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Daylight is a crucial factor in workspaces due to the significant effects it has on the productivity, health, well-
being, and overall comfort [1] [2]. However, the general population has limited knowledge about light 
distribution and desired light criteria. This implies that laymen are not able to judge the lighting situation and 
ensure the desired visual performance. Therefore, it is important to make daylight analysis in such a way that 
also layman understand the outcomes. The primary goal of a daylight analysis is to make a reliable assessment 
of the potential of a design to provide useful levels of natural illumination. The main research objective for this 
thesis is therefore to develop a parametric model that can compute the daylight distribution for existing 
workspaces. The goal is to provide the output so that the general population with limited knowledge about 
lighting can use it as to indicate the best working position regarding visual performance. 
 
The parametric model is designed to recreate existing workspaces by defining the room geometry, material 
properties, exterior characteristics, weather and orientation. The simplified output is created by combining two 
daylight metrics which determine the visual performance and visual discomfort. The output is visualized by 
plotting both metrics as a heat map on the floorplan of the existing workspace combined with an annual plot 
showing when visual discomfort can occur. The parametric model is validated by determine the accuracy of the 
output in comparison with measurements. The parametric model showed to have an Root Mean Square Error 
(RMSE) of 14%. The influence of the level of detail is validated by comparing the parametric model which has a 
simplified geometry with a more complex and detailed geometry of the same room. It is shown that a more 
detailed geometry increases the simulation time exponentially while showing a small decrease in illuminance. 
Different Radiance settings are tested to validate which setting is the most optimal for performing daylight 
simulations with the parametric model. The pre-defined high Radiance setting in the honeybee component 
showed to have similar results based on consistency and reliably compared to a custom Radiance setting 
defined on literature. However, the high setting has a simulation time which is three times faster than the 
custom setting. Therefore, the high setting is defined as the most optimal setting for the parametric model. 
 
The best working position regarding visual performance is determined by combining the heat map of both 
daylight metrics. The black area, calculated by the UDI metric, should not be used as a working position while 
the bright colored areas indicate possible working positions. It is advisable to place the desk in the orange area 
to optimize the usage of daylight. Positioning the desk in a yellow or blue area decreases the percentage of time 
that the daylight alone is sufficient enough and additional artificial lighting would be necessary. 
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Daylight availability has the potential to improve the users' wellbeing and performance while at the same time 
reduce the energy demand making it extremely important for the indoor environments [3] [4] [5] [6]. Some 
researches [7] [8] go even as far as recognizing daylight as a new renewable and affordable energy source for 
the sustainable design of buildings. However, daylight itself does not save energy. The energy is saved by 
switching off or dimming artificial lighting which is not needed due to the availability of daylight [3] [9]. 
Developing control algorithms that aim to limit the energy use by daylight harvesting is one of the most 
commonly used systems [5]. According to Bodart et al. [10], daylight harvesting can decrease the annual energy 
demand by 50 to 80%.  
 
However, from an economical point of view, energy saving is less profitable when it considering employment 
costs: the hourly salary of an office worker is comparable with the annual energy costs of electric lighting for 
that worker [3] [11]. Making a statement that the focus must be on the users instead of possible energy savings 
since the cost of workers by far outweighs the savings achieved by a decreasing in energy consumption. 
Focusing on the users shows that daylight is a key factor in a workspace due to the significant effects it has on 
the productivity, health and well-being and overall comfort [1] [2].  
 
This chapter describes the findings in literature and how they related to each other. Defining the terms visual 
performance and visual discomfort from a literature standpoint and how they correlate with the definitions and 
guidelines used in the NEN-EN 12464-1. Forming a basis to define visual performance and visual discomfort for 
this thesis. Different methods for visualizing the daylight distribution are discusses as well as previous research 
towards parametric daylight models. Workspace trends are defined related to changes in office workspaces 
over the years as well as the current trend where working from home is the new standard due to the Covid-19 
pandemic.  

1.1  (Day)light effects 

Light received by the eye is converted into two different neural signal pathways, one visual and one non-visual 
pathway.  This relates to the light effects that can be distinguished, namely the image forming effects and the 
non-image forming effects [12]. The image forming effect relate to the rods and cones within the eye which 
enable vision. Therefor the image forming effects are also described as visual effects and can be categorized 
into ‘visual performance’ and ‘visual (dis)comfort’ [13]. The non-image forming effects relate to the intrinsically 
photosensitive retinal ganglion cells (ipRGC) which influence short- and long-term effects related to the human 
health and wellbeing [14] [12]. This research takes only the image forming effects into account and focusses on 
the visual performance and visual discomfort. 
 
1.1.1 Visual performance 
Vision is the most developed sense in humans making us significantly rely on the availability of light of a 
sufficient quality [12]. According to Boyce, visual performance can be defined as the speed and accuracy by 
which visual information is processed influenced by the lighting condition [12]. However, as simple as it seems 
there are many factors which can influence the processing of the visual information. Changing the lighting 
condition is however the only thing that can affect the visual performance directly [12]. 
 
Daylight is considered as a very good light source from the perspective of visual performance. Based on the 
characteristic that it is flicker-free and has a continuous spectral power distribution that covers the full visible 
range [15]. This is proven by multiple survey-based studies which showed that daylight is preferred over 
artificial lighting [16] [17] [18]. 
 
1.1.2 Visual (dis)comfort 
All lighting systems are designed to ensure visual comfort. However, there is always a chance that under some 
lighting condition visual discomfort can occur. Visual discomfort can be caused by many different aspects of 
lighting, for example insufficient lighting which makes it difficult to perform a task. However, there are generally 
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speaking five different lighting condition which causes visual discomfort i.e. uniformity, glare, veiling reflections, 
shadows, and flicker [12].  
 
The first condition is light uniformity, which is defined by the difference in average illuminance between the 
task area and the surroundings which can cause visual discomfort when the difference is too high. The 
recommended average illuminance for the surround area should be between 50 to 70 percent of the average 
illuminance at the task area. The average illuminance of the background should be at least 33 percent of the 
average illuminance at the task area. [12] 
 
Glare is an extreme form of non-uniformity which is usably noticed immediately and is caused by an high 
difference in illuminance in comparison with the average task illuminance. Glare is divided into three categories 
defined as disability glare, discomfort glare and overhead glare. Disability and discomfort glare can both be 
associated with point sources and large area sources. Overhead glare can occur by looking into a luminaire [12].  
 
Veiling reflections are luminous reflection caused be semi matte or specular surfaces that change the contrast 
of the visual task. There are two factors that define the veiling reflection, the specularity of the surface which 
is faced and the surface, geometry or any high luminance source causing the reflection [12]. 
  
Shadows can cause visual discomfort by blocking the illuminance distribution causing under-lit areas. While 
shadows can cause visual discomfort can the also increase the visibility by enhancing the three dimensions 
shape of an object [12]. 
 
The last cause of visual discomfort is flicker which is caused by the fluctuation in electric lighting. When electric 
lighting produces flicker it will almost always result in visual discomfort and can be a health risk for some users 
[12].  

1.2 Building Codes and regulations 

The image forming effects of light are extensively described and documented in the current building codes and 
lighting recommendations. The current building code for indoor workspace lighting (NEN-EN 12464-1:2011) 
contains lighting requirements that are determined based on three basic human needs i.e. visual comfort, visual 
performance and safety. However, NEN-EN 12464-1 does not provide specific light requirements related to 
safety. Only defining the visual comfort and visual performance as followed. Visual comfort is in the building 
codes defined as: “lighting where the workers have a feeling of well-being, indirectly also contributing to a high 
productivity level.” [19]. Visual performance is in de building codes defined as: “Lighting where the workers can 
perform their visual task, even under difficult circumstances and during longer periods.” [19].  
 
The building code describes the minimum lighting requirements for office activities. Defining the maintained 
illuminance on the reference surface for the interior area, task or activity as [Em]. The [UGRL] defines the 
maximum Unified Glare Rating limit that applies to the area, task or activity. [Uo] defines the minimum 
illuminance uniformity on the reference surface of the maintained illuminance Em. [Ra] stands for the minimum 
color rendering indices [19].  
 
The current building code requirement for indoor workspace lighting as defined above are from 2011. The 
European Committee for Standardization is currently working on an updated version of the current building 
code.  The updated version will show more specified criteria in for example the maintained illuminance on the 
reference surface which in the version of 2011 is defined as [Em]. In the new code a distinction is made for [Em] 
into five different criteria i.e. [Em,r], [Em,u], [Em,wall], [Em, ceiling] and [Ez]. The maintained illuminance threshold is 
defined by[Em,r], [Em,u] whereby [Em,r] is the minimum value and [Em,u]  is the upper value. [Em, wall] and [Em, ceiling] 
describe the minimum average illuminance on the walls and ceiling. [Ez] defines the minimum cylindrical 
illuminance for the recognition of objects and people. [20] 
 
Besides the lighting criteria, the building code contains thresholds for the reflectance of different surfaces. Since 
a high surface reflectance contributes to a decrease in energy demand has the potential to increase visual 
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comfort [20]. However, high surface reflectance can also cause a decrease in visual comfort caused by glare due 
to the high reflectance. 

1.3 Defining visual performance and visual discomfort 

The term visual performance shows a clear difference between the building code and the literature. The 
description in the building code defines visual performance as a fixed threshold, which is achieved or not while 
the literature described visual performance as a measure that can decrease or increase depending on the 
lighting [12] [19].  
 
Visual comfort is in the building codes defined as: “lighting where the workers have a feeling of well-being, 
indirectly also contributing to a high productivity level.” [19]. This is similar to the finding in literature which 
also related visual comfort to the feeling of well-being. However, the literature described mainly visual 
discomfort and only relates back to visual comfort if the sources of visual discomfort are eliminated.  Boyce, 
therefore defines visual comfort as the absence of visual discomfort [12]. 
 
Lighting conditions that make it difficult the accomplish good visual performance are almost always considered 
as uncomfortable, however lighting conditions that result in a high level of visual performance can also be 
considered uncomfortable [12]. This is showed in a study testing the alertness in relation to the illuminance 
level [21]. When the illuminance level increases the alertness also increases. However, when the illuminance 
level exceeded the 2000 lx, the percentage of participants considering the lighting as good declined even though 
the alertness continued to increase up to illuminance values of 10000 lx.  
 
This shows that the upper threshold of visual performance should not be defined by an optimum in alertness 
or accuracy but by the illuminance threshold which is defined by visual discomfort. Literature showed that the 
illuminance threshold for visual discomfort is defined at 2000lx whereby illuminance values above this threshold 
are defined as uncomfortable [21] [22] [23] [24]. The minimum illuminance threshold of visual performance is 
defined by the current building code as 500 lx [19]. Setting an illuminance range for visual performance from 
500lx up to 2000lx.  

1.4 Methods for visualizing daylight distribution 

The primary goal of a daylight analysis is to make a reliable assessment of the potential of a design to provide 
useful levels of natural illumination [25]. Therefore it is important to visualize the daylight data in such a way 
that it is optimized for the specific case study to perform a reliable assessment of the situation.  
 
Hourly predictions of the daylight illuminance under variable sky or sun condition can provide reliable data to 
perform an assessment of the useful level of natural illumination inside a room. Other quantities such as 
temperature is it sufficient to use daily averages or annual data determined on the first day of each month 
however, this not the case for illuminance values. Averaging the illumination parameter leads to biases in the 
data by neglecting different sky and sun conditions. To provide reliable annual information about the daylight 
situation inside the room, at least 4000 hourly calculations are necessary. This number is based on the 
approximate number of daylight hours annually [26]. By only considering the working hours of a day from 9 am 
to 5 pm, the number of calculations could can be reduced, however still resulting in a significant amount of data 
which need to be translated in a way that it is usable for a reliable assessment. [26] 
 
There are multiple ways to visualize the annual illuminance data whereby the visualization should be based on 
the desired usage of the data. Visualizing the ‘raw’ illuminance data as is shown in Figure 1 is useful for 
recognizing daily and monthly patterns but still show hourly fluctuations. The data shows only information 
about one specific point which is useful if very specific information is required at a point however, this is less 
suitable if general illuminance information about a room is desired. Examples studies that use raw illuminance 
data for presenting the illuminance data are Kleindienst et al. [27] and Grobe & Wittkopf [28]. 
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Figure 1. Annual data plotted as raw illuminance data for one point [22] 

 
For some cases, more general information about the daylight distribution in a room is desired; for example, 
how far the light reaches into the room. In this situation data from one specific point in not sufficient enough 
and the data over multiple measurement point will be plotted. This makes it possible to show the distribution 
of the light, however daily or monthly patterns are not noticeable when visualizing the annual data in this way 
since the illuminance values are expressed in percentages. Examples studies use this method for presenting the 
illuminance data are Qingsong & fukuda [29] and Nabil & Mardaljevic [22]. An example is shown in Figure 2. 
 

 
Figure 2. Annual data plotted for a line of measurement points in the room [22]  

 
 
Another common method to visualize daylight distribution is by showing an overall view of the room by plotting 
the annual data as a heat map. A heat map can show the same data as shown in Figure 2 however, the data is 
now visible for every grid point in the room instead of specific measurement points. Resulting in a clear 
overview of the daylight distribution throughout the whole room. Examples studies us a heat map for 
presenting the illuminance data are Kent et al. [30], Nasrollahi & Elham Shokry [31] and Erlendsson [32]. An 
example is shown in Figure 3. 
   

  
Figure 3. Annual data plotted as a heat map [32] 
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1.5 Parametric modeling  

All the design aspects and their dimension of an architectural design can be considered as parameters. Aspects 
such as geometry, location, orientation, façade design and so on. The traditional way of designing limits the 
adjustability of changes after the model has been created since it is quite time consuming. Changes in the design 
cause the whole process to repeat itself. A new and more flexible method for architectural designing and 
optimization is called parametric designing. Parametric designing makes use of software applications such as 
Grasshopper which allow for efficient designing and optimization studies. This is achieved by virtual 
programming a building in which adjustments are automatically and immediately updated into the model [33].  
 
Parametric designing is not only suited for architectural design purposes but also used for engineering purposes 
due to the possibilities of optimization and performance studies. Additional plug-ins make it possible to perform 
energy simulation towards the heating and cooling demand, advanced solar radiation simulation, indoor 
thermal comfort studies and many more [34]. The advantages of parametric designing for engineering is that 
design choices do not have to be made based on only experience but can made together with the model. The 
parametric model can iterate easier and faster through many design options, therefore giving a wider range of 
possible solutions. Resulting in the most optimal design choice for the specific case [33].  
 
Parametric designing has a high potential for daylight studies since there are a lot of external and internal 
variables which can influence the daylight distribution. Extended research in the design-phase towards for 
example optimizing the window dimensions, shading settings or sky lights can eliminate problems which can 
occur when the building is in use [35] [9].    
 
1.5.1 Previous parametric research 
Multiple researches [9] [29] [35] [36] [37] [38] [39] [40] [41] have performed parametric simulations towards 
optimization in the design phase of the building. Fewer studies [42] [43], [44], [45], and [46]  are conducted on 
buildings that are already built. Studies performed during the design phase of a building focus mostly on the 
window dimensions [29] [35] [36] [37] [38] [39], shading [9] [40] and solar performance [41]. Studies performed 
on existing buildings are mainly focused on daylight availability [42] [46], shading [45] and the effect of daylight 
[43], [44]. 

1.6 Workspace 

The trends in workspaces have changed throughout the years. The previous trend of closed single room offices 
has changes over the years into open or half-open large spaces defined as office landscapes. The change in 
trend is stimulated by the cost efficiency of an large open office and is defined as “the new way of working” in 
which teamwork and social interaction are common themes [47]. The focus of building offices design has also 
changed accordingly. The traditional design philosophies and methods have failed to satisfy the requirements 
of modern office building design [48]. The new trend focusses on the occupant satisfaction, health and 
productivity when designing an office [49]. Showing an increase in light colored interiors in offices which 
therefore influence the material reflectance [50].     
 
The new trend where the occupant satisfaction, health and productivity has become an important point in 
designing offices shows similarities with the updated version of the EN 12464-1. The updated norm provides 
more criteria for the maintained illuminance as described in the paragraph above to ensure that the desired 
visual performance is achieved. 
 
However, due to the Covid-19 pandemic, everybody who can work from home is advised to work from home. 
Therefore exchanging their well-lit office workspace, which passed the EN 12464-1, for their own living room 
or home workspace which has no regulation towards lighting. 
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1.7 Problem statement 

Studies show that the general population has limited knowledge about light distribution and desired light 
criteria [12]. This implies that laymen on their own are not educated enough to judge the lighting situation and 
ensure the desired visual performance. This causes a problem due to the crucial factor (day)light has in 
workspaces related to the significant effects it has on the productivity, health, well-being, and overall comfort 
[1] [2]. For newly build offices is this no problem since there are detailed regulations and guidelines designed 
to be used by lighting engineers to ensure visual performance. However, if an office gets remodeled or 
refurbished the lighting situation is not verified again which can lead to insufficient lighting. Leaving the 
judgement of the lighting situation up the occupants which have limited knowledge.     
 
Working from home forms even a bigger risk since there are no lighting regulations or guidelines related to 
home workspaces. Due to the Covid-19 pandemic, more people are working from home and some people even 
expect that working from home will be the new normal.  This increases the urge to provide a simplified way of 
visualizing the daylight distribution for office and home workspaces and indicating the best working position 
regarding visual performance.  

1.8 Research aim and objectives 

The primary goal of a daylight analysis is to make a reliable assessment of the potential of a design to provide 
useful levels of natural illumination. The main research objective for this thesis is therefore to develop a 
parametric model that can compute the daylight distribution for existing workspaces. Designing an output 
which visualizes the daylight distribution in a way that it indicates what the best working positon would be 
related to visual performance. As defined in the problem statement should the output be simplified in such a 
way that it is clear for the general population with limited knowledge about lighting. However, to increase the 
possibilities of the parametric model and ensure the reliability of the output is the front-end designed for 
lighting engineers. The research objectives are translated into the following research questions whereby the 
sub-questions will help to answer the main research question. 
 
1.8.1 Research questions 
 

“How can the daylight distribution of an existing workspace be visualized as to indicate the best working 
position regarding visual performance?” 

 
Sub-questions: 
 

1) “How should a parametric model be designed and validated while considering the generic purpose of 
indicating the best working position regarding visual performance?” 

2) “How accurate is the parametric model in determining the daylight distribution of an existing 
workspace?” 

3) “How do different parameters impact the daylight distribution in a workspace?” 
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This chapter describes how the parametric model is designed and validated. The design phase is divided into 
multiple parts described which software is used and what parameters are used to build the parametric model. 
The calculations methods to generate the output as well as the visualization of the output are also part of the 
design phase. There are three different validation study performed to determine the accuracy of the parametric 
model. The first validation study is performed by validating the model against daylight measurements. The 
second validation study focusses on the level of detail of the model to see whether the level of detail of the 
geometry influences the accuracy in relation to the simulation time. The third validation study focusses on the 
Radiance settings to determine the consistency and reliability of the output in relation to the simulation time. 
Once the parametric model is designed and validated an example application study is performed to show how 
different parameters impact the daylight distribution in a workspace regarding visual performance. 

2.1 Modeling and simulation software 

This paragraph describes the modeling and simulation software used during the research and how the different 
software relates to each other. An overview of how the different programs and their relation is shown in Figure 
4. 

 
Figure 4. Overview between different used programs 

 
2.1.1 Rhinoceros 3D 
Rhino as it is commonly named is an abbreviation of Rhinoceros 3D which is a three-dimensional modeling 
program. Rhinoceros 3D is designed for creating, analyzing and rendering and translating complex geometries 
with non-uniform rational B-splines (NURBS) curves, surfaces, solids, point clouds and polygon meshes. 
Rhinoceros developer tools makes it possible for third party developers to create plug-ins and add-ons based 
on the open-source of Rhinoceros making it a versatile modeling program [51]. For this thesis, Rhinoceros 3D 
version 6.32 is used. 
 
2.1.2 Grasshopper for Rhinoceros 
Grasshopper is a graphical algorithm editor that is included within Rhinoceros. Making it possible to develop 
algorithms based on pre-coded components [52]. Grasshopper is real-time connected to Rhino whereby 
changes in the grasshopper canvas are directly shown in the Rhinoceros viewport. For this thesis, Rhinoceros is 
purely used as a 3D viewpoint for the input and output of the grasshopper model.  
 
2.1.3 Ladybug and Honeybee for Grasshopper 
Ladybug and Honeybee are both plug-ins for Grasshopper developed by Mostapha S. Roudsari. Ladybug is 
designed for importing and analyzing weather data and visualizing data. Making it possible to use local weather 
data for simulation in a EPW format. Honeybee is designed for connecting with simulation engines such as 
Radiance, OpenStudio and Therm for visualizing daylight simulations, energy models and envelope heat flows 
[53] [54].  
 

2 Methodology 
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2.1.4 Radiance and Daysim for Honeybee 
Radiance is a simulation engine developed by Greg Ward in and is one of the most used simulation engines for 
architectural lighting simulations [55]. Radiance itself has no interface therefore honeybee components are 
used to define the Radiance settings. Daysim makes use of the Radiance backward raytracing for running 
daylight simulations and in specific annual simulations and DGP simulations. [56] 

2.2 Input variables of the parametric model 

The input parameters which determine the daylight distribution are separately described below. The 
architectural design input parameters are determined based on research performed by Khademagha et al. [14] 
who developed a framework correlating seven architectural design input parameters to (day)light factors. 
Those input parameters correlate with the input parameters as described in similar studies [33] [32]. 
 
2.2.1 Room geometry  
The room shape is defined by three different parameters (i.e., the width, length and height of the room) making 
it possible to design a square or rectangle with no restrictions on the dimensions. The possibility of only square 
or rectangle shape rooms seems like a big limitation; however, found literature related to parametric studies 
only showed the usage of a rectangle-shaped room [42] [43] [32]. Therefore, adding multiple variables to 
provide for the rare situation of a round or oval office would not be useful seeing from a general vision. 
 
The parametric model is designed with the possibility to have windows in three of the four walls. The number 
of windows can be specified for each specific situation. The parameters defining the dimensions of the window 
are the width, height, offset from the floor, and offset from the left side of the wall making it possible to specify 
the exact dimensions and position of the window related to the wall it is placed in. 
 
The last parameter for the room geometry itself is the floor level making it possible to quickly change the 
geometry to match the floor of the actual room. All the previously defined parameters automatically correlate 
with the new floor level.  
 
2.2.2 Material properties 
The material properties are defined based on Radiance material parameters. The opaque materials are specified 
based on the surface reflectance, roughness and specularity of the material. The glass materials are specified 
based on the transmittance and the refractive index of the material. The reflectance and transmittance values 
are both defined as RGB values. The red spectrum is defined by the wavelengths 625 till 740 nm, green by the 
wavelengths 520 till 565 nm, and blue by the wavelengths 450 till 490 nm [57].  
 
2.2.3 Exterior characteristics  
The exterior characteristics are defined in geometry-related characteristics such as a balcony or extended roof 
and external characteristics such as ground plane obstruction. The parameters defining the balcony are the 
length, width, height of the railing, starting point of the balcony, and the rotation. The parameters defining the 
extended roof are the angle, extended length, starting point, and orientation. 
 
The ground plane obstruction is programmed to represent an opposing building which could influence for 
example the sun path. The parameters defining the ground plane obstruction are the height, length, and 
distance from the simulated room and the angle of the obstruction related to the simulated room.  Also, an 
additional ground surface is programmed since literature showed that adding a ground surface improves the 
accuracy of the outcome. 
 
2.2.4 Weather and orientation 
For the different validation studies, specific weather data is necessary. Normally a close by weather station 
would be sufficient; however for the Netherlands, there are only three defined weather stations that use the 
data format which can be inserted into Ladybug. Ladybug can only read EPW and STAT data formats which 
made it necessary to convert the weather data from a close by weather station into an EPW file.   
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The program Weather Statistics and Conversions version 8.1.0 made by Energy Plus is used to convert the 
weather data of Eindhoven from the Koninklijke Nederlands Meteorologisch Instituut (KNMI) which is a .txt 
format and the weather data from the Vertigo weather station which is a .csv format into the EPW format. 
However, since every weather station uses a different order and units to present their data a specific conversion 
script is written to convert the data of both the KNMI and the Vertigo weather station into a EPW file. The 
conversion script is shown in Appendix 7.1.    
 
The orientation of the model is variable which allows for different building orientations. The parameter changes 
the North orientation of the model whereby the geometry stays in the same position. An example 
representation of how the parametric model can look like is shown in Figure 5. 
 
 

  
 

  
Figure 5. Example visualization of the parametric model 

 

2.3 Data collecting and visualization 

2.3.1 Grid-based simulation 
The daylight distribution is determined on a grid-based simulation according to the European standard EN 
12464-1 [20]. The grid cells should have an approximating  square shape whereby the length to width ratio of 
the grid cell should be between 0.5 and 2. The maximum grid size is determined with Equation 1 [20]: 
 

Equation 1  

𝑝 = 0.2 × 5log10(𝑑)  
 
In equation 1, “p” is the maximum grid cell size in meters and “d” is the longest dimension of the calculation 
area in meters. If the ratio of the longer to the shorter side is 2 or more then “d” becomes the short dimension 
of the area [20]. All the grids used to calculate the daylight distribution fall within the stated maximum cell size. 
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2.3.2 Hourly and annual simulations 
Hourly and annual daylight simulations are performed to determine the daylight distribution throughout the 
room. The hourly simulations are mainly used to perform validation studies since it is faster to simulate only 
the necessary time steps in comparison to simulation the complete year and need to filter out the necessary 
hourly data out of the annual data. 
 
For the annual simulation, additional thresholds are used. Since the thesis focuses on daylight distribution in a 
workspace, only regular working hours are taken into account. The annual simulation threshold is set from 
Monday till Friday and from 08:00 till 18:00 hour.  
 
2.3.3 Daylight Autonomy metric 
The Daylight Autonomy (DLA) metric is used to determine the visual performance. DLA is a metric which uses 
the work plane illuminance as an indicator and determines if the daylight is sufficient enough for occupants to 
work with daylight as their only light source. DLA is defined as an annual percentage showing the amount of 
time that the daylight alone is sufficient [23]. The definition of “sufficient” is based on the required minimum 
illuminance levels according to the lighting standard which is in this case the European standard [20]. The 
required minimum illuminance level used for this thesis is 500lx which correlates to the required minimum level 
of the following tasks or activity area: writing, typing, reading, data processing, CAD work stations, conference 
and meeting rooms, and conference tables [20]. The DLA metric takes only the occupied hours of the year into 
account, which for this thesis are defined as normal office working hours. The occupied hours are specified as 
Monday till Friday and from 08:00 till 18:00 hour.  
 
2.3.4 Useful daylight illuminance metric 
The Useful Daylight Illuminance (UDI) metric is used to determine the visual discomfort. The UDI metric is 
defined as a dynamic daylight performance measure that also uses the work plane illuminance as an indicator 
[22]. The UDI determines if the daylight levels are ‘useful’ whereby the lower value is defined at 100lx and the 
upper value at 2000lx. For this thesis, only the upper value is used since the lower value is set by the DLA metric 
at 500lx. The upper threshold is used to define when there is an oversupply of daylight which can lead to visual 
discomfort. The threshold of 2000lx is defined based on reported occupant preferences and detect the likely 
appearance of glare [22] [23] [24]. A comparison study between DGP and UDI metric showed that there is a 
sufficiently robust relation between UDI and DGP however, further research is still necessary [58]. Similar to 
the DLA metric, the UDI metric also only takes the occupied hours into account. 
 
2.3.5 Heat map visualizing hourly illuminance (lx) 
The heat map for visualizing the hourly daylight distribution shows the horizontal illuminance value for each 
grid point at a height of 0.75m expressed in lux based on a color scale. An example of the hourly heat map is 
shown in Figure 6. 
 
 

 
Figure 6. Heat map showing hourly daylight distribution (horizontal illuminance at 0.75m) 
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2.3.6 Heat map visualizing annual DLA and UDI 
The heat maps for visualizing the annual daylight distribution are separately simulated for the DLA and the UDI 
metrics. The reason for this is that both metrics show a different result. The DLA heat map shows the annual 
percentage of time a specific grid point reaches the lower threshold of 500 lx. The UDI heat map shows the 
annual percentage of time a specific grid point exceeds the threshold of 2000 lx. For the combined heat map 
an additional threshold is set for the UDI metric. An additional threshold is necessary to prevent overestimation 
of the area caused by grid points where the threshold is exceeded for only one percent on an annual basis. 
However, there is no specific threshold defined in the literature about an acceptable annual percentage of time 
exceeding the threshold value. The assumption is therefore made that an exceeding of less than 25 percent of 

the time is acceptable. Grid points that exceeds the UDI threshold for  25 percent of the time are colored 
black.  An example of the individual and combined heat maps is shown in Figure 7. 

DLA UDI Combined DLA and UDI 

     
Figure 7. Heat maps visualizing annual DLA and UDI 

 
2.3.7 Annual graph showing UDI 
The heat maps show the annual percentage of a specific grid point, however it does not provide information 
about specific time steps. To give insight into the UDI values at specific time steps, an annual graph is plotted 
together with the heat map showing when the UDI threshold is exceeded. The percentage of floor area that  
exceeds the threshold at that specific moment is shown as a color legend. An example of the annual graph is 
shown in Figure 8.    
 

 
Figure 8. Annual graph showing when the UDI is exceeded and the percentage of floor area 
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2.4 Validation study 1: Accuracy parametric model 

2.4.1 Goal validation study 
The goal of this validation study one is to determine the accuracy of the parametric model based on 
measurements. Since the parametric model makes it possible to change the input variables as mentioned in 
paragraph 2.2, is it possible to use any previously performed measurements. This is achieved by changing the 
model to replicate the specific room and condition of the measurements. For this specific case, the 
measurement data of a daylight study by C. Pierson is used. Pierson performed the daylight measurements in 
February and March 2020 [59]. 
 
2.4.2 Measured room  
The measurements were conducted in the BPS façade room at the Eindhoven University of Technology. It is an 
office-like room situated in the Vertigo building. An overview of the room is shown in Figure 9. The room is 
divided into two different rooms of which only the right room is used for the measurements and validation 
study. The dimensions of the right room are 2.76m wide, 5.27m long and the height is 2.7m. The room is placed 
on the 2nd floor with a floor level of 10.4 meters above ground and an unobstructed outside view. The glass 
surface of the right room has a width of 2.48m, a height of 1.93m and has an offset of 0.75m of the ground. A 
schematic overview of the window is shown in Figure 9. 

Figure 9. Overview BPS facade room showing surroundings of the room, floor plan and the window. 
 
2.4.3 Measurements  
Pierson performed a variety of light measurements in the BPS façade room; however, for the validation study 
only the material reflectance values and the horizontal illuminances at the one of the desk were used. The 
material reflectance values of all the surfaces were measured with a Konica Minolta CM-2600d spectrometer 
with an accuracy of 0.01% [60]. The reflectance values are measured for each 10 nm wavelength. See Appendix 
7.2  
 
The horizontal illuminance was measured at the desk at the end of the room (see the red square in Figure 9) at 
a height of 0.76m. The horizontal illuminance was measured with a Konica Minolta CL-200 illuminance meter 
with an accuracy of 0.1 lx [61]. The illuminance was measured every six minutes from 8:00 till 18:00 hour from 
January 30 till March 17 2020. The measurement setup of Pierson is shown in Figure 10 in which the sensor to 
measure horizontal illuminances is shown in the red square.   
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Figure 10. Measurement setup C. Pierson and horizontal illuminance sensor 

 
2.4.4 Simulation setup 
All the input parameters are set to replicate the BPS façade room as close as possible. The geometry is set based 
on the measured dimensions of the room. The geometry is shown in Figure 11. 

  
 

 
Figure 11. Simulated geometry BPS facade room 

 
The measured material reflectance values are converted into RGB reflectance values for the Radiance 
component in Honeybee. The RGB reflectance values are calculated by averaging the spectral reflectance values 
for each 10 nm over the RGB wavelength. The calculated RGB reflectance values for different surfaces are 
shown in Table 1. 
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Table 1. Material reflectance values 

Material 
Reflectance values 

R G B 

White Partition wall (North side) 0.881 0.855 0.854 
White wall (South side 0.808 0.801 0.746 
White wall (East side) 0.861 0.876 0.875 
White wall below the window (West side) 0.797 0.799 0.778 
White suspended ceiling 0.818 0.804 0.784 
Carpet floor 0.106 0.113 0.133 

 
The transmittance value of the glass is calculated with Window 7 version 7.7.10.0 which is a program made by 
Berkeley Lab for calculating total window thermal performance indices [62]. The glass used in BPS façade room 
consists of 6mm Pilkington Optitherm S3 and 8 mm Pilkington Optifloat Clear with a cavity of 15mm filled with 
90% argon and 10% air. Calculations in Window 7 showed a total visible transmittance of 0.7744. An overview 
of the calculation is shown in Appendix 7.2. 
 
For the validation study, the exact weather data is desired at the time of the measurements to simulate the 
same weather characteristics during the measurements. The weather station at the rooftop of the Vertigo 
building is therefore used since this weather station is the closest to the measurement room giving the most 
accurate weather data. The Global Horizontal Irradiance (GHI) data is used which contains the Direct Normal 
Irradiance (DNI) and the Diffuse Horizontal Irradiance (DHI) [63]. GHI data is measured every five seconds and 
averaged to be shown as data per minute. The minute data from the weather station is then averaged over an 
hour to make it suitable for the conversion into a EPW file to be used for hourly simulations. The irradiance data 
of the weather station is shown in the appendix 7.3  
 
The horizontal illuminance values of the measurements are measured every six minutes while the parametric 
model simulation contains hourly values. To compare the values equally are the measured values translated 
into hourly values by calculating the hourly median value. The median values are used instead of the average 
to limited out extreme pikes in the measurement data. 
 
2.4.5 Validation data 
The measurement data contains a total of 48 days of data. For this validation study, only ten days are compared 
which are equally distributed over the 48 days to give a representation of the total measurement data. Ten 
days give a sufficient representation of the total measurement period to determine the accuracy of the 
parametric model. The accuracy is determined by calculation the relative Mean Bias Error (MBE) shown in 
Equation 2 and the relative Root Mean Square Error (RMSE) shown in Equation 3. In both equations stands 
𝑥𝑠𝑖𝑚,𝑖 for the simulation data and 𝑥𝑚𝑒𝑎,𝑖 for the measurement data. 

 

Equation 2. MBE 

𝑀𝐵𝐸𝑟𝑒𝑙 =
1

𝑁
∑

𝑥𝑠𝑖𝑚,𝑖 − 𝑥𝑚𝑒𝑎,𝑖

𝑋𝑚𝑒𝑎,𝑖

𝑁

𝑖=1
 

 

 

Equation 3. RMSE 

𝑅𝑀𝑆𝐸𝑟𝑒𝑙 =
1

𝑁
√∑ (

𝑥𝑠𝑖𝑚,𝑖 − 𝑥𝑚𝑒𝑎,𝑖

𝑥𝑚𝑒𝑎,𝑖
)

2𝑁

𝑖=1
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2.5 Validation study 2: Level of detail 

2.5.1 Goal validation study 
While all the input parameters were set to replicate the BPS façade room from validation study one, there were 
still differences in room geometry. The shape of the geometry of the parametric model is much more simplified 
than the actual geometry of the room. The goal of validation study two is to see whether the level of detail of 
the geometry influences the simulation accuracy in relation to the simulation time. 
 
2.5.2 Drawing or programming geometry 
With the combination of Rhinoceros and Grasshopper software, it is possible to create a geometry in two 
different ways. The geometry can be drawn by for example polylines and rectangles or programmed based on 
X, Y, Z coordinates. Both methods have advantages and disadvantages. The advantage of drawing geometry is 
that it is faster and not limited to the level of detail. However, the downside of drawing is that changing an 
existing geometry is very time-consuming. This leads to the advantages of programming a geometry for a 
situation where flexibility and quick changes are desired. However, programming geometry has the 
disadvantage of taking more time and limiting the level of detail. The programmed geometry of the parametric 
model is compared with a drawn geometry made in Rhinoceros.  
 
For this validation, the same room is used as for validation study one (i.e., the BPS façade room). Pierson made 
a drawn 3D model in Rhinoceros of the façade room for her research. The drawn model contains a high level of 
detail as is shown in Figure 12. Comparing it with the programmed geometry shown in Figure 13 shows how 
much the two models deviated based on the level of detail.  
 

 
Figure 12. Drawn geometry BPS Facade room 

 

 

 
Figure 13. Programmed geometry BPS facade room 

 

 
2.5.3 Simulation settings 
Since the drawn model is made in Rhinoceros, Grasshopper is only be used for running the daylight simulation. 
Therefore a different programming script is necessary for Grasshopper to recognize the drawn surfaces in 
Rhinoceros. Also, additional material reflectance values are added to be assigned to different geometry such as 
desks, PC screens etc. The material reflectance values are measured with the same Konica Minolta CM-2600d 
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spectrophotometer as the other material reflectance values. The additional material reflectance values are 
shown in Table 2. 
 

Table 2. Additional material reflectance values 

Material 
Reflectance values 

R G B 

Window surrounding 0.825 0.819 0.787 
Window store 0.740 0.760 0.759 
Desks 0.472 0.473 0.453 
PC screens 0.039 0.039 0.039 

 
2.5.4 Validation data 
This validation study is a follow-up study based on the results of the validation study one meaning that the 
timestamps used for this validation study are based on validation study one. The first day will be the day that 
has the lowest daily deviation based on validation study one and the second day will be the day that has the 
highest daily deviation. The accuracy between the simplified model and the detailed model is determined with 
the MBE (see Equation 2) and RMSE (see Equation 3). 

2.6 Validation study 3: Radiance settings 

2.6.1 Goal validation study 
The goal of this validation study is to compare the settings of the Radiance honeybee component based on 
consistency and reliability related to the simulation time. It is important to get an understanding of how the 
different settings influence the outcome of the parametric model for further recommendations. 
 
2.6.2 Radiance settings 
The Radiance component in honeybee contains three pre-defined Radiance settings defined as low, medium 
and high and an option to adjust specific Radiance parameters. For the validation study, the pre-defined settings 
are tested and compared with an custom Radiance setting based on literature [64] and trial and error.  
 
The parameter ambient bounces (ab) and ambient divisions (ad) showed to have the most influence on the 
outcome of the simulation [64]. The ambient bounces define the maximum number of diffuse bounces which 
are computed for the indirect calculation. A higher value gives a more accurate outcome; however, doubling 
the values can also double the rendering time [65]. The ambient divisions define the number of rays that will 
be traced for the indirect calculation. A higher number of ray results in a higher consistency minimizing the 
difference in rays between each simulation. The reason for this is that the error in the Monte Carlo calculation 
is defined as the square root of the ambient division value. The specific Radiance parameter settings are shown 
in Table 3.  
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Table 3. Radiance settings 

Description parameter 
Radiance settings 

Low Medium High Custom 

Sampling threshold pt 0.15 0.1 0.05 0.05 
Source sub structuring ds 0.5 0.25 0.05 0.05 
Ambient accuracy aa 0.25 0.2 0.1 0.1 
Anti-aliasing jitter pj 0.6 0.9 0.9 0.9 
Direct thresholding dt 0.5 0.25 0.15 0.15 
Ambient divisions ad 512 2048 4096 25000 
Source jitter dj 0 0.5 0.7 0.7 
Direct pretest density dp 64 256 512 512 
Limit weight lw 0.05 0.01 0.005 0.005 
Ambient resolution ar 16 64 128 128 
Ambient super-samples as 128 2048 4096 4096 
Direct certainty dc 0.25 0.5 0.75 0.75 
Limit reflection lr 4 6 8 8 
Pixel sampling rate ps 8 4 2 2 
Specular threshold st 0.85 0.5 0.15 0.15 
Specular jitter sj 0.3 0.7 1 1 
Direct relays dr 0 1 3 3 
Ambient bounces ab 2 3 6 8 

 
 
2.6.3 Measurement points 
The different Radiance settings are each simulated ten times whereby the illuminance values are measured at 
nine different measurement points. The measurements points are spread out in the room to give an insight in 
how the settings influence the outcome at difference areas. The measurement points are placed at three 
distances from the window: In front of the window (0.5m distance of the window), in the middle of the room 
and in the back of the room (0.5 m distance from the back wall). The exact position of the measurement points 
are shown In Figure 14. 

  
Figure 14. Schematic overview position measurement points 

 
2.6.4 Consistency and reliability 
The consistency of the different Radiance settings is determined by comparing the results of the ten simulations 
for each measurement point. The consistency is expressed as inconsistency and determined based on the 
relative deviation in lux between the highest and the lowest outcome of the ten simulations.  The inconsistency 
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provide an insight in how much percent the calculated illuminance can deviate up or down due to inconsistency. 
The inconsistency is calculated as shown in Equation 4. 
 

Equation 4. Inconsistency 

𝐼𝑛𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦𝑟𝑒𝑙 =  (
𝑚𝑎𝑥 − 𝑚𝑖𝑛

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
) 

 
The reliability of the Radiance settings are determined by comparing the average lux values for each 
measurement point. The lux values are compared with the values of the custom setting, since the custom 
setting is already applied and validated on its reliability during validation study one and two. The reliability is 
determined according to Equation 5. 
 

Equation 5. Reliability 

𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑟𝑒𝑙 = 1 −  (
𝑋𝑐𝑢𝑠𝑡𝑜𝑚 − 𝑋𝑠𝑒𝑡𝑡𝑖𝑛𝑔

𝑋𝑐𝑢𝑠𝑡𝑜𝑚
) 

 
 
The same parametric settings of the BPS façade room are used since those settings form a validated starting 
point. The specific time step used for the validation is February 20 at 12:00 hour. 
 

2.7 Recommendations visual performance based on an example application study 

At this point is the parametric model fully designed and validated. To show how the daylight distribution of an 
existing workspace would be visualized, with the goal to indicate the best working position regarding visual 
performance, is an example application study performed. The output of the example application study is used 
to provide recommendation on the best working position. 
 
The example application study is performed by comparing three different parameters. Comparing parameters 
in a further fixed setting makes it possible to see the influence those parameters have on the daylight 
distribution in a room. For this example application study, the geometry of the room and external characteristics 
are fixed and only the surface reflectance values, window dimensions and the orientation of the room are 
variable. The fixed settings, the three variable parameters, and follow-up recommendations are described 
below. 
 
2.7.1 Reference workspaces 
Due to the Covid-19 situation everybody, who can, has to work from home. Instead of working in a large office, 
people are now working in their living room or a small room defined as a home workspace. The example 
application study focuses on the last situation where people are working in their home workspace. By 
comparing recognizable parameters, this example application study gives an insight into the daylight 
distribution of different home workspaces and recommendations on how to improve visual performance. The 
home workspace is defined with the following dimensions i.e. width of  3m, a depth of 5m and a ceiling height 
of 2.7m. 
 
2.7.2 Reflectance values 
The European standard described thresholds for the reflectance values of different surfaces [20]. The same 

thresholds are used for the example application study in which the values are divided into three different 

settings i.e. low, medium and high. Low defines the lower threshold values, high the upper threshold values, 

and medium the average between low and high. The thresholds are shown in Table 4. 
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Table 4. Reflectance value surfaces [20] 

Surface 
Reflectance threshold 

Low Medium High 

Ceiling 0.7 0.8 0.9 
Walls 0.5 0.65 0.8 
Floor 0.2 0.4 0.6 

 
2.7.3 Window dimensions 
There are three different window dimensions used for the example application study in which all windows have 
an offset of 1 meter above the ground and 0.5 meter from the sides. The different window heights represent 
the influence of shading devices if windows would be partially shaded by for example drop down blinds or when 
the window of the home workspace would be lower. The different window settings are shown in Figure 15. 

   
1 2 3 

   
2 x 1.5 m 2 x 1 m (33% shaded) 2 x 0.5 m (66% shaded) 

Figure 15. Window dimensions example application study 

 
 
2.7.4 Room orientation 
The parameters described above are simulated for four different room orientations (i.e., North, East, South and 
West). The orientation is defined by the window facing façade. The four orientations are selected to provide an 
insight into the influence of direct sunlight through the window. The orientation also makes it possible for 
people to recognize their home workspace in the simulation output based on the orientation of their house. 
 
2.7.5 Visualizing combination of parameters 
The combination of the three variable parameters (surface reflectance, window height, and orientation) result 
in 36 different room situations and corresponding daylight distributions. To keep the different daylight 
distributions separate has each combination of variable parameters its own subscription. The explanation of 
the subscription is shown in Table 5. An example subscription is as followed: R_low_O_360_S_1.  

Table 5. Explanation subscription example application study 

Parameter Subscription 

Surface reflectance R_ followed by reflectance value (low, med or high) 
Orientation O_ followed by a degree (90 =West, 180 = North, 270 = East, 360 = South) 
Window shading S_ followed by the height of the window in meters (0.5, 1 or 1.5) 

 
2.7.6 Recommendations for visual performance 
The recommendation for the visual performance will be based on the combined heat map showing the DLA and 
the UDI. The DLA metric shows the area where the highest percentage of the time the threshold is reached. The 
area of visual discomfort is visualized by the black color showing where the UDI threshold is exceeded. An 
additional glare analysis is performed as a risk assessment in the extreme situation where more than 50 percent 
of the room area exceeds the UDI threshold on a regular basis. The risk assessment will determine whether the 
lighting conditions in the room are sufficient to function as a workspace or that additional changes are necessary 
for the room. 
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The glare analysis is performed by calculating the Daylight Glare Probability (DGP). The DGP is divided into four 
different categorize describing the type of glare. The DGP categorizes are shown in Table 6. The glare analysis 
is only performed for specific situations, since it requires specific input data such as the desk position and 
viewing angle which are only known after the simulation are performed. Therefore the glare analysis is used as 
an additional risk assessment for critical situations. 
 

Table 6. Daylight Glare Probability 

Type of glare DGP value 

Imperceptible glare 0.35 > DGP 
Perceptible glare 0.40 > DPG  0.35 
Disturbing glare 0.45 > DGP  0.40 
Intolerable glare DGP  0.45 

 
The results of the example application study also show the effects of the individual parameters making it 
possible to give specific recommendations; for example, whether to decrease or increase the contrast caused 
by the surface reflectance value.  
 
 
 
 
 



 
 
 
 

Master Thesis Building Physics and Services Version: Final version                Page: 24 of 69 
 

 
 

This chapter shows the results of the validation studies and the example application study by presenting the 
data in graphs, tables or visualized with heat maps for data analyzing. 

3.1 Validation study 1: Accuracy parametric model 

The measurement data and the simulation results are plotted together for each simulated day. The graphs are 
shown in Figure 16. The x axis shows the measured hours during the different days and the y axis shows the 
horizontal illuminance measured on desk three, at a height of 0.75m.  
 

  

  

  

3 Results 
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Figure 16. Comparison measurements with simulation results 

 
The accuracy of the parametric model is based on the plots in Figure 16 and the absolute and relative values in 
Table 7. Comparing the plots and data shows that the results can be divided into three different groups. Group 
one is defined by the days whereby the measurements are similar to the simulation results with an RMSE of 5 
– 12% which is the case for 1, 9, 15, 20, and 25 February. Group two is defined by the day where the plot shows 
a strong deviation at a specific point which is the case for 5 February, RMSE of 14%. Group three are the days 
whereby the measurement values do not match with the simulation results resulting in an RMSE of 16 – 31% 
which is the case for 1, 5, 10 and 15 March. 
 

Table 7. Absolute and Relative hourly deviation averaged per day 

Day 
Hourly deviation averaged per day  

Absolute values [lx] Relative values [%] 
Average Median MBE RMSE 

01 February 36 24 -19% 8% 
05 February 128 29 -26% 14% 
09 February 15 11 -15% 11% 
15 February 42 30 -8% 12% 
20 February 13 5 0% 5% 
25 February 58 34 1% 6% 
01 March 169 111 43% 25% 
05 March 56 38 46% 18% 
10 March 59 35 58% 31% 
15 March 161 110 -41% 16% 

 
The deviation is also grouped per illuminance level to check if there is a correlation between the illuminance 
level and the relative deviation between the measurements and the simulations. The graph shown in Figure 17 
shows that there is no correlation between the illuminance values and the relative deviation. Showing that the 
accuracy of the model is independent on the illuminance. 
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Figure 17. Relation between relative deviation and illuminance values 

3.2 Validation study 2: Level of detail 

The influence of the level of detail is determined by comparing the results of the simplified model with the 
detailed model. The validation study is based on the data of 20 February and 5 March. 20 February is selected 
since the dataset showed a similar pattern with a MBE of 0% defining it as the best fitting pattern. 5 March is 
selected since it has the highest MBE of 46% but still show a similar pattern. Both models are compared with 
the measurement data shown in Figure 18. 

  
Figure 18. Comparison Simplified model with Detailed model 

Table 8. Absolute and Relative hourly deviation averaged per day 

Model Day Average deviation  [lx] MBE [%] RMSE [%] Calculation time  

Simplified 
model 

20 February 13 0% 5% 
±5min 29sec 

05 March 56 46% 18% 
      

Detailed model 
20 February 45 -28% 9% 

±1hour 52min  
05 March 29 12% 10% 

 
Comparing the plots in Figure 18 show that the detailed model follows the same pattern as the simplified model. 
However, the illuminance values of the detailed model are lower in comparison with the simplified model for 
both simulated days. Resulting in an increase in deviation for 20 February and a decrease in deviation for 5 
March in comparison with the simplified model.  The RMSE of the detailed model shows a fluctuation of 1% 
assuming a more predictable outcome in comparison with the simplified model.  
 
The calculation times of both models show a high difference. The calculation time to simulate one hour is shown 
in Table 8. Resulting in a total calculation time for one day (10 hours) of 54 minutes and 50 seconds for the 
simplified model and 18 hours and 40 minutes for the detailed model. 
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3.3 Validation study 3: Radiance settings 

The results of Radiance deviates slightly for each run as described in paragraph 2.6. It is important to know how 
much the results deviate as it provides an insight useful for further applications. The same simulation is 
repeated ten times to test the consistency and reliability of the setting. The average, minimum, maximum 
values and inconsistency of the ten simulation are calculated for each measurement point and shown in Table 
9. The four different Radiance setting are described in paragraph Radiance settings2.6.2. 

Table 9. Consistency and reliability of the four different Radiance settings  

Radiance settings 
 Measurement points 
 1 2 3 4 5 6 7 8 9 

Low 
setting 

Average   lx 4123 3804 1882 892 882 743 360 366 308 
Min        lx 4050 3707 1720 875 856 716 351 357 298 
Max  lx 4187 3847 1944 912 905 768 382 375 325 
Inconsistency % 3.3 3.7 11.5 4.1 5.5 6.8 8.0 4.9 8.2 

            

Medium 
setting 

Average lx 5533 5320 3008 1683 1694 1401 709 738 659 
Min lx 5474 5177 2971 1678 1686 1361 697 714 631 
Max lx 5712 5485 3043 1691 1703 1433 726 766 683 
Inconsistency % 4.2 5.6 2.4 0.8 1.0 5.0 4.1 6.8 7.5 

            

High 
setting 

Average lx 6042 5817 3662 2260 2273 1957 1233 1253 1134 
Min lx 5849 5664 3450 2034 2047 1748 1013 1048 936 
Max lx 6194 5881 3720 2304 2324 2004 1274 1292 1171 
Inconsistency % 5.6 3.7 7.2 11.7 11.9 12.8 20.5 18.9 20.0 

            

Custom 
setting 

Average lx 6036 5803 3629 2255 2255 1934 1248 1238 1113 
Min lx 5917 5566 3463 2087 2097 1778 1061 1067 950 
Max lx 6092 6002 3742 2353 2361 2044 1334 1352 1227 
Inconsistency % 2.9 7.3 7.5 11.3 11.2 13.0 20.5 21.1 22.5 

 
The reliability of the settings is based on the calculated illuminance values. Comparing the average illuminance 
values in Table 9 shows a high average deviation between the different simulation settings for all nine 
measurement points. The low simulation setting calculated the lowest average illuminance values with an 
deviation of 800 up to 2000 lx, depending on the measurement point, in comparison with the custom setting. 
The high and custom setting shows fairly similar values for all the nine measurement points with an average 
deviation of 5 up to 33 lx. The medium setting shows a higher deviation of 450 up to 620 lx in comparison with 
the custom simulation setting.  
 
Table 9 show an overall inconsistency of 0.8 – 22.5 percent. There inconsistency is wide spread throughout the 
nine measurement points. The inconsistency is generally higher further away from the window resulting in less 
consisting values. Especially for the high and the custom setting does the inconsistency increases going further 
into the room. At the window (measurement point 1 -3 ), the inconsistency range between 2.9 – 7.5 percent 
while in the end of the room (measurement point 7 – 9) the inconsistency range between 20.5 – 22.5 percent.  

 

The highest reliability is reached with the high and custom Radiance setting showing similar values throughout 
the whole room whereby the custom setting was tested on its accuracy during validation study one and two. 
The highest consistency is reached with the medium Radiance setting showing the inconsistency. The reliability 
of the Radiance settings, however outweighs the consistency of the settings since a reliable simulation result is 
more important than a consistent result with unreliable values. 
 
The heat maps in Figure 19 show the difference in reliability between the Radiance settings by visualizing the 
daylight distribution. The daylight distribution in the heat maps correlate with the findings in Table 9 showing 
lower illuminance values for the low and medium settings and similar values for the high and custom settings.  
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Figure 19. Overview heat maps Radiance settings 

 
Table 10 shows the inconsistency and the average reliability in relation to the calculation time of each setting 
averaged over all the measurement points. The high and custom setting have both a similar inconsistency of 
12.5 and 13 percent and a similar reliability. However, the calculation time of the custom setting is more than 
three times longer in comparison with the high setting.  
 

Table 10. Comparison Radiance settings (paragraph 2.6.2) based on consistency and reliability in relation to the calculation time 

Radiance setting Inconsistency  Reliability Calculation time 

Low setting 6.2 % 43.2% 4 sec 
Medium setting 4.1 % 73.7% 24 sec 
High setting 12.5 % 99.1% 96 sec 
Custom setting 13.0 % 100%* 329 sec 

*Defined as 100% based on validation study 1 and 2 where it showed the accuracy in comparison with the 
measurements. 
 
Defining the high Radiance setting as the best choice between the high and custom setting based on 
consistency, reliability and calculation time. The low and medium Radiance setting both lack on reliability and 
therefore are not selected. The high Radiance setting is therefore used for the example application study. 

3.4 Recommendation example application parametric model 

The combination of the three variable parameters (surface reflectance, orientation, and window height) 
resulted in 36 different room situations and corresponding daylight distributions. All the different daylight 
distributions are shown in Appendix 7.5. Specific situations and corresponding recommendations are shown 
below.  
 
The surface reflectance value has a high impact on the daylight distribution in the room. The daylight 
distribution shown in Figure 20 shows an example where an increase in surface reflectance improves the overall 
situation. Increasing the surface reflectance result in higher illuminance values throughout the room. Higher 
illuminance values in the room lead to a higher annual percentage that the required illuminance level of 500lx 
is reached. However, higher illuminance values could increase the risk of visual discomfort. The dark area 
defining the area of visual discomfort shows only a slight increase for this specific situation. 
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Low surface reflectance Medium surface reflectance High surface reflectance 

   
Figure 20. The effect of increasing the surface reflectance on the DLA and UDI  

 
The moment when the highest percentage of visual discomfort occurs differs for each situation. For the example 
situation shown Figure 21, this happens in July during the afternoon as can be seen in the annual plot showing 
a black area in July at 3 pm. Comparing both heat maps (Figure 21) shows that the dimension of the window 
has a high impact on the daylight distribution in the room. Decreasing the window height from 1.5m to 0.5m 
result is a significant decrease of the illuminance levels and therefore minimizing the area of visual discomfort. 
However, this also impacts the usability of the daylight since the percentage of illuminance reaching the DLA 
threshold decreases significantly. 
 

No window coverage 66% window coverage  

   
Figure 21. Influence window coverage 

 
3.4.1 Risk assessment 
A glare analysis is performed as a risk assessment for situations where more than 50 percent of the floor area 
exceeds the UDI threshold. This happens on a regularly basis for the South oriented room with a high surface 
reflectance as can been see in Figure 22.  
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Figure 22. Heat map and annual plot South oriented room 

 
The black spots in the annual graph show when the UDI threshold is exceeded for more than 50 percent of the 
floor area. Figure 22 shows that from March till October the UDI threshold is exceeded for 50 percent on almost 
a daily basis.  The usability of the room is therefore limited due to the large area which is labelled as visual 
discomfort able. An additional glare analysis is performed for this extreme situation due to high are of visual 
discomfort. Three desk positions are tested to determine the risk of visual discomfort in a three-dimension 
perspective. The desk positions and viewing angles are shown in Figure 23. whereby the white area represents 
the desk, the black dot the person and the viewing angle is shown as a red arrow. The glare analysis is performed 
for 16 July at 12:00 am.  

1 2 3 

   

   

Figure 23. Risk assessment based on desk position and viewing direction (DGP values (1) 0.329, (2) 0.431, (3) 0.330) 
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The fish-eye plots in Figure 23 show the results of the glare analysis where the Placing the desk in positions 1 
and 3, looking at the wall resulted in a similar Daylight Glare Probability (DGP) of 0.329 for position 1 and 0.330 
for position 3. Placing the desk in position 2, while looking in the direction of the window results in a DGP of 
0.431. Resulting in an imperceptible glare for positions 1 and 3 while at position 2, looking directly at the 
window the glare can be perceived as disturbing. 
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This chapter goes further in-depth defining the outcome and interpreting the results and explaining possible 
deviations found in the results. The limitations of the research are described as well as possibilities for further 
research and application of the parametric model. 

4.1 Validation 

4.1.1 Field measurements  
As mentioned in the result chapter, the plots in Figure 16 can be divided into three different groups. The first 
group being the days where the simulation results are similar with the measurements (1, 9, 15, 20 and 25 
February.) Group two defined the plot where the measurements show a high deviation for only two points (5 
February). Group three is defined by the days where there is a mismatch between the measurements and the 
simulation results (1, 5, 10 and 15 March). The results of group two and three are further discussed to explain 
the findings.  
 
The plot of 5 February, shown in Figure 16, shows a high peak during 14:00 and 15:00 hour with an absolute 
deviation of 285lx at 14:00 hour and 802lx at 15:00 hour. While from 8:00 till 13:00 hour and 16:00 till 17:00 
hour the measurement data and simulation results are very similar with an average deviation of 24lx. The peak 
may be caused by an error in the simulation results or the measurement data. However, looking at the data 
from the weather station at the rooftop of Vertigo (shown in the appendix) shows that there is no spike during 
14:00 and 15:00 hour and the irradiance is actually decreasing during those hours. 
 
This leads to the assumption that the measurements were interrupted during those two hours causing a high 
peak in the illuminance values. The increase in measured illuminance could be caused by somebody accidentally 
turning on the artificial lighting in the room.  
 
The third group all showed a mismatch between the measurement data and the simulation results. Comparing 
the irradiance data of the weather station (shown in the appendix) shows that for 1 March the measured data 
is correct and the simulation results show a wrong pattern according to the weather data. This is also the case 
for 10 March. However, for 15 March both the measurement data and the simulation results show no match 
with the irradiance data of the weather station. The mismatch with the measurement data can be explained by 
an interruption during the measurement. The measurement data shows two spikes where the second spike is 
higher than the first spike. However, according to the irradiance data should the second spike be a lower than 
the first spike. The mismatch in the simulation output can be caused by a loss of data due to averaging the 
irradiance data over an hour. The second spike in irradiance has a duration of approximately 15 minutes and 
therefor is probably not noticeable in the hourly average data. 
 
A more general point of discussion can be found in the reliability of the measurement data caused by the 
measurement setup. The tripod used for measuring the vertical illuminance at the end of the BPS façade room 
is placed in front of the sensor measuring the horizontal illuminance as can be seen in Figure 10. Expecting the 
measured illuminance values to be lower than the simulated values, however this is not the situation. 
Comparing the MBE values shows that for the days with the best match the simulation model predicted lower 
illuminance values for four of the six days. Raising the question if the simulation model predicts lower 
illuminance values then would expect or that the tripod did not cause for a significant decrease in horizontal 
measured illuminance.   
 
4.1.2 Level of detail 
The influence of the complexity of the geometry is validated by comparing two extreme cases i.e. the simplified 
model and a very detailed drawn version of the same room. Comparing the simulation results show that the 
detailed model resulted in lower illuminance values for each time step as can be seen in Figure 18. There are 
multiple reason that the illuminance values are lower for the detailed model. The low illuminance values could 

4 Discussion 
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be explained by the interior in the room blocking some of the light rays in combination with the low surface 
reflectance values of the desks (R=0.472, G=0.473, B=0.453) and PC screens (R=0.039, G=0.039, B=0.039). 
 
Increasing the complexity of the geometry shows an exponential increase in the simulation time while the actual 
accuracy of the detailed model did not improve in comparison with the simplified model. Showing that for a 
parametric model where simulation time and flexibility are important a simplified model is the better choice. 
 
4.1.3 Radiance settings 
The Radiance settings have a high impact on the consistency and reliability of the output as is shown in Table 
9. Therefore it is important to know how specific settings influence the outcome and where discrepancies occur. 
Due to possible inconsistencies, it is important to always check the output to see if the daylight distribution is 
logical especially towards the further end of the room where the inconsistency is higher. Based on validation 
study 3, it is known that for the used Radiance setting the illuminance values can deviate relatively high towards 
the end of the room. An example of an unexpected daylight distribution is shown in Figure 24. The figure shows 
a North-oriented room from the example application study where towards the end of the room the illuminance 
values increases and even exceed the 2000 lx threshold.  
 

 
Figure 24. Incorrect daylight distribution example application study 

 
An explanation for the decrease in consistency towards the end of the room may lay in the difference between 
direct and indirect light. Close to the window is their mainly direct light and are the illuminance values relative 
consistent. Further into the room changes the type of light to mainly indirect light and decreases the consistency 
of the illuminance values. The decrease in consistency in illuminance values is probably caused by the Radiance 
settings which calculate of the light reflection. Literature showed that an increase in the number of ambient 
bounces and ambient divisions would improve the accuracy [65]. Radiance itself supports this statement and 
describes doubling the ambient divisions as a solution of splotches of light [64]. However, the output of the 
custom Radiance setting did not show an improvement as can be seen in Table 9. Additional research towards 
an explanation of the output values is found in a suggestion by Radiance. The limit reflection (lr) and limit weight 
(lw) influence the spatial reflection and an increasing the lr or decreasing the lw by 50 percent would increase 
the consistency [25]. 

4.2 Recommendations based on example application study 

The provided recommendations for improving the visual performance are based on the results of the example 
application study. The generic improvement plan is applicable for not only the example application study but 
also for many more rooms that are simulated with this parametric model. 
 
4.2.1 Generic improvement plan 
Improving of the visual performance starts by defining the most optimal desk position in the room. The heat 
map showing the DLA and UDI metric gives an insight into the daylight distribution and shows which area would 
be optimal for placing a desk.  The combined heat maps show for most situations a black area and a colored 
area. The black area should be avoided as it is defined by the UDI exceeding metric. The colored areas are all 
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safe choices from the point of visual discomfort. However, the area with a higher percentage of DLA are more 
ideal. It is therefore recommended to place the desk in an orange area to optimize the usage of daylight. 
Positioning the desk in a yellow or blue area decreases the percentage of time that the daylight itself is sufficient 
enough and additional artificial lighting would be necessary. 
 
Besides the desk position the visual performance is also influenced by the viewing direction. The suitable 
viewing directions are mainly determined by the orientation of the window. The glare analysis in Figure 23 
showed a DGP of 0.431 which defines that there is a risk of disturbing glare while looking in the direction at the 
window for a South oriented window. However, looking in the direction of a wall decreases the glare to an 
imperceptible level for that specific situation. Looking in the direction of the window for a North orientated 
window results, however in a very small risk of visual discomfort. According to optometrists, it is important for 
the development of the eye or the avoid developing myopia to change the focus point from close to far away, 
which can be achieved if the viewing direction makes it possible to look out of a window [66].  
 
The surface reflectance values show to have a high influence on the daylight distribution. This correlates with 
the findings in similar literature studies showing that an increase or decrease of 0.1 results in a significant 
difference [67]. Increasing the surface reflectance values by changing the floor, wall or ceiling finish is therefore 
a recommended adjustment for the situations where the current daylight distribution is not sufficient enough. 
  
4.2.2 Risk assessment 
The UDI metric uses the illuminance on the horizontal work plane to determine of visual discomfort, however 
visual discomfort can also be perceived while for example looking at the window or at the floor. This causes 
users to experience visual discomfort while according to the metric there is no visual discomfort. Literature 
shows that there is a risk in predicting visual discomfort since it is based on users' opinions which do not always 
correlate with exact thresholds used by metrics [68]. 
 
The black area that can be seen in the heat map means that a specific grid point exceeds the threshold of 2000 

lx for 25 of the year. The analysis assumes that for the area which is not colored black (UDI<25%) there are no 
problems of visual discomfort. However, it is not sure since the literature did not define a specific threshold and 
therefore the assumption of UDI<25% is made. To test this assumption a glare analysis is performed (in Figure 
23) by calculating the DGP which shows that for positions 1 and 3 (not directly facing the window) the 
assumption is reasonable.  

4.3 Limitations 

With the used metrics the daylight distribution is visualized on a horizontal plane at desk height making it 
possible to simplify the output. This creates an output that is understandable and therefore useful for the 
general public without specific knowledge about lighting. However, this has its limitation whereby the vertical 
illuminance is not taken into account as a cause for visual discomfort.  
 
An additional annual glare analysis would solve the limitation of neglecting the vertical illuminance. However, 
a glare analysis shows only one specific viewpoint and therefore limiting the usability of the output. This would 
be an acceptable solution for cases with a high risk of visual discomfort. However, according to the honeybee 
component can the simulation time of an annual glare analysis be multiple hours up to days [69]. This far 
exceeds an acceptable time limit to function as a useful metric in determining the daylight distribution of a 
simplified room.  
 
The validation study of the Radiance settings is performed for hourly simulation which are calculated purely 
with Radiance. The validation study gives a clear insight into the influence of the different Radiance setting. 
However, Honeybee uses Radiance and DAYSIM together for calculating the annual simulations. This causes a 
lack of insight into how the annual prediction could be influenced by the settings. Literature showed that the 
combination of Radiance and DAYSIM can achieve an error of below 2 percent in predicting the annual daylight 
autonomy [70]. However, it is not known if the settings used for that research are similar to the settings used 
in this thesis. 
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The whole parametric study is performed with the use of the latest version of Honeybee legacy. However, it 
was unknown during that time that the developers of Honeybee had developed a newer version of Honeybee 
and instead of continuing with the Honeybee legacy number they named it Honeybee +. Honeybee + has a 
similar workflow as Honeybee legacy, however it is not possible to transfer a model made in honey legacy to 
honeybee +. Therefore causing limitations in the parametric model that could be solved if the model was made 
in Honeybee +. 

4.4 Further application and research 

The strength of the parametric model is defined by the number of possibilities. The example application study 
only shows a small part of the possible studies which can be performed with the parametric model. The example 
application study compared the influence of three different parameters while the other parameters were fixed. 
The parametric model has in total 27 different parameters making it possible to perform an very high amount 
of different studies. Those parameters make it also possible to generate a standardized method of determining 
the daylight distribution by replicating almost all workspaces and simulating the daylight distribution based on 
pre-defined settings.     
 
Topics for further research could be divided into two different categories. The first one is improving the accuracy 
of the model by continuing research towards optimizing the Radiance settings. By improving the consistency, 
reliability and simulation time of the model. The second one would be to upscale the potential of the parametric 
model even further. The sliders to change the input parameters in Grasshopper are now set by hand. If the 
same sliders could be controlled by for example python it would open up new possibilities for big data studies.  
 
Another topic for further research would be to investigate whether end users understand the visualization that 
is given from the parametric model. The research goal was to make it clear for the general public with limited 
knowledge about lighting. The assumption is made that the current output is clear however, user study is 
necessary to test this assumption.  
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This research aimed to develop a parametric model that can compute the daylight distribution of an existing 
workspace by visualizing what the best working position would be regarding visual performance. The research 
aim translates into the following research question: “How can the daylight distribution of an existing workspace 
be visualized to indicate the best working position regarding visual performance?” 
 
The development of the parametric model is divided into two parts, the first part being the design and the 
second part being the validation of the parametric model. The input parameters which are necessary to design 
the parametric model can be divided into four groups i.e. the room geometry, material properties, external 
characteristics, and weather and orientation. Those four groups combined make it possible to recreate existing 
workspaces.  The desired output is achieved by combining the DLA and UDI metric which defines the visual 
performance and visual discomfort based on the horizontal illuminance at the work plane. Both daylight metrics 
are visualized as a heat map plotted against the floorplan of a workspace in combination with an annual graph 
showing when visual discomfort can occur to indicate the best working position.   
 
The validation of the parametric model is divided into three different validation studies. The first validation 
study focused on the accuracy of the parametric model itself and showed an average RMSE of 14% based on a 
comparison with field measurements. Showing that the parametric model is capable of predicting reliable 
illuminance values. The second validation study tested the influence of level of detail to determine if a complex 
geometry would give more accurate results than a simplified geometry.  The validation study showed that the 
increase in geometry complexity causes a slight decrease in predicted illuminance values while increasing the 
calculation time exponentially. The third validation study compared four different Radiance setting to 
determine the most optimal setting for the parametric model based on the consistency and reliability of the 
setting in relation to the simulation time. The high pre-defined setting by the Radiance Honeybee component 
and the custom defined setting based on literature showed very similar results regarding consistency and 
reliability making them both suitable for the parametric model. The high setting however, has a calculation time 
that is three times faster than the custom setting.  Defining the pre-defined high setting as the most optimal 
setting for the parametric model. 
 
The finalized and validated parametric model is used for an example application study to show a possibility of 
the parametric model and provide a recommendation based on the visualizations. The example application 
study also shows the influence that three different parameters (surface reflectance, window size, and 
orientation) have on the daylight distribution A difference of 0.1 in the material surface reflectance showed to 
have a significant impact on the daylight distribution. Increasing the surface reflectance result in an increase in 
the DLA percentage caused by higher illuminance values. The differences in orientation show the impact of 
direct sunlight resulting in illuminance values exceeding the UDI threshold. Similar to window size showing less 
direct sunlight with lower window height especially during the summer months when the sun is higher. 
 
The best working position regarding visual performance is determined based on the combined heat map. The 

black area, calculated by the UDI metric, should be avoided while the bright colored areas indicate where in the 

room the desk could be placed. It is advisable to place the desk in the orange area to optimize the usage of 

daylight. Positioning the desk in a yellow or blue area decreases the percentage of time that the daylight alone 

is sufficient enough and additional artificial lighting would be necessary. 

5 Conclusion 
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7.1 Weather conversion script for EPW data format 

&location 

City='Eindhoven' 

StateProv='Noord-Brabant' 

Country='NL' 

InLat=+52.10 

InLong=+5.18 

InTime=1 

InElev=3.5 

InWMO=62600 

/ 

&miscdata 

/ 

 

&wthdata 

NumInHour=1 

InputFileType='CUSTOM' 

InFormat='DELIMITED' 

DataElements=Year,Month,Day,hour,global_horizontal_radiation,ignore,ignore,ignore,dry_bulb_temperature

,relative_humidity,ignore,liquid_precip_depth,wind_speed,wind_direction,opaque_sky_cover,ignore,ignore,i

gnore, atmospheric_pressure 

DataUnits=yyyy',mm',dd',hh',W/m2',x,x,x,'C','%',x,'mm','m/s','deg',eights',x,x,x,'hPa' 

DataConversionFactors=1,1,1,1,1,1,1,1,1,0.1,1,1,0.1,0.1,1,1.25,1,1,1,10 

DelimiterChar=',' 

DecimalSymbolChar='.' 

/ 

&datacontrol 

MaxDirectSolar=1300 

MissingWindDirAction=RANDOM  

7 Appendix 
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7.2 Spectral reflectance values 

Partition wall (North side) 
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 White wall (South side) 
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White wall (East side) 
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White wall below the window (West side) 
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Window surrounding 
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Carpet floor 
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White suspended ceiling 
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Desk 1 Desk 2 
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Desk 3 Screen 1 
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Screen 2 Screen 3 
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7.3 Transmittance calculations glass BPS façade room 
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7.4 Irradiance data weather station rooftop Vertigo 

1 February 2020 

 
5 February 2020 

 
9 February 2020 

 
15 February 2020 
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1 March 2020 
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15 March 2020 
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7.5 Example application parametric study 

North orientation 180 degree – without shading 
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North orientation 180 degree – 33% shading (window covert) 
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North orientation 180 degree – 66% shading (window covert) 
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East orientation 270 degree – without shading 
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East orientation 270 degree – 33% shading (window covert) 
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East orientation 270 degree – 66% shading (window covert) 
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South orientation 360 degree – without shading 
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South orientation 360 degree – 33% shading (window covered) 
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South orientation 360 degree – 66% shading (window covered) 
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West orientation 90 degree – without shading (window covered) 
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West orientation 90 degree – 33% shading (window covered) 
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West orientation 90 degree – 66% shading (window covered) 

 

 

 
 
 


