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Abstract

This report examines how daylight provision through a climate-based daylight model (CBDM)
simulation can be rapidly and accurately determined in the Danish building industry in the
early design. Moreover, how to make uniformity in the way of calculating annual daylight in

the Danish construction industry.

To accomplish this goal, an investigation of industry’s needs, literature of useful information
regard climate-based daylight modelling (CBDM) and a comprehensive review of daylight de-
sign tools for annual daylight evaluation were found through state-of-the-art literature review.
Here 45 tools are compared to 5 different categories developed based on various aspects in-

volved in a daylight design tool.

The findings are that no program is available for making rapidly and accurately determined in
the Danish building industry in the early design. Different combinations from programs will
suit the various complexities, objects involved and design phases. For compliance check in the
Danish building regulation recommendation goes to following combination of programs; Accel-
erad, Daysim, DivadRhino and these program are verified in this report based on SBi daylight
calculation in practices and thereafter an annual daylight evaluation of 3 typical room were
tested to see if they fulfil the Danish building regulation requirement and 2 out of 3 fulfilled the
300lux-rule.

A program combination based on the tendency are suitable for climate-based daylight model-
ling in early design in a Danish context: The GPU for Parallelism and Accelerad as computa-
tion for Radiance as calculation engine with photo mapping bi-directional capabilities. Suitable
for 2-phase to 6-phases CBDM techniques and has a graphic user interface like Velux daylight
visualiser. Plugin with honeybee+ capability and Diva4Rhino interface and graphical algorithm

editor in Dynamo that work as a direct plugin to Revit.

Another key finding is that no benchmark of which state-of-the-art CBDM techniques used for
annual daylight evaluation and the different techniques show a deviation up to 39% from the
benchmark CBDM techniques in calculation ASE. The direct and diffuse illuminance metrics
show to be more robust results of +15% within the benchmark. Furthermore, the report shows
when to use CBDM techniques in terms of simplification, accuracy and parameter included in
the daylight simulation and it illustrates a study of which CBDM techniques the different pro-
grammers use. Based on the test of the three typical room and literature a guide is work out of

how to make CBDM evaluation.

To conclude no simple solution was found to solve the CBDM simulation in early design in the
Danish building construction industry given none of the programs fulfil the need to rapidly and
accurately determined. The most promising available program a combination of: Accelerad, Ra-
diance, Daysim and Diva4Rhino and then wait for the future development of new better pro-

grams.
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1 Introduction

1.1 Background information, Purpose of the project

Sun light forms every form of life on our planet and make the variation between night and day
between season and season [1]. Daylight is a part of basic human need and contribute to well-
being, quality of life, health and work efficiency[2]. People spent 90% of the time indoor [3],
daylight have a strong benefits on human, therefore it is important to provide sufficient day-
light inside the rooms and buildings. Benefits of daylight can put into three categories: Human
benefits, energy savings for electric lighting and environmental benefits [4]. Sufficient daylight
design in building minimise the electric use and provide energy savings for electric lighting. A
well daylit space have positive influencing on the human vitality, comfort and emotion in rela-

tion to a poorly daylit room.

The light has a great impact on people's experience of a room and the general building useful-
ness. The faced design should ensure a balance between thermal, atmospheric, visual comfort
and on the same time consider architecture engineering and construction (AEC) industry
wishes. Sustainability buildings set up requirement to a holistic building design where the day-

light especially plays a significant role in the facade design.

Climate-based daylight calculation is new implemented in the Danish building regulation which
has brought great attention form the consultant in the Danish building sector. The Danish
building regulation 2018 (BR18) exam that sufficient access to daylight can be documented us-
ing the 10pct.-rule or the climate-based 300 lux - rule visualise through spatial daylight auton-
omy (sDA) metrics and different alternative methods that providing sufficient daylight can be
used such as daylight factor. The daylight calculation in the BR18 is based on the European
standard, DS/EN 17037 (Danish Standard, 2018) and the standard exam daylight factor
method 2,1% and 300 lux method is equal calculation methods to documenting sufficient access

to daylight [5]. Table 1.1-1 show different inclusion descriptions from DS/EN 17037 and BR18.

Simulation inclu- DS/EN 17037 BR18
sion
Shading Moveable shading device [5]  Static shading [6] - SBi 272 § 379, STK.2.

DS/EN 17037, section B.3.3. Building significant neighbouring obstructions.

Sun and sky Hourly (or sub-hourly) sky and sun conditions [5]
[5], section B.3.3.

Calculation method Equalize daylight factor and  Equalize 10pct. - rule, 300 lux - rule and
300 lux - rule [5], section B.3  alternative daylight factor [5][6].

Lux recommenda- Minimum, medium and high ~ Only minimum target [6][7]. SBi 272 § 379,
tion [5] section A.1 STK.2

Fraction of space 50% and 95% [5], section A.2  50% [6][7] SBi 272 § 379, STK.2

Table 1.1-1 Different inclusion descriptions from DS/EN 17037 and BR18



The daylight factor (DF) calculation method used in Denmark since 2006. The daylight factor
based on its simplicity rather than its capacity to describe reality as the dominant evaluation
metric [8]. Daylight factor is a simple static calculate metric that only gives information about
the amount of interior daylight on an overcast day and excludes fagade orientation and varying
sky conditions. The building location incorporated in the daylight factor calculation by adapt-
ing the requirement to the specific location [5]. Dynamic aspects such as protection from glare,
sunlight exposure and dynamic solar shading cannot investigated through the daylight factor
method and here the Climate based daylight calculation is useful [9][10]. The dynamic calcula-
tion is getting more specific than the static method by involving a time step of one hour or less
and informative through the importance of orientation, shades and dynamic solar shading
[11][12].

The new climate-based daylight calculation only requires a modest enhancement of existing
daylight prediction tools founded on cumulative daylight availability data, because daylight
factor is still the basis for evaluating the climate-based daylight calculation [13][14][15][16][5].
The climate-based daylight calculation is a prediction of hourly levels of daylight illuminance,
using realistic sun and sky conditions derived from standardised climate data [17][13][18][19].
The climate-based daylight calculation is a statistically based prediction of daylight conditions
in an interior space and Denmark means that it primarily rely on climate data based on multi-
year performance with show the most representative month and not extreme conditions for the

current location, and after that, on the influence of the space and its surroundings [5].

The 300-lux rule based on the Danish building regulation and described by the matrix called
Spatial Daylight Autonomy (cDAso1uso%) (illustrated in Figure 1.1-1). sDA is the 50% faction
of the relevant floor area in which daylighting achieves 300 lux in at least 50% of the daylight
hours [5][20]. The relevant floor area can be calculation as grid points with quail mesh size de-
fined in SBi 272[6], with edge of 0,5 meter from the wall and a height above the floor of 50 cen-
timetre for residential building and 85 centimetre for non-residential buildings. 300 lux is repre-

senting minimum brightness of light for office task.

Spatial Daylight Autonomy

S DA3OO|UX,SO""§~

Fraction of space in which
daylighting achie 0 i
at least 5¢ B Sufficiently daylit area
B Non-sufficiently daylit
I Glazing

Figure 1.1-1 Hlustration of the Spatial Daylight Autonomy [20]



The Danish building regulation 2018 (BR18), BR18 voluntary building class, DGNB-DK form
DK-GBC and European standard indicate that the development is moving towards climate-
based approach [7][21][22][5] according to an interview from Steffen Maagaard Appendix 9.1.
The climate-based approach can be calculated, based on climate data for a whole year, by sev-
eral simulation tools [23]. Table 1.1-2 below shows some of the most common indicative calcu-

lation metrics for CBDM evaluation.

Metrics Sym- Refer- Recommendations

bol ences
Illuminance based:
Daylight Autonomy DA [24][25] D Asoonx 50% of the time.
Spatial Daylight Autonomy sDA [5] [26] sDAsooss0% DA + 50% of relevant floor area
Annual Sunlight Exposure  ASE [26] [27] ASEigoous »250n % of acceptable occupied area
Total Annual Illumination  TAI [28] Cumulative amount of exposure visible light
Useful Daylight Tlluminance UDI [29][30] UDI-a 300.3000. -a for autonomous daylight
Luminance based:
Daylight Glare Probability = DGP [5][29][31]  DPGexceea for 95% fraction of time

Table 1.1-2 Most common annual daylight metrics for CBDM evolution
132]33][25][34][35)[24][36][37)[17)[10][38][31][39].

Based on the SBi 272 and the DK/EN 17037 the daylight provision can be determined using an
adequate software for the daylight simulation[6][5]. The Danish construction industry’s needs
for annual daylight evaluation is chancing during the different design states as shown in Table
1.1-3. In subchapter 2.1 the Danish construction industry’s needs in different stages is investi-
gated. In the early design there is a need rapidly in therm of working hour and fast execution
time with several alternative designs to investigating large design space, design concepts and
guide the designer towards better performing buildings [40] which a compromise of a fairly ac-
curate calculation method. In detailed design here the time perspective is not that important if
the program can provide accurate result. Rapidly and accurately software can be used both in

the whole design process.

Design stages and their focus

Criteria and requirements

Investigation areas and values

Early Design

Decisions through fast simulation
and modelling time where fairly
accurate results are acceptable.

Few details on geometry
and material properties.
Comparison between design
concepts and solutions sug-
gesting.

Proactive, intelligent, and experi-
ence based CBDM simulation.
Goal based design, parametric
analysis tool (PAT) and uses of
sensitivity analysis.

Conceptual design
Daylight, artificial lighting, func-
tional properties and element be-

haviour.

Simple model to shown com-
pliance check for annual
daylight evaluation.

CBDM simulation to studie the
sunlight, properties of shades and
blinds and operation modes.

Detailed design
Accurate results where longer
calculation time is acceptable.

Advanced and detailed de-

sign model. Types of code:

prescriptive or performance
based.

Detailed prediction of interior
lighting including elements as dy-
namic representation of blinds,
sensors, shades switches and com-

plex fenestration system (CFS).

Table 1.1-3 The needs in a Danish context in the different design stages [41].




1.2 Research questions
Problem statement

How can the daylight provision through a climate-based daylight model (CBDM) simulation be
rapidly and accurately determined in the Danish building industry in the early design?

Further questions

Z What is the Danish construction building industry needs for CBDM evaluation in early de-
sign?
What is the useful information regard climate-based daylight modelling?
Which Building Performance Simulation (BPS) software for CBDM evaluation are most
promising for the Danish construction industry?
How to preform CBDM evaluation in Danish construction building industry?
How to make uniformity in the way of calculating annual daylight in the Danish construc-

tion industry?

1.3 Research limitation

The focus of this study is on indoor daylighting, particularly for single room which also con-
sider the building and the surrounding for better prediction on the availability of the daylight
inside the room. The research will only focus on how to calculate the daylight level. The study
of software tools usage was limited to a Danish context and the requirement from the Danish
building regulation and DS EN 17037 [5][7]. The daylight factor method will not be the focus in
this report, but the focus will be on climate-based daylight modelling for making annual day-
light evaluation. The literature review was the main data collection method used in gathering
information of available software and only literature in English and Danish is reviewed. The in-
teroperability between BPS software and architectural geometrical tools is not the focus of this
research so the report does not focus on fast data transfer between the architect model and be-
tween BPS software for CBDM evaluation. The verification and testing of the software pro-
gram bases on a countries and regions using the European standard 17037 and typical simple
rooms where used as a testcase. The research is focus on the Danish building industry and an
investigation of the needs in early design. The simulation time and accuracy are based on the
literature and are limited tested through the simulation software. The Danish guideline is made
based on the literature and work done in the report. In the test case and guide the dynamic
shading and parametric modelling will not include but an investigation of the software possibil-

ity to handle these areas includes in the research.



1.4 Structure of the report

2 Literature review

- Danish context

- BPS software for
CBDM evaluation

- Light sources and
sky model

- Inter-model
comparison

- Deliberation and
features in daylight
simulation tools.

3 Methodology

- Choice of research
method

- Methodology for
program selection

- Methodology for
CBDM evaluation
verification and
guideline

Figure 1.4-1 General structure of the report

4&5 Results

- Results:
Investigation of the
most promising
methods

- Flow chart

- Results: Testing of

the most promising
methods

- Guideline to Danish
daylight performance
simulation

6 Discussion

- Discussion of the
promising method

- Discussion of
program testing

- Discussion of
guideline

- Tendency and
development in the
light simulations
industry

- Limitations

7 Conclusion

- Summary

- Key findings




2 State-of-the-art literature review

This chapter firstly, investigate Danish construction building industry needs for CBDM evalua-
tion in early design and secondly, a literature review of useful information regard climate-based
daylight modelling (CBDM). “CBDM is a prediction of the daylight level inside all spaces with
daylight opening(s)” [5].

2.1 Danish context

This subchapter tray to investigate the Danish construction industry needs for BPS software to
predict the daylight availability. This subchapter base on an interview with Steffen Maagaard
from MOE (full interview available in appendix 9.1) and information from supervisor Rasmus
Lund & Torben @stergaard. As mentioning in the introduction, the regulation and certification
indicates that the development is moving towards climate-based approach base on an hourly
calculation of the predicted daylight level inside the room to see if the ¢DA sy s0% is fulfilling.
In the future 10pct.-rule will be used for residential buildings and adapted to 300lux-rule and
non-residential buildings must fulfil the ¢DAspp1ux 50% Tule. Sweco, Rambgll, Cowi and MOE ex-

pressed that they would like to base their consultancy on a CBDM approach.

2.1.1 Simulation frame

The Danish construction industry need a calculation method for compliance check with a fast
execution time with several alternative designs to guide the designer towards better performing
buildings [40]. Parametric simulation will avoid trial-and-error approach and provide better de-
sign suggestion. Parametric simulation can help explore large design spaces and handle uncer-
tainties, with possibility to runs a large number of simulations in a structured manner. It is
preferable that the software is intelligent so that the simulation can be executed in a structural
way to guide, rather than evaluate in design comparing and suggesting different design options
based on experience. To decrease the working hour on modelling time interoperability between
CAD-software and building performance software is preferable. In the Danish construction in-
dustry, the interoperability process between software is not that straight forward process and
after the conversion the model cannot always be use afterwards. CBDM-approach is difficult to
calculate without costing a lot of time and computational forces and Radiance CBDM tech-
niques simulation time for annual daylight simulation variate from hours and up to many days
depending on which CBDM techniques used [18][42]. Danish construction industry needs an
easier way to calculate cDAs.1ux 507, but at the same time delivering the needed quality to pro-

vide reliable results.



2.1.2 Accuracy of CBDM evaluation

When looking at accuracy of CBDM evaluation here an accurate simulation is preferable.
There are not always precise limits of when the simulations are accurate enough. Comparison
between real measured and simulated daylight conditions different deviation can be acceptable
for different design stages as shown in Figure 2.1-1. A deviations of about 10% of the actual
value for detailed design is expected [43][44][45][46]. For conceptual design state a simulation
values of 20% of actual values can be accepted [20][47]. Torben @stergaard in article early
Building Design: Informed decision-making by exploring multidimensional design space using
sensitivity analysis show that for early design with thousands of simulation with a metamodel
investigating overheating inside the room through Bel8 lower accuracy of about 40% could
help guiding and pointing an metamodel in the right direction [48]. For daylight simulation
with lux level inside the room a smaller accuracy in early design can be investigated to see if

the model is still guiding and pointing in the right direction.

W Mean Bias Error
H Root-Mean-Square Error

80%

Guide in early design

IESNA Guideline

- - Expected deviation

Figure 2.1-1 modified and show different accuracy for different design states [20]. IESNA stand for Illuminating En-
gineering Society of North America, mean bias error is a measure of overall bias error compared to measurement,
root mean square error is a measure of average deviation. Detail design a deviations of about 10% can be expected
[43][44][45][46].For conceptual design a simulation values within 20% of actual values can be accepted [14][26] and
for guiding in early design accuracy down to 40% could maybe help guiding and pointing the model in the right di-

rection [49)].

2.1.3 Rapidly

Table 2.1-1 show that a rapidly the simulation time should be less than 0,5 seconds for interac-

tive simulations and less than 24 seconds by using parametric design.



Farly design ‘ Conceptual design | Detail design
Modelling time Y% to 2 day

Simulation time | Interactive Simulation < 0,5 sec. [47] < 3,7 min. < 8 hours equal to

Parametric design < 24 sec. a night simulation.

Table 2.1-1 Simulation time in different design stages - experience values (Rasmus lund & Torben Ustergaard) [47].
Interactive Simulation is a representation of a dynamic display of a system model where the user can
change the outcome of the simulation [50]. Parametric design is chancing in design aspects and dimen-
sion of architectural design by coordinating and integrating design components in BPS software simultaneously
and here software like Grasshopper3D and DynamoBIM can be used [51][52][53]. Parametric design is espe-
cially useful with the possibility to apply statistical analysis such as sensitivity, uncertainty and multi-

variate analyses [49)].

To figure out which parameter influence the CBDM simulation accuracy and execution time it
is important to understand the general architecture and elements included in a BPS software

and investigated in chapter 2.2.

2.2 BPS software for CBDM simulation

BPS software have a general architecture as shown in Figure 2.2-1 and the BPS software have
precomputed or define input, simulation, output and graphical user interface (GUI) help to
control these elements. Daylight simulation software aims to predict different aspects of day-
light such as quantitative, qualitative and general distribution of daylight in a room or space.
The accuracy of the software depends on the definision of the boundary condition such as phys-
ical properties; sky and scene. The physical model used to predict the behaviour and operation,
and the result depends on which aspect of daylight is studying and how to visualise the results
from the human being by ether photorealism or by physical-based rendering. Physical-based

rendering is the area of interest in this report.

physical (i.e., sky, scene) operation (behaviour) human (visual system)

Input file(s) Simulation engine Output file(s)

Boundary condition » Aspect of daylight

Figure 2.2-1 General architecture of daylight simulation program. Input parameter and the mathematical model em-
ploved for the calculations influencing the quality of the results obtained and graphical user interface which forms

the framework of the program. Boundary condition depending on what aspect of lighting is studied. [41] [32]

The CBDM is a simplification of reality and therefore a validation of the software and verifica-
tion of the simulation process is needed to see how good the model represents reality of the

model. By looking at the model input, a distinguish of two type of input can be made, direct



input from reality or input with abstraction of reality. Figure 2.2-2 show different elements in a
daylight performance simulation. The simulation engine uses different methodology to generate
the behaviour of light. Glass-box light simulation algorithms commonly used explained in de-
tailed in subchapter 2.5.1 Table 2.5-2 and are radiosity, raytracing and an extended version of

ray-tracing technique is photon-mapping.

Daylight Simulation Program

area of interest

scene Space usage sky model
- scene geometry - viewpaoint - space type (office, ...}|| - date, time
- surrounding landscape - grid of sensor - lighting requirements || - latitude, longitude

- ground reflectance points
- optical matenal properties
- status of artificial lighting

- status of shading devices

- schedule (occupancy,
lighting, ...)

- sky condition (overcast,
clear, ...}
- weather data

Y

daylight simulation engine
(raytracing, radiosity, ...)

intermediate results
- illuminances

results processor
I

Y

simulation outcome
- performance metrics

Figure 2.2-2 Daylight performance simulations needed elements [32].

2.3 Light sources and sky model

Information regards measuring light and how to build up a Climate based model will be inves-
tigated in the next subchapter because it makes the foundation of the CBDM evaluation. The
measurements of the weather data have some simplifications of reality and here it is not profit-
able to go deeper than these simplifications. The upper detailed limed of the model description
of the sun and sky is related to chosen equipment made to measure the given climate data,
which simplification is made and chosen time steps for provided climate file data. The mini-
mum frame of detail is to meet the setup requirement or criteria, which is set by the DK/EN
17037 and the criteria set from a Danish context [5]. The accuracy depends on the boundary
conditions and the better they are the better accuracy and here several types of data can be
measured, collected, and inserted in the simulation. As the DK/EN 17037 describes, “ The day-
light in an interior space depends, primarily, on the availability of natural light and after that,

the properties of the space and its surroundings” [5].



2.3.1 Climate file

The climate files are a set of long-term measured weather data collection from the ground
weather station. Climate file include the dynamic aspects in the CBDM, such as changes in
cloud cover, variations over time, and the seasons. The standard meteorological years are a
classification type most commonly used for daylighting evaluations and building performance
simulation. The standard meteorological data sets represent typical conditions for a specific lo-
cale from a lengthy measurement period and structured to have the same properties as the ac-

tual data with typical site variation and averages [8][28].

Countries used different methods to create the Climate files, based on different years of meas-
ured data. The data are usually represented on an hourly bases by 8760 records and if the in-
terpolation creates sub-hourly time steps through a linear model [28]. Climate data used in

Denmark is developed base on Design Reference Year (DRY) shown in Table 2.3-1.

. The design reference year analysed for a multi-year period where the most representative
month from the collected data chosen. After that each month most important parameters are
weighted, and adjustments are made based on true mean values and variance from the multi-
year period. The DRY file is a single year climate data based on multi-year performance with
show the most representative month and not extreme conditions. The developed method be-
hind design Reference Year (DRY) agreed by the IEA Solar Heating and Cooling Programme,
Subtask 9 E, Solar Radiation and Pyranometry Studies Procedure [54].

Weather data set Number of years | Weather station Method
DRY (Design Reference Year) | 9 (2001-2010) Landbohgjskolen, | Measured hourly horizontal
Taastrup diffuse and direct irradiance

Table 2.3-1 Climate data characteristics

The specific Danish DRY file is available on SBi Climate data website [55].

2.3.2 Sky model

Climate data file cannot be used directly for daylight simulation purposes. Daylight simulation
programs need a sky model to calculate the angular illuminance distribution patterns across all
sky types from overcast to clear, through partly cloudy, skies [56][6]. Perez all-weather sky
model stands for the conversion of weather data. The weather data file contains data for total
global radiation on a horizontal surface because the pyranometer measure the total global radi-
ation is setup on a horizontal plane. Perez used to reconstructing the directionality from hori-
zontal or tilted surfaces of arbitrary orientation sky zenith luminance and to sky luminance an-
gular distribution [28][57]. Which means that Perez all-weather sky model is a mathematical
model that converted the global total radiation data from horizontal to vertical plane and split
the data into diffuse Irradiance form the sky alone and direct Irradiance from the sun alone to

know how the light is distributed depending on orientation. The irradiance data units are watts
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per square meter. The luminous efficacy models of Perez convert the Danish DRY weather data
from irradiance into illuminance for the direct and the diffuse components and this is im-
portant because sky luminance distribution data are available only in research locations

[58][56]. In the conversion of solar radiation into daylight the luminous efficiency of the radia-
tion need to be known [15] and the luminous efficiency of direct sun, overcast sky and clear sky
radiations are differentiated [59]. In the daylight simulation programs, the daylight is divided

into direct and diffuse respectively from sky and sun because of that.

Alternatively, HDR photographs can obtain actual accurate luminance values and record the
distributions instead of using sky models for predictions of sky luminance distribution
[60][61][62]. HDR photographs can provide a reasonably good interior illuminance and lumi-
nance values [63][64]. Use directly in the model. Satellite data and satellite-derived values are

the most accurate available estimates of hourly global horizontal irradiance.

In an article with evaluation of 12 models to estimate hourly diffuse solar irradiation on in-
clined surfaces from those measured on horizontal surfaces shows that Perez is a suitable model

for daylight simulations programs [65].

2.3.3 Daylight Coefficient approach

Accurately and efficiently predicted of annual daylight evaluation based on the daylight coeffi-
cient approach [66][19][67][68][33][69][70][71]. Model realistic weather conditions are not practi-
cal, in partly cloudy weather the sky luminance may vary on a time scale of minutes. Modelling
diffuse daylight therefore requires a simplifying mathematical model, which in turn requires
measured weather data [10]. Here the Daylight Coefficient approach can be used to accurate
and efficient computation of time-varying daylight illuminances based on hourly meteorological
data for an annual period. The method used radiance raytracing (forward or backward). Day-
light Coefficient method make a finite element subdivision of the indoor place and the outdoor
sky. The daylight coefficient method set up a relation between internal and external illumina-
tion that is directly proportional. There is some debate about how many subdivisions are neces-
sary for the sun and sky but often 145 is used for the sky equal to classic Tregenza sky subdivi-
sion as shown in Figure 2.3-1 [57][56][68][18] and one patch is used to represent the ground.
The Equation 2-1 shows formula behind daylight coefficient approach.
O 006 Y
PXoa& € pTOPT QX QT

Equation 2-1 Daylight coefficient approach using standard Radiance.

Where:

DC Daylight Coefficient matrix

E the internal illuminances for a full year
S Sky matrix

n the number of interior ‘virtual’ sensors

11



Sky luminance
distribution

(a) : (b) % (c) § (d) %

Tregenza Reinhart MF:2 Reinhart MF:3 Reinhart MF:4

Tregenza Reinhart MF:4

Figure 2.3-1 Tregenza sky subdivision scheme into 145 patches and Reinhart further subdivisions of Tregenza
[72][73]

To understand how the daylight coefficient work, it is important to follow the light from source
to receiver. The Figure 2.3-2 illustrate the sky elements as a source which could be represent
by 145 lamps and the room camera is the receiver. Light traveling depending on forward or
backward raytracing algorithm. Forward ray tracing calculates the radiation path of the indi-
vidual lamp into the room (direct, diffused and reflected light) and then into the camera and
measured how much light hits the camera. Backward raytracing calculates the light out from
the camera onto the walls until it hits a light source. Every time the light bouncing off a sur-
face its losses some energy because of the materials reflecting value. When calculated the day-
light coefficient from the source to the receiver, radiance can afterwards adjust the brightness
of each lamp by multiplying a value from a table to match the sky at any given time. Daylight
coefficient calculate the relationship between the sky and the camera one and adjust the bright-
ness instead of during full ray tracing calculated for every hour of the year and that the ad-

vantage of the daylight coefficient approach.

DC_(x) E“(x)

WL,

where

Xx:  point and orientation in a building
Se:  sky segment P

ASq.  angular size of Sq

Eofx): illuminance at x due to S,

Le  luminance of S,

Figure 2.3-2 Graphical definition of a daylight coefficient method [44][66].
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2.3.4 Direct sunlight calculation

Direct sunlight can reasonably model as distant sun positioning that produces a beam of light
which is calculated by parallel rays of light. The direct sunlight on an arbitrarily orientated
surface can be calculated based on information from the weather data for accurate determine
the sun positioning, sky model, solar disk size and cloud cover size [15]. The solar disk is only
0,5° solid angular sun source in apparent width [74][75] and to calculate the position of the sun
[76] Certain simplification of reality is often used for calculation the direct sunlight contribu-
tion. Compromise of accurate spatial resolution of the direct solar contribution affect the
amount of light entering the room especially in the winter in Danish location, with low altitude
sun which means that the sun angle is closer above the ground [74] and this will influence the
sun-light penetrate deep into the room. Azimuth is the other parameter that define the position
of the sun and sky. Azimuth is the angle in horizontal plane where 0 degrees is south, and west

is 90 degrees and east are +90 degrees.

daylight source type solid angle typical radiances [%]
@ ground reflection Q=2 =628 =2-—20
@ one sky patch Q = 27/145 = 0.40 =2 5 — 300
f sun Q= 6.107° 3 —5.10°

Table 2.3-2” Solid angles as initial indicator for potential coefficient size of the daylight sources in decreasing order”
[75]

DS/EN 17037 defined that the detailed CBDM calculation method could calculate the internal
daylight illuminance values on hourly or sub-hourly basis using hourly or sub-hourly sky and
sun conditions derived from climate data appropriate to the site [5]. If an accurate representa-
tion of the direct sunlight is needed the direct sunlight needs to be calculated separate on an

hourly basis independently from the diffuse sky.

Renihart subdivision scheme in Figure 2.3-3 show the different refinement of the sun position-
ing during the year [5][6]. Figure 2.3-3 show different compromise of accurate spatial resolution
of the direct solar contribution and smaller subdivision scheme will result in a more accurate
spatial resolution of the sun. For having an accurate hourly sun positions Renihart subdivision
scheme of minimum MF:4 2305 should used and MF:6 5035 will correspond to accurate half-
hour sun positions. These fixed positions calculate the position of the sun in the sky depend on

the latitude and time of day and year.
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MF:2 (577) MF:4 (2305) MF:6 (5185)

Figure 2.3-3 Amount of sun position compared to Renihart subdivision scheme used to calculated the contribution of
the direct sunlight. Multiplication Factor (MF)-option generate the different number of suns which can calculated as
(MF x MF x 144 + 1) [66].

The Figure 2.3-4 show an improved method to handle the direct sunlight contribution which is
calculating the contribution from the sky and sun separately and the sun positioning is evalua-
tion true hourly positioning or though analemma. Analemma show the sun position in the sky
as a diagram from a fixed location same time every day for a whole year period and can do

that for a chosen hour in a day.

1983
Daylight Coefficients

2000
Daysim

2008
Standard
Daylight Coefficient

2017
Improved
Daylight Coefficient

Figure 2.3-4 A More Accurate Approach for Calculating Illuminance with Daylight Coefficients [51] [77]
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2.4 Conversion between software and scene geometry

The export from a geometric model to a daylight simulation tools is not a 1 to 1 conversion so
a manipulated by lighting designers is often needed. Here different programs like Rhino can
help the lighting designers to handle the conversion. In the conversion process various ele-
mental need to be taking into consideration, such as reduction in the model size, the window
geometry, needed simplifications, material reflectance etc. Illustrated of the different modelling
technique shown in Figure 2.4-1 and Figure 2.4-2. Revit Spaces or Revit rooms can be used to
pull out specific room geometry from at geometrically design tools and into a daylight simula-

tion software. Geometry conversion is not a part of this project.

|

o |

Figure 2.4-1 Geometric model in a design program [78] Figure 2.4-2 simplified equivalent model in a daylight
simulation program [78]

Surrounding landscape and ground reflectance influence the amount of daylight entering the
room and should therefore also be include in the geometry. In daylight simulation program the
daylight calculation grid is defined as the distance above from the polygon mesh [6][5]. The
window modelling is a complex discipline which require knowledge about the flexibility of used
software and the different optical material properties of the window. When modelling the win-
dow in a daylight simulation “programs tend to assign the optical properties of multiple glaz-
ing’s to a single surface” [32] and often only one glass layer should be include as shown in Fig-

ure 2.4-3 to the right.

Figure 2.4-3 “Daylight simulation programs tend to assign the optical properties of multiple glazing’s to a single sur-
face” [32] [79]. Architectural design tools model windows with double/triple glazing as two/three closely spaced par-

allel surfaces and therefore it is an important check point before modelling [32].
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2.5 Simulation engines

2.5.1 Algorithms for light simulation

Glass-box light simulation algorithms

Different glass-box light simulation algorithms and their calculation method shown in Table
2.5-1. In glass box the tester knows the internal structure, design and implementation of the
simulation software. Direct calculation often used for lighting fixture, sun and daylight opening
and calculate lighting directly from light sources using physical formulas and simplifications
[41]. Direct calculation is often implemented in national standard and cover most usual situa-
tions [41]. Calculation aids used for implementation of different algorithms show in Table 2.5-2
in computing system to obtain values in an acceptable period using statistical sampling [41].
Light transport of rays and light bounce of split rays follow the energy conservation principles
[23]. Rays can split into components for reflection, transmission (refraction), absorption in par-
ticipating media and emission in cases with incident radiosity is equal to sum of radiosity val-
ues [23]. A split ray controlled by either deterministic or stochastic- Monte Carlo methods. De-
terministic method is a classical numerical approaches often used for calculating the sun be-
cause here it is known where to trace the next ray [23]. Monte Carlo or stochastic method used
a random rays numerous times to give an accurate approximation of the solution and therefore
the accuracy is depending on the level of model description and number of samples and

bounces. Monte Carlo approach can be useful for calculating the diffuse light in the scene.

Algorithm View-dependent Direct calculation Calculation aids

Value Forward ray tracing Radiosity For artificial lighting, Deterministic methods
Backward ray tracing Photomap follows national (classical approaches)
Bi-directional ray tracing Integrative approaches standards Statistical sampling methods
Multi-pass approaches (Monte Carlo)
What it is Limited for daylight and small Radiosity: complex or Simplified calculation Implementation of algorithms
(mainly) used for  surfaces. Generate renderings  daylit scenes. of lighting fixtures in computing systems

Table 2.5-1 Algorithm and calculation methods for lighting simulation programs [80)
Prevailing glass box algorithms for light simulation are radiosity, raytracing and photon-map-
ping which is a ray-tracing extended version. The three most common method shown in Table

2.5-2.

Finite The method divided the scene geometry into patches that are called finite element
element meth- | and calculate as show in Figure 2.5-1. The light exchange by using the view factor
ods - Radiosity | for every patch in the scene and simplification of the exchange by perfect reflecting
of the diffuse light to all directions. The method is very time-efficient because the
view factor calculation is made once and stored in front of the program and the
brightness can be adjusted by table multiplying to match the sky at any given time
similar to the daylight coefficient approach in chapter 2.3.3. Radiosity is lacking in
the ability to recreate accurate specular reflections same reflection as for a mirror
[81] but is time-efficient.

Stochastic Ray tracing is a rendering technique illustrated in Figure 2.5-2 which tracing the

(Monte Carlo) | light transport particles called photons from a chosen view by calculating the
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based methods

geometric (ray). Stochastic (Monte Carlo) random calculation of Rays. Forward

- Ray raytracing is tracing the light from source to receiver or backward is tracing rays
tracing from receiver to source and both methods have the same accuracy. Backwards is
more efficient by calculating less rays only from the chosen receivers and forward is
more inefficient by calculating all rays form sky and sun. Ray tracing can provide
high resolution rendered picture with
2.5
-2 78] [80]
2.5-2
Figure - [79] Figure -2 Figure
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