engineers of Frankfurt Airport that the idea of installing solar
modules in the north of the airport would cause severe consequences to the air traffic regarding glare effects. Although these effects could be decreased by the usage of special anti-reflection coatings, the choice
of another location for installing the panels would be a better option.
Traditional calculations only use a limited amount date/time samples to anticipate for solar reflections
that could affect the environment when PV systems are installed nearby. The results are supported by images and photomontages, but there is no standard system to simulate the occurrence of glare effects. Any
change of parameters causes another calculation. Hence, experts are missing transparency of the processes
that lead to glare effects. Since a main part of the simulation for the occurrence of glare effects relies on
mostly astronomical, geometric, geodetic and photometric dependencies, their visualisation improves the
process of testing; users not only imagine but see in an animated scene, where they can actually move in-
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side, how glare effects occur and their impact on the environment. They can see that moving a certain PV
module or decreasing the inclination angle of several ones by 1%, for instance, would redirect the reflection beams to a group of trees or reduce the glare and, hence, be harmless.
PV systems can be planned a lot faster and with a better overview of the impacts on the environment using tools of an animated 3D simulation to identify and adapt the parameters that lead to glare in sensitive
areas of the environment. Similar issues come with the construction of large glass facades on buildings
and the deployment of windmills causing shadows that could be simulated with our model, too.
Using dependencies from various physical fields the occurrence and the level of physical glare can be
measured; it is almost impossible to simulate the psychological effect regarding discomfort glare, though.
This should be taken into account for any calculation when planning installations with the risk of environmental impacts.
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