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Abstract

As suggested by recent findingight affects humanson-visually by impactingalertness,
cognitive performance andriousphysiological response®/hile the research about non

visual photoreception is still ongoing, architects and designers have begun to conceive ways
of integrating provisional recommendations into lighting design practices to enable healthy
lighting in living and working space€onsequentlythere has beengrowing demand for
annuallighting simulationtools that consider spectral perties of ligh for predictionand

decisionmakingpurposes.

Thisthesispresentshe annual spectral matrix simulation (ASMS) meth®8MS isbased

on integratinga precomputed annual spectral sky profile itih@ daylight coefficient
approachto predict the spectraldistribution ofdaylight ASMS serves aghe basis for
evaluatingannual lighting energy demanding spectral simulation of electric liglkKSMS

and pointin-time simulationwith three, nine, 27 and 8Xchanneldiscretizationare
presented and discussdthe mainaimis to examine the extent of increased accuracy of
illuminance and annual lighting energy demand predictions that finer spectral discretization
provides in comparison to the simulations with low spectral resolukins.investigation
considergphotopicas well asnelanopic daylight equivalent illuminance

Finer discretization was found to hbmarticularly benefcial for light sources with
discontinuouspectral power distributiohVhensimulatinga prototypical office roorwith
fluorescentiluminaires, annual lighting energy demand was underpredicted by 32.2 % or
16.9kWh/m2a in a threghannel simulation in comparisén finer discretizationwith 81
channelsFor LED luminaires with relatively continuous specttee difference ranged
between 2.1 % and 7.8 % or 0.2 kWh/m?a andkWvih/m?a.

As of today, the provision ofan adequate level of melanopic equivalent daylight
illuminance indoors is not required@he assessment showdt annual lighting energy
demand was significantliower when only photopic illuminance wasgarded but the
minimum threshold of melanopic equivalent daylight illuminance was not met for most of
the occupied hours. This finding highlights tleatditional consideration oimelanopic
equivalent daylight illuminancevill lead to higher lighting energy demand.For the
implemenation ofspectrumbased matrics in building and lighting design, higlsolution

spectral simulation is therefore highly recommended.
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Section 1

Introduction

1.1 Problem statement

Light affects humans in visual and neisual ways. In recent years, a growing body of
research has continuously presented new information about thésuah effect of light

on welkbeing of humans. The new discoveries suggest a strong need to inarpm¥at
visual aspects of light in the evaluation of illumination in spaces to be able to maintain
healthy lighting in living and working environments that align vpittysiologicalprocesses

of humans.

Currently, lighting simulations primarily focus on the visual aspects of light to maintain
thresholds prescribed by standards and guidelines. Since the discoveries regarding the non
visual effect of light are relatively new and ongoing, only a few recordatems regarding

the appropriate levels of light that account for the latest findings[@xi2} Nevertheless,

there is a growing demand for lighting tools that consider the spectral properties of light,
which is essential for calculating netsual metrics. Several tools that produce-nmual

metrics based on the spectral properties of light haee breviously proposed. However,

a few ambiguities are associated with their use. The appropriate number of channels in a
spectral simulation and whether it significantly impacts the outcome remains to be
determined. Furthermore, a framework that preducatrix-basedannual simulations has

not been previously proposed.

Spectral simulations may also potentially influence the evaluation of lighting energy
demand. Lighting makes up a significant part of émeluse energyn nonresidential
buildings in Germany, approximately 1% or 55TWh [3], although higher percentages
have also been reported in the literature, presumably before the universal shift to LED
lighting. Provided a reasonable framework for annual simulaisom®posedthe effect of
spectral simulations on the annual lighting energy denmanst be investigated. Since
multichannel spectral simulations depict the spectrum of light with higher accuracy than
what is commonly granted by the nspectral simulation tools, the findings may be

relevant for more accurate predictions ahling energy demand, especially for light



sources with discontinuous spectra, such as fluorescent luminaires. However, finer spectral
discretization of the commonly used LED lights that do not have a perfectly even spectral
power distribution in the visible spectrum between 380 nm and 780 nmotamtially

influence the annual lighting energy demand evaluation.

1.2 Research objectives

The objective of this dissertation is twofold. The main goal is to developtax-based
method for annual multichannel daylight simulaticdhat includes the possibility of
spectral modeling of the sky for each times#pointin-time multichannel simulation of
electric light should complete the framework for determiningathweual lighting energy
demand for the luminaireseeded to maintain acceptable illuminance levels in the

reference office room.

Spectral reflectance of surfaces

or 81 channels
|

(via ASMS; see Section 3)

Conversion of spectral
information into 3, 9, 27

Melanopic equivalent daylight illuminance

Figure 1. Aspects that need to be considered in the developmentasfibal multichannel lighting

simulation.

The second objective is to compare the influence of discretization on the accuracy of the
results. This work considered discretizatadrthe visible spectrurmto three, nine, 27 and
81 channelsHere, metrics that describe visual and -nmual effects of light, namely

photopic illuminance and melanopic equivalent daylight illuminance, are evaluated.
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Additionally, the annual lighting energy demand of the supplementary electric light needed
to maintain an appropriate light level is compared between the simulations with fine and

coarse discretization for luminaires with continuous and discontinuousapect

1.3 Research question

Provided that a matrikased annual spectral simulation of dayliglieé&sible the research

guestions are as follows

1. How does the spectral discretization of daylight and electric light influence photopic
and melanopic equivalent daylight illuminance?
2. How does spectral discretization of daylight and electric light influence electric

lighting demand?

1.4 Research outline

This section provides an overview of the dissertation:

Section 2: State of the art of n@isual effects of light in simulation tools

This section provides a background about thevisunal effects of light to inform the reader
about the statef-the-art discoveries in the field. Here, a review of studies investigating the
effect of illuminance, correlated color temperature (CCT) andotimomatic light on
alertness is summarized. Additionally, this section presents various quantities previously
proposed in the literature that consider the spectrum of light. In terms of simidased
evaluations, simplified methodhat generatenonphotopic metrics via various post
processing workarounds in conventional lighting simulations are reported here. Lastly, this
section discusses statéthe-art spectral simulation toglancluding the previously
developed and validated poimitime multichannel simulation tool by the author of this

thesis.

Section 3: Annual spectral matrix simulation (ASMS) method

This section presents the ASMS method, starting with a description of the tools necessary
for its generation. The framework of ASMS, based on the daylight coefficient approach, is
broken down into two main parts. The first part is the precomputation sptwtral sky

patch matrix, where each of the 145 sky patches is assigned an individual spectral power
distribution based on luminante-CCT correlation. Discretization of the spectral power
distribution into three, nine, 27 and 81 channels is also intextl here. The second part

describes the setup of the ASMS and gwstessing steps needed to convert the output
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into the metrics considered in this thesis, namely the photopic illuminance and the

melanopic equivalent daylight illuminance.

Section 4: ASMS for daylighting

This section presents the results of the ASMS for daylighting. Firstly, the properties of the
office room and the climate are elaborated here. Then, the variability associated with
hemispherical sampling was investigated by running ten ASMS M4thhannels and
analyzing the standard deviation of the hourly integral irradiance in the visible spectrum.
Further, this section presents the annual hourly results of photopic and melanopic
equivalent daylight illuminance obtained via ASMS with three, ii7eand & channels.

The results of the ASMS serve as a basis for spectral simulations for electric lighting in
Section 5. Finally, this section ends with a short discussion about the reason behind the

difference between photopic and melanopic equivalent daylightinance results.

Section 5: ASMS and poiin-time spectral simulation with electric light

Here, the framework for generating spectrally resolved electric light via-jpeiime
simulationneededo supplement daylighting is described. Two LED and one fluorescent
luminaires are selected for the comparative analysis. The section presents the spectral
power distribution, luminous intensity distribution and the respective maintenance factors
of the uminaires, along with their positions in the office room. The simulation framework
needed to set up a multichannel spectral simulation in Radiant@b@aed here. The
variability and illuminance of the simulations with electric light with three, nine, 27 and 81
channels are examined. Additionally, this section explains the glgpendent dimming

of the luminaries needed to supplement daylight anthtaia an appropriate level of
illuminance indoors. Lastly, the section ends with a short discussion of the spectral

simulation with electric light

Section 6: Lighting energy demand and dimming factor

This section discusses the annual lighting energy demand of the three types of luminaires
in a multichannel spectral simulation. First, the results generated based on plasidpic
melanopiebased dimming in the simulation with three, nine, 27 and 81 efmnvere
investigated. Then, conventional photeprdy dimming was discussed. This section also
examines the triggering of the dimming factor in different zones of the office room based

on photopiemelanopic dimming and the photomaly dimming strategyl' he section ends



with a discussion of the lighting energy demand regarding different channels and dimming

possibilities.

Section 7: Discussion

This section contains the summary of the thesis and the recommendations that resulted from

this work for architects and lighting designers.

Section 8: Conclusion

The last section contains the conclusion of the thesis, limitations and outldokufer
work.



Section 2

State of the art of nonvisual effects of light in

simulation tools

2.1 Background and sgnificance of non-visual effects of light on

humans
Recent discoveriesuggest that light impacts humans in a-n@mual manner by affecting
alertness, cognitive performance, and physiological responses such as circadian clock,
hormone production, and temperature regulatiohumans[4i 10]. These findings are
attributed to th@ewly discovered type of photoreceptor, intrinsically photosensitive retinal
ganglion cells (ipRGCsbhat contain thenelanopsin photopigmentith a peak spectral
sensitivity in the shortvavelength range (-90 nm)[11i 14]. Light is, therefore, converted

by photoreceptors into signals that stimulate various biological processes in humans.

The ipRGCs transmit light information to the mammalian internal clock, the
suprachiasmatic nuclei the hypothalamud.ight informationallowsthe suprachiasmatic
nuclei to synchronize physiological procestest influence the mechanisms responsible
for sleepiness, alertness, vigilant attention, psychomotor and pereeptunive speed
and working memoryo fit a neas24-hour circadiarcycle[15i 17]. It was found that even
some blind individuals with preservggRGCs can experience melatonin suppression [16],
reset of the circadian pacemalardimprovement iralertness when exposed to cadlite

or shortwavelength light despite nefanctioning cones and rodi$8].

The link between light and circadian rhythm is complexh several factors such as
timing, intensity, duration, pattern, wavelength and previous history of light exposure
having a resetting effecthereby playing aressentialrole in mediating alertneg49].
However ipRGCsare not the solphotoreceptorshat nonvisually affect humans. &ds

and cones, with their respective photopigments rhodopsin, cyanopsin, chloropsin and
erythropsinalso contribute to neamageforming (NIF) responsd0, 21] In well-sighted
mammalsNIF responses to light are partially sustained by signals from cones in addition

to the dominant inputs from melanopsrpressing photorecepto[82, 23] Figure2



showstherelative spectral sensitivity curves of the five photoreceptors with their respective

photopigments.

Relative sensitivity

Wavelength (nm)

~—ipRGCs (Melanopsin) —Rods (Rhodopsin) — -S-cones (Cyanopsin)
— -M-cone (Chloropsin) — -L-cone (Erythropsin)

Figure 2. Relative spectral sensitivity in the visible spectrum (from 380 nm to 780 nm) of the five
photoreceptors and their photopigmentfiRGCs (nelanopsin), rods (rhodopsin),-c8ne

(cyanopsin), Mcone (chloropsin) and-tone (erythropsin).

Previous studiesave indicated that light can increase morning vitality and counter daytime
mental fatigug24, 25] Understanding the propertiesligiht thatenhancelertnesshrough
sustained attention and increased productivity during dayEmienprovetheillumination

of workspacesas well as living spacesThe following sectioa presentstudies that
investigatedilertingeffect of light induced bylluminance,CCT and monochromatic light

during daytime.

A total of 142 studies were retrieved from Science Direct (n = 40), PubMed (n = 62) and
Scopus (n = 40) based on the keywords fdal
papers were considered (n = 109). The duplicates that occurred across diffeieaseR

were removed (n = 65). Only papers that looked at the effect of light during daytime were
retained (n = 26). After screening thapers 20 papers were left for review. The studies
investigated the effect of the illuminance (n = XDGT (n = 6) ofpolychromatic light and
monochromatic light (n = 4) on alertness during daytime. Figure 3 shows the summary of

the selectiorprocess of the studies that were retrieved for the revilee full review has

been previously presented[26].



Records identified through database

Science Direct (40)

searching PubMed (62)
(n=142) Scopus (40)
B Science Direct (20)
sinal h
Dng_ma([:e:sela(;";) papers PubMed (53)
= Scopus (36)
Records without duplicates
(n=65)

Records after night and evening
studies were removed

(n=26)
Records after (s;r:eezn;;lg s e e *  Exogenous melatonin administration (1)
B =  Lighting conditions not kept constant (2)
Reonds aftEI("sczleze(I;;ng Hie:paper = Unreported spectral characteristics (1)
| =  Light glasses instead of conventional light source (1)
Polychromatic light
(n=16)
Monochromatic light
Effect of Effect of (n=4)
illuminance CCT
(n=10) (n=6)

Figure 3. Summary of the selection process of the studies for the review that investigated the

alerting effect of light during daytime.

2.1.1 Effect of the illuminance on alertnessduring daytime

Three of the studies recorded no increase in alertness when illuminance was increased
comparedo the control conditions in the respective stufiie27, 28] One studyeported

a very modest linear relationship between thettagsformed illuminance and subjective
correlates of alertneg29]. Another study reported a modest reduction in subjective
sleepiness after exposure to bright ligB®]. Another workfound thatthe immediate
alerting effectwhich increased subjective vitality adecreasedubjective sleepiness, was

attributed to the@bruptincrease of illuminancg81].

Elsewhereit was found that théncrease in illuminancencreased vitality and reduced
subjective sleepined25]. One of the investigated studiescordedthat an increase in
illuminance affected the electric activigf the human brain more thasubjective and
objective markers of alertneg32]. Two further studies found an altering effect of bright
light [33, 34] However, the effects were analyzed in comparison tdighting conditions.
Figure 4 showshe mainoutcomesof the studieshat isolated the effect of illuminance on

alertnessluring daytiman the review.



Studies that investigated the

effect of illuminance
(n=10)
\ 4 A 4 A\ 4
No changes occurred in the Changes occurred only in Only physiological changes Increase in subjective
experiment comparison to dim light occurred alertness
(n=3) (n=2) (n=1) (n=4)

Figure 4. The main conclusions of the studies that investigated the alerting effect of illuminance

during daytime.

2.1.2 Effect of the CCT on alertnessduring daytime

All studiesin this categoy showed at least a minor effect@CT on alertnessOne study
found that exposure to light with 12000 K and 2700 K at 500 Ix improved the physiological
indicatorsin comparison to neutral whitand dim light but did notffect subjective
alertness or performang85]. Another studyreportedan improvement in physiological
indicatorsdue toexposure to blue and green LED pulsembined withdim background
illumination [36]. The studydid not investigatéhe effectsof LED pulseson performative

and subjective markers of alertness

In anothemwork thatexaminedhe impact of light transitions on measures of alertrniess
wasfound thatstudy participantgelt significantly more vital and alert aftewitchingfrom
warmwhite lightto cool white light{37]. A differentstudylooked at seasonakpectof
light by investigatinghe effect ofCCT on alertness autumn and springg8]. The authors
found that exposure taylight with CCT 0fLl2370 Kfosteredhigher levels of alertnegs
studentsn the afternoon in autummhen comparetb daylight with CCT 0f3870 K

Further investigatiorfound that redmonochromatic lightreducedreaction time in the
performance testsompared to the polychromatic white light of the same irradiance and
dim light [39]. Another studyfound thatthe light with 7717 Kslightly improved the
response speed on a performanceitesteeprestrictedindividuals[40]. The summaryof

the studies that isolated the effect of CCirmhcators ofalertnessluring daytimas shown

in Figures.



Studies that investigated the
effect of CCT
(n=6)

\ 4

\ 4

\ 4

No changes occurred in the
experiment
(n=0)

Participants were sleep
restricted
(n=1)

Only physiological changes
occurred
(n=2)

Increase in subjective
alertness
(n=3)

Figure 5. The main conclusions of the studies investigated the alerting effect of CCT during

daytime.

2.1.3 Effect of the monochromatic lighton alertnessduring daytime

Out of the four articlem this categoryonly one studyhas not recorded any alerting effect
in relation to theexposure to blue, green or red monochromatic ljghi. One study
concluded that the alerting effect red (625 nm) or blue monochromatic light (465 nm)
was minimal and did not translate into performative or subjective improvements in
alertnes$42].

Another studycompared the alerting effeat$ monochromatic lighat identicallevels of
irradianceagainst dim light. The authors concluded that the subpétteeir studyfelt less
sleepy undemonochromatidight with 455 nm than under 508 nm, 629 nm or dim light
[43]. Another work found physiological changes using electroencephalographic
registrationthat signifiedincreasedalertness after exposure Itue light(465 nm). The
impact ofred light(630 nm) was not appargibut the tendency of increakalertness was
evident.Figure 6 showshie primary outcomesof the studieghat isolated the effect of

differentmonochromatic lightourcen alertnessluring daytiman the review.

Studies that investigated the
effect of monochromatic
light
(n=4)

A 4 Y Y l

No changes occurred in the
experiment

(n=1)

Changes occurred only in
comparison to dim light

(n=1)

Only physiological changes
occurred
(n=2)

Increase in subjective
alertness
(n=0)

Figure 6. The main conclusions of the studies that investigated the alerting effeabothromatic

light during daytime.
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2.2 Non-photopically weighted quantities

Current regulationgrimarily focuson controllingthe visual effect of light in the built
environment due to a lack of consensus about the exact relationship between light and NIF
responses. The following section presents n@hotometric quantities that
weighspectralpower distribution of light by different spectral functions, as this is an
essential step toward addressing the-visnal effects of light.

Thecircadian action factoscy, describes the circadian efficiencyadight sourcethrough

a relative ratio betweenspectralirradiance weighted by the circadian and the photopic
spectral sensitivity functions[44, 45] Circadian spectral sensitivity function was
establishedasedon thetrial in whichthe suppres®n of nocturnal melatonin production
as a response to light at different wavelengifas investigated46, 47] No optimal
threshold foracy ratio has been previously proposed in the literatlire acy metric is

expressed throughquation 1

o rah=0=1- ®
where:
acv. circadian action factor
On _d spectrairradiance (W/mhm)
0 _: circadianspectrakensitivity function
w_: photopicspectrakensitivity function

Anotherquantityentitled circadian ratio- , was previously introduced {48]. Here, the
ratio is betweeiheintegral of the spectrally circadiameighted irradiance and integrated

spectral irradiance. The calculation takes place according to Equation 2:

L Op _0_70Q_
o - (2

. O _ Q_

where;

- circadian ratio

_q spectralrradiance (W/m2/nm)

0 _: circadian spectral sensitivity function

11



Previously, melanopic illuminanca metric that weights the spectral power distribution of
light with the spectral sensitivity function of IpRGCwas proposed if49]. The
calculations are doreeccording to Equatio8, where constant 857 ensuresnemelanopic

lux to onephotopic lux scaling at 555 nm

0 thoxO _i _0Q ©)
where:
O dq melanopic illuminancenjelanopielx)
On _d spectrairradiance(\W/cm?3/nm)

i _dq melanopicspectral sensitivity function

The emergencef equivalent melanopic lux (EMLjeplaced melanopic illuminance, in
which the scaling of the melanopic sensitivity function was adjys@din doingso, the
melanopic illuminance became equivalent to photopic illuminancéhtoequatenergy
radiator Equatiord presents the calculation for equivalent melantpic

000 x@ykv Of _ i _ Q_ (4)
where:
00U g equivalentmelanopidux (EML)
On _d spectrairradiance(pW/cm2/nm)
i _dqd melanopicspectral sensitivity function

WELL Building Standard provides recommendations for dggivalent melanopitux
levelsthatshouldbe maintained in various spad@s For example, it recommendsleast

150 EML at the vertical eye level for all workstations, where at least 75 % of workstations
maintain 200 EML. In breakroomsthe standard suggests maintaining 250 EddlLthe
vertical eye levelln living spacesWELL prescribes 200 EMlat the vertical eye level
during daytime and not more than BBIL at the horizontal leveturing nighttime.
Equivalent melanopidux of 125 at the vertical eye levdbr at least 4 hours per day
suggested for learning areas for students under 25 years diiagever, the particular
sources of the selected thresholds are not referenced in the WELL Building Standard.
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The most recent version of melanagig weighted illuminancewas proposed bythe
International Commission on lllumination (CIE}IE has previously published standard

CIE S 026:2018 entitled ACIE System-for M:
Il nfl uenced Re sTpecstarsl@gresented theisgedtral sedsitivity functions

and metricof five ( 40pic) photoreceptorgrefer to Figure 1}hat contribute to evoking

nonvisual effects in humanfsl]. The standard does not provide recommendations or
predictions regarding ipRG{fluenced responsdsut presentshe stepsto calculatel-

opically weightedmetricsfrom spectralradiance orirradiance A derivative metric of

melanopic irradiance is the metgic equivalent daylight (D65) illuminandgnEDI),

which represents the illuminance tife D65 illuminant needed to achieve the same

melanopic irradianceMEDI can be calculatedccording to Equatiob:

. O _ i _Q_ .
: - )

where:
Oy d melanopic equivalent daylight (D65) illuminance (Ix)
Op _ spectral irradiancenf/m3nm)
i _q melaropic spectral weighting function
0 g melanopic daylight (D65) efficaawtio (1.3263 mW/Im)
Recentlyapubl i cation entitled ARecommendati ons
indoor | ight exposure to best support physi

was published by a group of researchers in the respectivélfielthe publication provides
recommendations for healthy daytime, evening and nighttime light exposure for humans.
The authors of thepublication reached a consensus that melanopic equivalent daylight
illuminance of at least 250 luat the eye leveshould be reached during daytime through
daylight but also deemed polychromatic white light an acceptable optienpublication
suggest® maximum melanopic equivalent daylight illuminancel6flux at eye leveln

the evenig. For unavoidable nighttime activés,maximum melanopic equivalent daylight
illuminanceof 1 Ix at the eye levelvas deeme@dn acceptable degree of exposur¢he
publication A newer version of the WELIStandard (WELL v2) adopted the suggestion

for daytime exposurgs2].
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TheCircadian Stimulus (CSjetric was previously introduced to quantify how circadian

effective light (Cla 2.0, referring to the updated definition#8, 54) stimulates the neural

signal that reaches the biological clock in suprachiasmatic nuclei in terms of melatonin
suppression. CS model is based on the concept that circadian phototransduction is evoked

by the receptor signals determined by the opponerepsotheoryThis means that if the

blue channel (8one response) has a weaker signal than the yellow channel (sum of M
cone and lcone responses), which typically occut
circadian phototransduction is evoked soleythe pRGC signals. Otherwise, the model

considers thathe signal is evoked by the combination of ipRGC, cones and rods, which

occurswi t h Acool 53]l i ght sources

The abovedescribed model has been previously introduced in the forntheifCS
Calculator{55]. The CS calculator quantifies light in terms ofAZ.0. based on the power
distribution and photopic illuminance. Based onaC2.0., theCS is then calculated
alongside other metrics such as correlated color temperature, color rendering index and
gamut area indexxor examplea CS of 0.7 indicates 70 % of melatonin suppression. A
recommended circadiagffective light dose (Cf of 0.43 was previously proposed &6].

The CS calculator proposes the exposure duration based on the provided spectral power
distribution and photopic illuminance needed to reach the functionally recommenged CS
However, it isunclear whether exceeding this threshold kter time in the workday may

affect the circadian rhythm ina@unterproductivevay.

While many quantities have been previously proposed for evaluatitdme afonvisual
spectral effectiveness of light, usualtiie suggestion for the appropriate threshold is not
provided.Such quantities are usually helpful in comparative assessments rather than in
actual lighting design, for which references are necessary to consider an appropriate level
of illumination with respect to newisual aspects in spacé&is is the case with most of

the quantities described in this section exdepiCS and melanopic equivalent daylight

illuminance, for which appropriate levels wémdicatedby the respective research groups

2.3 Background of generation ofnon-photometric quantities in post-

processing
Prior to the invention of spectral simulation tools, many studies proposed simplified

frameworks togeneratenonphotometric quantitiesia various posprocessing steps
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conventional lighting simulations. The following section presents studies that have

employed such an approach.

One studyassessd circadianefficacy in a hospital roonj57]. The unit was defined as
circadianweighted irradiance with certain assumptions. The relative spectral power
distribution of known illuminants was weighted by the circadian sensitivity function with
respect to photopic illuminance that was obtained tHroGAYSIM and RELUX
simulations. Another study extended the approach to examining the effects of architectural
decisions in row housing on available daylight necessary for synchronizing the circadian
system[58].

A more complex humahght response model that is based on alivwear function of light
intensity and noivisual relative response and is also dependent on light spectrum, timing
of exposure, prior light history and age was implemented ingrosessingf DAYSIM
daylight simulation [59, 60] The same model was used to evaluate light exposure
wholistically in a Radianceased lighting simulation tof1, 62] Another study proposed

a framework that uses Radiance calculation engirgeneraten illuminance profileto
investigate how lighting conditions affect health and dellghtadditionally considering

the spectral component as well as other relevant factors kppstssing stedé3].

A climatebased simulation framework that investigates potentiatvigureal effects of
daylight in buildings was previously proposed [6¥]. The framework relies on the
Radiancebased simulation tool for the annual prediction of illuminance at the eye level.
The postprocessing steps included integrating a photobiclmgged model that considers
the effect of spectrum, intensity and timing bftdaylight exposure to evaluate the
cumulative annual newmisual effect. Another climatbased study used melanopic ratio
conversion to obtain equivalent melanoloix for each hour of the year and compare it to
the requirements prescribed tine WELL Building Standard65)].

Onestudy proposed a framework to expand the traditional lighting simulation approach to
obtain equivalent melanoplax and Cla via postprocessing steps based on theoretical
conversions[66]. In another work, CS was pegtocessed based on the illuminance
obtained from Honeybee simulation and the assumption that the spectral power distribution
of daylight corresponds to the D65 CIE illumin$i]. Elsewheresimplified approach to
obtainequivalent melanopilux, melanopic equivalent daylight illuminance, £land CS

15



was presented if68], where the quantities were obtained by applying various conversions

to vertical illuminance simulated via DIALux lighting simulation software.

The following two studies utilize a similar idea of applying additional-postessing steps

to the photmetric quantitiegso obtain norvisualones However, the spectral reflectance

and spectral properties of the materials in the room are regarded in addition to the spectral
power distribution of the illuminants in the belementioned studies. Both studies present
steps to derive CS and the Circad&timulus Autonomy (CSA) from photopic illuminance
obtained via DAYSIM simulation and manually calculatesultant spectral reflectance of

the considered surfaces and illuminge&, 70]

Some studies have proposed workflows to obtainptastopic metrics using Radiance
lighting simulation tool by intervening in tloenventionapostprocessingteps of th&ked,
GreenandBlue (RGB) triplets[71, 72] One study converted the Radiance RGB triplets to
obtain circadiarweighted irradianc§/3]. Another study applied peprocessing steps to
convert the RGRBripletsto melanopic illuminancgZ4]. However, neither study specified
whether surfaces and illuminants were considered spectrally in three channels in their
workflows. Another work proposed rough approximations to obtaecircadian action
factor,acy, from RGB-rendered imag€s'5].

The studies in this section have presented multiple frameworks to obtaphatumetric
guantities by proposing various pgsbcessing steps to conventional lighting simulation
tools. However, these methods should be regarded as limited workarounds to obtain
approximate noiphotametric quantities since actual values must be derived based on the
spectral information of the entire environment to ensure complete accuracy. For example,
most of the methods in the studig®sented in this section considered only the spectral
power distribution of illuminants without considering the spectral properties of the other
materials, which significantly undermines the actual spectrum perceived by the observer,
as previously reportein [69, 76] Two studies included information about the spectral
reflectance of the surfaces. However, this was done in a simplified manner by
multiplication of spectral power distribution and spectral reflectance of selected surfaces
without considering the spectratgperties of the reflected and inteflected light [69,

70].

16



2.4 State-of-the-art spectral simulation tools

Since the spectrum of light is one of the main componentsaffet various biological
processes, spectral simulation at a detailed resolth@naccounts for the full spectral
characteristicsf illuminants and materiataust be utilizedo quantify thenon-photometric
effect Eventually spectral simulation tools will be used to predict precise-vienal
effects of light in spacesnce the exact link between photoreceptor contribution and NIF

responses is established in the respective field of research.

Previously a tool entitled Color Quality Assessment Tool (CQAT), otherwise known as
Spectral Color Property Assessment Tool (SCPAT), which incorporates spectral input for
surfaces and illuminants, has been developed and compared agailifet neahsuremets

to ensure accurate evaluatifgi®, 77} The tool generates total luminous flux and spectral
power distribution of light from the viewpoint of the observer based on the calculation of
direct and indirect reflection of light across finite meshes that are determined by the room
grid. The spectralutputenableghe generation of metrics such@€T, color coordinates
andacv. Unfortunately the toolis notavailable for publi@accessand the methodology that

processes spectral information has not been published elsewhere.

A commonly used framework to achieve physical accuracy for spectral modeling in
Radiance lighting simulation todhe N-step algorithm, was previously introduced in the
field of psychophysig[78i 80]. TheN-stepalgorithmdiscretizeghe visible spectrurfrom
380nm to 780 nminto N channels. Ithe visible spectrum is to be discretized into nine
channelsl = 9), threeseparate Radiansmulationsfor a discrete spectral bantustbe
performed This approachs unlike a single simulation in the conventional R@&®thod

where three channetan be used to represéime visible spectrunThe number of channels

in theN-step algorithm is not restricted to nine. It is an arbitrary number that can be defined

based on the needed fineness of discretization.

A similar stepwiseapproach has been previously used in color computation, in which the
spectral curve is reduced to several spectral val@gs The N-step algorithm was
previously used inpectral rendering with nine channelsdvalidated for luminance and
color accuracy in a roomvith electric lighting[78]. Many studiesin the field of built
environmenthave adoptedhte N-step algorithm to predictmetrics weightedby the
circadian and melanopgpectrakensitivity functions[71, 82]
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Currently,afew relatively new Radianeleased tools implement tidstep algorithnfor
the samgurposeThe following sections present studies that either utilized or invéted
step algorithm toolsSection2.4.1, 24.2 and2.4.3 present spectral simulation tools that
are based oN-step approach: ALFA, LARK and OWEinally, Section 21.4 summarizes
the pointin-time N-channel spectral simulation framework that was previopsiposed
by the authoof this thesisn [83].

2.4.1 Adaptive Lighting for Alertness (ALFA)

ALFA is a licensed plugn for Rhinoceros 3D software that uses Radianca leghting

engine renderetio perform81-channel spectral simulatiofsr daylight and electric light

[84, 85] The sun and sky are both regarded spectrally and are generated with the help of a
radiative transfer library (libRadtran) for every location that provides atmospheric inputs
such as oxygen, water vapor, pressure and other information necessary forulad¢iaalc

[86, 87] There is a possibility of selecting sky conditipsysectral propertiesf ground and
materials in ALFA[86].

Several studies have explored the spestnalilationtool. One study investigated the effect

of daylighting, variouduminairesand severalglazingtypesin a theoretical office room
[88]. The spectral functionality of the tool enabled the evaluation of equivalent melanopic
lux in a room A threshold of 200 EML was adopted in the analysis. The investigation was
done for a total of eleven hours dmarch 215, Since ALFA does not support annual

simulations, analysis is only possible for a limited number of hours at a time.

Another study investigated the increase in lighting energy when equivalent melaxopic
was considered according to recommendations of the WELL standard in a classroom and
an office room[89]. ALFA tool was used to calculatguivalent melanopitux for the
relevant positions in the room. The study compared the energy demand for different
luminaires, assuming that the luminaires operated a total of 4000 hours in an office room
and 1500 hours in a classroom annually. While this study uses a verifisarggbproach
without involving findings of daylighting simulation as the basis for the calculation of
electric lightng demand it is one of the very few studies that considered the aspect of

lighting energy in combination with ngwhotopic metrics.

ALFA was usedn another studyo simulate equivalent melanopicx during thesummer
solstice, winter solstice and fall equinak 11 am in a simplified office rooi®0]. The

study evaluated the impact of various architectural parameters via Useful Daylight
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llluminance and melanopic equivalent daylight illuminance according to the

recommendations of the WELL Building Standarghoint-in-time simulation.

Enhancement of the environment to promoteWwelhg and cognitive health in individuals

with vulnerabilities via simulation of nevisual effects of daylighting was investigated

in [91]. Using ALFA, the study analyzed how many hours between 7 am and 6 pm on June
21%, September 2§ and December 2reacted450-500 EML in a nortifacing bedroom

in a nursing homerlhis threshold of equivalent melanojix was regarded as adequate to

entrain the circadian system of elders or individuals with cognitive health vulnerabilities.

Another work examined the influence of various preferred wall colors on CS between 7:00
and 17:00 on December®2and March 2%in a simulated work environment for four view
directions (north, south, west and e488)]. Since ALFA does not report CS, the toas

used to obtain the resultant spectral power distribution at the eye Wwéveh was later

used for manual calculatio$ CS In a later study, the authors investigated the impfact
seven glazing systems and six wedllor hues(at three reflectance levglsn CSand

equivalent melanopiluix in asimulatedoffice room[93].

Only a fewstudies have investigated the accuracy of ALFA in comparisoactioal
measurements to understand the possible accutawy study has compared ALFA and
another spectral simulation tool againstldalspectral measuremenibthree luminaires
The study foundhat ALFA had the most accurate predictiospéctral irradiance between
the two tools However, the discrepancy between tA&FA simulation and the
measurement@anged from28.6% to 33.4% [94].

Another study compareithe accuracy of spectral simulation topiscluding ALFA, in a

scenario with daylighting condition¥he authors found that the average fluctuation from

the measured spectra was rather significant, where the difference between measurements
and the ALFA tool reached up to 3@[95]. In a later study, the authors investigated the
accuracy of ALFA and another spectral tool in relation to ipR@&MDenced light
responseslhey found that at least 26 of the daylight exposures simulated $ot hours

using ALFAtool ledto a significant errof96].

2.4.2 LARK Spectral Lighting
LARK is an opensource plugn for Grasshoppethat predicts photopidlluminance
circadianweighted illuminancandequivalenimelanopidux [97, 98] The tool is operated

through Rhinoceros 3D software and relies on Radiance simulation eRgamol allows
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users tassigncustomspectral compositiator thesky, spectral transmittance of glazing
and spectral reflectance stirfaces LARK implementsthe N-step algorithm thereby
representing theisible spectrum with nine channels, wheach channel accounts for a
discretewavelengthband Nevertheless, spectral simulations with three channels are
possible tooRecently two improved versiosof the toolwerereleasedt ARK 2.0 and3.0.
LARK 2.0includes the possibilitgf simulatingelectric lighting[99]. LARK 3.0 improves

on the 2.0 version by considering sectrunof the sur{100].

The learning curve to use the tool is relativeigepsinceLARK requires the knowledge

of GrasshoppeiThereby fewerstudies havéenvestigated the functionalities of this tool in
literature. However, eelatively recenstudyhasintegrateca componenfrom LARK tool

into a Climate Based Daylight Modelling (CBDM) tool entitled Design Assist ifooider

to predictannuakircadian lighting requirementslowever, the study has not specified how

the dynamic spectral nature of daylight was considered for each timestep in annual
calculationg101].

A study used LARK simulation tool to evaluate equivalent melariagin the office room

and analyze whether it complies with the WELL building stanfledd]. LARK was used

as part of a broader framework in the study to ensure that a daily minimum threshold of
200EML is achieved in the early part of the day in order to entrain circadian rhythm of the

office room occupants.

Other studies have compared LARK and other spectral simulation tools with actual
measurements in order to evaluate the accuracy of the programs. One study found that
LARK had the most accurate prediction when investigating indoor daylight. The accuracy
of LARK tool is comparable to the typical Radiance daylight simulation @reors in

+20% range) despite being more tiroensuming than the other to¢@5]. Another study

found that only 9% of the daylight exposures simulated faixahourperiod using LARK

led to a significant error, which significantly outperformed AL2&].

2.4.3 Occupant Wellbeing through Lighting (OWL)

OWL is a Grasshopper pltig tool originally scripted to generate spatially and spectrally
resolved sky models using luminartceCCT correlation (see Section 3.3 for elaboration

of the correlation]103, 104] This development overcomes the limitation of LARK tool,
where spectral power distribution or CCT of the sky must be assigned by the user. The

luminanceto-CCT conversion is based on the generation of false color images, from which
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luminance information for each respective sky patch is obtained and converted to CCT and,
consequently, spectral power distribution according to the CIE reconstruction procedure
[105]. The tool uses Radiance as its simulation enginéNasteép algorithm. However, only
threechannel simulations are possible in OWL.

The other output of the OWL tool is the resultant spectral power distribution at any point
of view inside a room. The spectral power distribution at the viewpoint is then post
processed in the tool to derive photopic, circadian and melanopically weigatecsmAs

of today, the tool has not been compared to other spectral simulation tools nor validated by
measurements. Therefore, the accuracy of the results that are yielded by OWL is still to be
determined.

2.4.4 Point-in-time spectral simulation

In another publication, the author of thikesis developed a multichannel spectral
simulation tool and experimentally validatedat different lighting scenariof83]. The

tool adapted and extended tNestep algorithm by implementing several changes to the
source code of LARK 1.0The main changes included extending the spectral channels
beyond three and nine to 27 and 81 and addieg possibility to performspectral
simulations with electric light and combined light (electric + daylighte paper aimed to
investigate the effect of low and high spectral resolution of different lighting scenarios on

the prediction accuracy.

The N-step algorithm was validated for the calculation of integral irradigbegveen
380nm and 780 nmin a physical model with three lighting scenarios: diffuse daylight,
LED electric light and a combination of diffuse daylight aodD electric light. The
fishoebo® mode| which was elevated from the ground by 0.09 nadthe following
dimensions: 1.0én x 1.01 m x 0.91 mTheinterior surfaces were painted with pure white
paint (RAL 9010)with an average reflectance of 8 The model had a removable wall,
which wasused inthe scenario with LED electric light and replaced by electrochromic
glazing for the scenario with daylight or combined light. Irradiance measurements were
conducted on 14 (daylight or combined lighenarip or 17 points (electric ligrgcenarid

in the physical and theoretical models for validation purpdsgsre 7 shows the model

and grid of points used validation.
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Figure 7. (a) Dimensions of the model with a removed wall positioned against a glazed facade. (b)
Grid of the sensorpoints Points 15 recorded horizontal illuminance on the floor of the model.
Points 614 recorded verticallluminance; the sensors were placed flat against the wall 520
above the floor level. Points & were included additionally to measure vertical illuminance in

the scenario with electric light

All three lighting scenarios were simulateglith three, nine, 27 and 81 channels. For
scenariosvith LED electric light anchcombination of daylight andED electric light, the
nine-channel simulatiommproved the mean absolute percentage error (MARE)een
13.9% and 33.9% compared to théhreechannel simulation. For continuousffuse
daylight, there was only a small improvemen0Daf% when increasing from three to 27
channels.Comparedto nine channels, 27 channedightly improved MAPE in all ta
scenarios but substantially increased the simulation. tiinégs noteworthy thathe
simulation time was affected by the fact thatfamtervals were not simulated in parallel.

Additionally, all simulations considered continuous sky.

Increasing the number of channels to 81 is more likely to contribute to more complex
scenarios, for example, in spaces where surfaces and luminaires in the room display
discontinuous spectral properties. Nevertheless, the study shows that increasingére nu

of channels from three to nine significantly reduced integral irradiance even for sources
with relatively continuous spectrum, such as LED electric light. This finding implies that
an increase in the number of channels can potentially influence ttepphand non
photopic output of the luminaires, thereby affecting the lighting energy, too. Since the
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developed toolvasoriginally designed for poinin-time simulations, annual multichannel
spectral evaluations, which would be necessary to investagataal lighting energy
demand, ar@ot feasiblehere. Section 3 describes the annual spectral matrix simulation
(ASMS) method developed to make such evaluations possible.
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Section 3

Annual spectral matrix simulation (ASMS)

method

3.1 Tools for ASMS

The following section describ¢hetools needed to set up tASMS. The simulatiorrelies

onthe use of Radianceyvalidatedsuite of commandine programs for lighting simulation

[62, 106] Radianceusesbackward ray tracing, meaning that light rays are traced from a
measurement point (a viewpoint) back to the sources (emitigpsi).files that specify the
space geometry, surface materials, time, date and sky conditions (for daylight calculations)
andluminaires (for calculations featuring electric lighting) are required in order to set up
Radiance simulatior.he simulation output can be presented as rendered images, diagrams

or values representing different metrics.

Radianceemploys a hybrid method that combines deterministic ray tracing with Monte
Carlo sampling to provide a relatively accurate resulither quickly. Deterministic
sampling is intended for sources with a direct contribution of light, such as the sun or
luminaires. This type of sampling assumes that the emitter of light is known and sends the
rays towards it. Deterministic sampling applies to the materia y p ethatiemiidight t o

in Radiance.

Monte Carlo ray tracing is a type of stochastic simulation method that relies on random
sampling to generate outcomes. It is influenced by simulation parameters such as ambient
bounces and ambient divisions. Ambient bounces describe how many diffuse inter
reflections will occur before discarding a ray path. To ensure that the ray is reflected enough
times, this parameter needs to be chosen while taking the complexity of the geometry into
account. The number of sample rays that are sent from a point dudngogent calculation

is determined by ambient divisions. This parameter must be assigned considering the
brightness gradient in the geometry. More sample rays need to be sent out from the points

with low brightness.
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The stochastic simulation method assumes that light can be traced in many directions. This

is the case with skylight, where many dire
light comes from. This is known as hemispherical sampling, which applie$-tars@tous
surfaces described by material type fAgl owo

Many building simulation tools have integrated Radiance as the undetigimgng
simulationengine For example, Evalglaj@07], OpenStud» [108], Groundhod109] and
Honeybegt] [110] are Radiancebased toolsFurthermore, other tools rely on Radiance
based implementation afylight coefficient[111] through Daysim such as DIVA4Rhino
[112] andLadybugHoneybeg113] for the generation ovariousclimatebased daylight

metrics

However, using Radiance programs via the command line grants users a lot more flexibility
for the development of new and customized workflows. For this reason, the co+ineand

use of Radiance in combination with Pyth@nadopted in this thesis. Python is a
programming language used for a multitude of purposesthis work, Python
(version3.8.5) is used as an interface for calling various Radiance cornimantbols

[114]. This approach is common among users of Microsoft Windows, as Radiance was
originally developed for Unix operating system.

3.2 ASMS framework

This section presents th@sicworkflow of the ASMS methodwhich consists of the two

main steps:

1) precomputation of the spectral sky patch matrix (refer to Section 3.3); and
2) themain ASMSfollowed by thepostprocessing steps to obtain required metrics
(refer to Section 3.4)

ASMS aims to facilitate the spectral component in the commonly usephase method.

The fundamental idea behind the tploase method is the establishment of relationship
coefficients (also known as tidaylight coefficient) between sky luminance and geometry.
The daylight coefficient is affected by the room geometry, geometry of the surroundings,
transmittance and reflectance of the materidie sky is divided into 145 (or more) patches
using Reinhart discretization with the purpose of multiplying tlmihance of each sky
patch by the daylight coefficient. The resultant 145 (or more) values are summed up to

derive the illuminance at a point in the geometRygure 8 shows the rgphical
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representation afaylight coefficientapproachThe illuminance is calculated according to

Equation6:

Yo O 0 ¥V (6)

E(X)u.

Figure 8. Graphical representation aflaylight coefficient shows luminance contribution fram
discrete sky patcbn arbitrary point in the roomContributions from all patches make up the total
photopic illuminance at any point in the room. Picture sout@aristoph Reinhart2001[115].

where:
YO : llluminance at a point in the room produced by a sky p@tgh
O : Daylight coefficient

0 : Luminance of the sky pat¢hd/m?)

Y : Projected solid anglef thesky patchatan altitudeo f d and &g i mut h of

As a first stefo set up arannualsimulation using the twphase methqcamatrix of 145
sky patcles(or more)with radiance values createdaccording tahe Perez AHWeather
Sky Model using the annual irradiance values from the weather[file& 117] An
additional patch is created for the ground plane in the mokleRadiancesimulation
software this step is accomplished usiggndaymtprogram.Figure9 showsa matrix of
RGB triplet radiance valudgkat isproducedasthe outputof this step In total the matrix
producesl,278,96(RGB triplets (8760 x 146)Thematrix presents radiance triplet values
for 8760hoursand 146patctes(i.e., 145 sky patches and one ground patch)
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In thegendaymtyrogram, thec option can be used to assiglorto the sky in thennual
matrix simulation.Selection 0fRGB weightingsmustmaintainthe energyalancen the
Radiancesimulation which is satisfiedy the Equation7 [118]. The specific coefficients
(0.265, 0.670 and 0.065) in the equation are derived frohtbé®pic sensitivitfunction.

™ @Y T x'Q T8ed p (7)

s\Margarita\Documents\Dissertation\Dome\weather\DEU_Mannheim.187298_IWEC\DEU_Mannheim.18729@_IWEC.wea

Color inputsfor default sky

RGB radiance values for the first 16 timestepthe
ground patch

RGB radiance values for the last 16 timesiapbe
145" sky patch

Figure 9. The output file of the gendaynmvogram. The second line shows the sky color inputs (
option) that are used to represent the default sky in Radiance. The triplets represent the RGB
radiance values. The first 8760 RGB values show that the ground patch is not affected by the color
option, as seen in the top screenshot for the firsteentimestepgi.e., R= G = B). The -c option

affects theest of the sky patchelifferently,as seen in the lower image, wheré B i B.

Considering the example with the default sky catoRadiancdrom Figure9, theenergy

balance isnaintainedhrough the followingcalculation

T QUTRPT T X TP T TWIQUPH p Y p

However,it is noteworthy thathe steps described aboassignthe same RGB triplets to
the entiresky domefor all hoursassessed in the simulatiorhis assumption iscorrect

when the goal is to perform anngectral simulation because:

1. in real life,spectral properties of the sky are not constant throughout the entire

dome and
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2. thespectraproperties of the sky fluctuate constantly and cannot be constant

throughout the year.

For this reason, thithesisproposes a framework for generatitng spectral sky patch
matrix. It also proposes discretizing spectral information iNtohannels. Figure 10

schematically presents the workflow discussed in the next sections.

Precomputation of the sky patch matrix | Annual spectral matrix simulation and
postprocessing

Geometry and
material descriptior

; oconv
Octree from a
Patch radiance to spectral Radiance scene
patch radiance _ description
(refer to Section 3.3.1 | ! \ 4 rfluxmix
Xy 2 Section 3.3.2) : ToTTommmmmmmmmes
Spectral patch radiance ! Daylight '
to N-channels ; 1| coefficients of the E Annual
(refer to Section 3.3.3) | ! '|__ Radiance scene | | hourly
i | ' i discretized
' ! dctimestep | s m = . .
Cama + : P ! > irradiance for
i| Precomputed sky | ! N-channels at
'| patch matrix (N | a point
| channels) ! [Wim?]
e e e =

Figure 10 Schematic framework of precomputation of the sky patch matrix and steps for the ASMS

based on théaylight coefficient.

3.3 Precomputation of thespectral sky patch matrix

The following subsections present gteps necessary to createpectratky patch matrix
thatis fifeedablé to the main ASMSBroadly, the main principle consists of generating a
relative spectral radiance matrixand multiplying it by thenatrix of absolute radiance
patch valuesTo be abl e to @f eeA8MS, thenesultast@esauter a |
spectral radianceof each patch at each timestep must be arrangellicih@annels.In this
work, three, nine, 27 and 81 channels are regarteereby the following subsections

describe thdelowmentioned pointthat must beccomplished in greater detail:

1. thematrix of absolute radiance patch values;
2. thematrix of relative spectral radiané®m 380 nm to 780 npand

3. thediscretization ofesultant absolute spectral radiance itchannels
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3.3.1 Generation ofabsoluteradiance patch values

A matrix of absolute radiance patch values is generatedrinmng thegendaymtyprogram
in Radiancewvith equal coefficientg the color option-€ 1 1 1i.e.greysky) that produces
a matrix of absolut®&GB radiance patch valueSigure11 shows the output of running the
program withthe abovedescribed settings. In comparison to FiglydRGB tripletsare

equal beyond the ground patch.

=S =M ll-c : ll(:\‘Users’\{-\av‘garlta\.Do(umenta\,m5sePtathn'\Dome‘\v.‘eatheP\DEUJ-lannhelm.1972907[\4&‘\DEUW!-Lannhelm.10729071»&(.»«&3
R
NR

NCONP-3 Color inputsfor gray sky

jeee
000
leee
eee
looo

RGB radiance values for the first 16 timesteps of t
ground patch

Figure 11. The output file of the gendaymtx prograimen the color option is setto greg ( 1 1)
The triplets represent the RGB radiance vall&gh patch shows thétte radiance at any time of
the yearequalsto (R+ G+ B) / 3.

Through the abovenentioned steps, it is possible to determine the hourly radiance of each
sky patch, which is necessary for the following:

1. scaling of relative spectral radiance from 380 nm to 780 nm for each sky patch and
hour; and

2. generation of theelative spectral radiander each skypatch (see Sectiah3.2.

3.3.2 Generation of relative spectral radianceprofile for the sky

According to validated findings, there is a correlabetween sky luminance and sky TC

[103, 119] Therefore, this section describes the needed steps to apply the correlation to the
sky-patchradiance from Section 3.3.1 in order to convert it into-gaichspectral

radiance. Firstly, the radiantased matrix must be converted to a luminaresed maix.
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Equation 8 presents the conversiarhere 179 Im/W is the luminous efficacy of egual

energy lighf118]:

0 pxOME @Y T XA T8 EL (8)
where:

0 :  Luminanceof the sky patclicd/m?)

Theconversios in Tablel areapplied tothe luminancebased matrix in order tconvert
it to the CCTFbased matrixThe conversiordependson the sky type and the luminance

range

Table 1.Validated luminancéo-CCT correlations for clear and overcast sky types. Correlations
for clear sky are based on the luminance range of each patch. G6&avercast sky is constant.
Ly = Luminance(cd/m3; LCF = Luminance Color Factor

First author Luminance range Luminance and CCT correlation
Clear sky
Chain (1999 T
( ) Lv<3172cd/m2 |6 6 Y P —

[120] pog LG XIED
Rusnak (2012)

66 Yol
[121] L, < 5200 cd/m? n B

& where:

L, > 3172 cd/m2| p andq are the mean values of the empirical

measurements per sky type in Rals(p. 81).

Chain (2004) 5 6y o Tt
[122] PUPL OGO OTg cpome R
where:
DOOCc@PoTmMU@ op @Oy X TN
Qpp M1 oeE QT

[ issolar altitudeand- is the sky clearness

Lv > 5200 cd/m?

Overcast
Chain (1999) All CCT=6415(x 133)K
[120]
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Whether the sky type is clear or overcestetermined according to the epsilon value,
which represents the clearness of the ahg isidentified for each hour of the yeiom
direct and global irradiance as specifiefilib6]. The following gradation for sky type were
considered123]:

- Overcast sky if epsilon < 1.065
- Intermediate sky if epsilon O 1.065
- Clear sky if epsilon > 4.5

Since luminanc¢o-CCT correlation does not exist for the intermediate sky condition, this
type of skyis preliminarily treated as an overcast sky with a constant CCT of 6415 K.
However, this can easily be adjusted in the simulation once new, validated correlations for
intermediate sky emerge. The luminaitae€CCT correlation for clear sky conditias
determined individually based on the luminance range of each patch. Notably, the
correlations are only valid for the diffuse component of radiation, sairdet domponent

is removed from the sky matrix by applying the optionin gendaymtxprogram(see
Figure9 and Figurell).

The abovedescribed conversions achieve 1,270,200 CCT values for each of the patches of
the sky dome for each hour of the year. In the-postessing steps, only working hours
between 8:30 and 18:30 when the solar altitude exceBtfedere regardedThe solar
altitude is relevant because the correlations have not been validated for extremely low
altitudes. Solar altitudis deduced (by runningendaylitprogram) for each hour of interest.

As a result, 3,265 hours were left for analysis after-postessing.

The CCT of each sky patcls converted torelative spectral radiandeom 380 nm to
780nm.In this method, th€CTis converted tay coordinates on the CIE 1931 color space
chromaticity diagramOnce thexy coordinates are knowspectral power distributioof
iluminant D can be characterized mathematicdlBA4]. The conversion is valid when the
CCTis betweet000 Kand 25000 K.

3.3.3 Discretization of the sky SPD intoN-bins

Several steps are necessary to conventdlagive spectral radianad each sky patch into
a readabléormatfor ASMS. Firstly, therelative spectral radianad each patcimust be

interpolatecat 0.1nm interval to allow precise division between RGB baiitigse bands
are determined according RGB coefficientsin Equation7 (0.265, 0.670 and 0.06H)at

represent the aramder the curve of the are@rmalizedphotopicV ( &) f unct i on:
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w_Q_p 9)

According to this, the coefficients R, G and B correspond to the area under the photopic
curve between 586.5780.0nm, 499.0- 586.5 nm and 380499.0 nm. These boundaries

were determined by applying trapezoidal integration to thersogaalizedv ( &) icur v e
Equation 9 Therefore, to discretize the spectral radiance of any sky patch into three
channels, iis averaged in the red, green and blue wavelength boundaries following the
EquationslO to 12:

S - B | (10)
YQa w0gw Q X W8T U Y&p
o m e B8 g Uy
Y Q& 60xR0AQ O U8 T 68D (11)
B 8 0y
L N m e b 12
YQa & dg0yaQ T WD O YH (12)
where:
O A0A1 AiAG &8 relative average radiance in the respective wavelength band
(W/mf7sr perwavelength band)
Ogi - relativespectraradianceat wavelength (W/mz2sr/nm)

However, it is noteworthy that threlative average radianeglues from Equations 10 to
12 do not satisfy the energy balande Equation 7.The relative average radiance
(O aoa1 angat €ach channel must be divided by the following scaling faotpreserve
the energy balanda Radiance simulatian
YO OO mEGD € |

Y Blpan T8 QU Y Bl oan; T X T (13)

Y Bl | o4 TBLQ U
Finally, assuming that the spectral radiance in the discretized wavelength bands is constant
(i.e., flat), thescaledrelative average radiance of R, G and B bins is multiplied by the
absolute radiance value of the sky patch &astion 3.3.1) to obtain tlebsolute average
spectral radiancdor each channel (i.e., wavelength baridjerefore, if a threehannel

spectral simulation is performed, one sky matrix Wif273,960 triplets will be produced,

similar tothat presented in Figure 9 and Figure Hbwever, @ch line will contain the

32



following three values: absolutaveragespectral radiance for wavelength intervals
586.5- 780.0 nm(R), 499.0- 586.5 nm(G) and 380 499.0 nm(B). This information is
thenfifedo to the ASMS Section 3.4

If nine channels are consideréldenrelative spectratadiance must be derived for three
blue, three green and three red bifise bands for the finer bins avbtainedby dividing
the main wavelength boundaries equidistantiich results in the following intervals:
3800-419.6nm,419.6- 459.3nm, 459.3i 4990 nm 499.0- 528.1nm, 528.1- 557.3nm,
557.3- 586.5nm, 586.51 651.0 nm 651.0- 715.5nm and 715.5 780.0. The same logic
applies to simulations with 27 and 81 channels, where nine and 27esipsctivelymust
be created within theriginal RBG wavelength intervalsThereby, Equations 10 to 12

shouldbe adjusted and expanded accordingly.

Blue Green Red

19 380.0 - 499.0 nm | 499.0 - 586.5 nm 586.5 - 780 nm

Relative spectral radiance

----- Simulated (3 channel)
=== Simulated (9 channel)
0.2 4 —-- Simulated (27 channel)
—— Simulated (81 channel)
— D65

0.0 T T T T T T T T T
380 420 460 500 540 580 620 660 700 740 780
Wavelength (nm)

Figure 12.Measuredblack line)and discretizedcolored lines)elative spectral radiance of the
D65 illuminant with 6504 K.

Considering thathe scaling factor in Equation 13 is valid for a th&ennel simulation,

the relativeaveragespectralradiance values for the nine, 27 anddihnnel simulations

are multiplied by finer coefficientgistead These coefficientare deduced by applying
trapezoidal integration tthe nine, 27 or 81 intervals dhearean or mal i zed V/( &)
The coefficientsand intervalsfor the three,nine, 27 and 8khannet are presented in
Appendix A. Figure 12 showsthe exampleof the discretizationnto N-channelsof the

relativespectral radiance ¢he D65 illuminant with 6504 K
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In the case of ninehannel simulation, three separafectral skyfiles are written for

wavelength interval880- 499.0 nm 499.0- 586.5 nm and86.5- 780.0 nm Eachof the

sky fileshas1,278,960 triplets that describe tlespective wavelengihterval A Bl ue o sky
matrix file representshe absoluteaveragespectral radiancef the intervals380.0- 419.6

nm, 419.6- 459.3 nm and 459.8499.0nm wi th a set of triplets.
refers to the interval499.0- 528.1 nm, 528.1557.3 nmand557.3-586.5n m. A Red o sky
matrix file described interva86.5- 651.0 nm, 651.6 715.5 nm and 715.5780.Q The

spectral sky files are thédifiedo to the ASMS.

Regarding the simulation with 27 channels, the original boundarétivided into nine
finer intervals.Nine spectral skyfiles with absoluteaveragespectral radiance in the
respective wavelength basare produced. Similateps arelonein the simulation with 81
channels, except the original boundaries are divided into 27 channels and f@duce
gpectral skyfiles for the respective parbf the spectrumThe spectral sky files are then
fifedo to the ASMS. The ASMS is un one time for three channels, three times for nine

channels, nine tinsfor 27 channels and 27 times for 81 channels.

3.4 ASMS and postprocessing steps

The ASMSis based on the daylight coefficient method to accommodate the spectral
component in the annual simulations. The daylight coefficient method supports the
execution of annual daylight simulations without the need to run an individual simulation
for each houof the year, eliminating redundant calculations. The ASMS method extends

the daylight coefficient method by enabling spectral simulation MAtthannels.

In a twophase simulation that relies on the daylight coefficient, the sky matrix is multiplied
by the matrix of daylight coefficients. Here, steps that produce a daylight coefficient matrix
that considers the spectral properties of the geometry are akadhon a conventional
threechannel simulation, the first step is creating an octree file from a scene description in
Radiance. This is done with the helptloé oconvprogram, which combines the geometry

of the model with the material description filew a spectral simulation, the material
description file must be edited to contain the spectral information of the surfaces before
combining it with geometry viaconvprogram. The spectral reflectance and transmittance
values of the materials for wavelength intervals 58&80.0 nm, 499.0 586.5 nm and

380- 499.0 nm are averaged into three (RGB) bins and written into one materilfike.

simulation has more #m three channels, the average spectral information is split into
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multiple material files for severalconvruns. As a result, multiple octree files are generated
that represent the reflectance and transmittance values of the surfaces in the respective parts

of the visible spectrum.

Once the octree file is obtained, the daylight coefficimatrix can be computedvia
rfluxmtxprogramwith 10ambient bouncesab),10000 ambientivisions(-ad) and).0001
aslimit weight (-lw)). If the simulation with three channels is to be perforred, octree
file is fifedo to therfluxmtxprogramas is If the simulation is with nine, 27 or 81 channels,
thenrfluxmtxprogram will be performed three, nine or 27 timath the respective octree

file that representthe particular spectrahtervak.

In the last stepf the ASMS the generatespectraldaylight coefficientmatrix is multiplied

by thespectralsky files (presentedn Section3.3.1 to Sectior8.3.3) The output of the
simulationis the Radiance RGB valudé more than three channels are simulated, then the
spectraldaylight coefficientmatrix and thespectralsky files are multiplied producing
multiple output filesRegardless of the number of channéigsimulation outputequires
postprocessing stepEquatiors 14to 16 convertRadiance RGB values &verage spectral
irradiancein the respective wavelengthterval [99]. The equations are expanded to

consider more intervals when more than three channels are considered.

o. 8" 8 w2 Py (14)
h PXO w0 prx
0 - g8h 8 wi L O (15)
h PO yo priy
h 8 p p v
) L 16
Oy PXw P00 DX 0 (16)

where:
179: Iluminous efficacy factor for equanergy white light in Radiandém/W)
683: photopic luminous efficacy at 555 nim/W)

107: areaunderthecurvetifenor mal i zed V(&) function

0O ﬁh . spectral irradiance for treeb wavelengthnterval (W/m2)

The conversion above yields average spectral irradiance of the dgavetiength interval
from which variousquantities can be generatdd.this thesis photopic illuminance and
melanopicequivalendaylightilluminance are evaluated. To convert spectral irradiance to
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photopic illuminance(E,) and melanopic equivalent daylight illuminan¢®y )

Equatiors 17 and18 wereappliedrespectively

8 8
O ouyo O _ w_ Q_ Op_ w_ Q_
8 8
(17)
8
Op _ 0_ Q_
8
8 8
& Oh=l (b= Q= 'Oﬁ=l w_ Q=(’“7
0: a8 8 - & C
L s s P8P 1)
'Oh | (;.)= Q=
o 8 o
where:
Op _ spectral irradiance in (W/m2/nm or mW/m2/nm)
w_ photopicspectrakensitivityfunction

i _dq melaropic spectrasensitivityfunction

In the threechannel simulationthe RGB bins586.5780 nm, 49.0-586.5 nm and 380
499.0nm have constant spectral irradianabtained from Equations 14 to .1B the
simulation with nine channelshe abovementioned bins were equidistangybdivided
into threefurtherchannels, thereby resulting in new bwish constant spectral irradiance
in the following wavelength band380.0- 419.6 nm, 419.6- 459.3 nm, 49.3 - 499.0 nm,
499.07 528.1nm, 58.1 - 557.3nm, 55.3 - 586.5nm,586.5 - 6510 nm, 6510 - 7155 nm,
7155 - 780.0nm. The sameoncept applies to th@mulatiors with 27 and 81 channels.
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Section 4

ASMS for daylighting

4.1 Referenceroom

Thereference office roomreviously proposed ifil25] is selectedas a baseline geometry
for comparative analysig.he room represents a typical shoebox malgsigned for six
employeesThe room dimensions are as follov8s6 m(width), 8.2 m(length) and 2.8m
(heigh). The totafloor areais 29.5 n#. The room has a deep floor plan and a sdating
window with 3.0 m width and 1.5 m heightewindow-to-wall ratio (WWR)is 40%. Six
work positionsare distributedinto three groupdased on their proximity to the window.
Venetian blinds were removed from the original modéle diagram below shows the

dimensions of the office room.

Pos. 5 : Pos. 3 : Pos. 1 b

: :
A : é s
A 1 Group3 i Group2 i Groupl | 9

v 1 1
i i Y

! i

Pos. 6 : Pos. 4 ! Pos. 2 \

Figure 13. Reference office room and the dimensiding room is divided intthreegroups based

on the proximity to thevindow The room has six positions in total. Each group has two positions.

The spectral information for the materiahsthe office roomis selected from an online
databas§l26, 127] The spectral reflectance of each material was selected according to the
typical reflectance values of the surfacesthe office spacesDoublepane glazing,
commonfor this location and climate, wassembled via Optics softwaard replacethe
original glazing in the reference office rogi28]. Table 2showsthe selectednaterals as

well asthereflectance and transmittance values of the surfaces.
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Table 2. Materials selected for the reference office rosth the eflectance and transmittance

valuespresentedn percentages

Surface Material Reflectance Transmittance
Ceiling White paint 80 %
Walls Yellow paint 50 %
Floor Wooden parquet 20 %
Glazing Double pane lovwE 65 %
Ground Concrete 20 %

100 a) 100 + b)
S 80 S 80 |
ch 60 :l; 60 -/—_\
= o = : : 8 o . . . .

380 480 580 680 780 F 380 480 580 680 780

Wavelength (nm) Wavelength (nm)

White paint Yellow paint

Double pane low E

Wooden parquet Concrete

Figure 14. a) Spectrakeflectance of the white paint (ceiling), yellow paing(ls), wooden parquet
(floor) and concrete (ground) from 380Bnto 780 nmb) Spectral reflectance of the double pane

low-E glazingfrom 380 nm to 780 nm

4.2 Weather data for the ASMS

The weather data of Mannheim, Germasyselected for the analysi¥he EPW file
(EnergyPlus Weather Formatyhich is usedin the simulations, is based on the weather
data from 1982, 1985, 1987, 1988, 1989, 19%@ poins on the scatter plein Figurels,
showhourly values of direct normahdiation on all days of the monfh29]. The hourly
direct normal radiation exceeds 800 Wh/m2 in many instances in March, April, May, June,
July, August and Septembédrhe orange lineshows the daily trend for each particular
month based on the scattered val@@s.average, direct normal radiation is the highest in
August when it exceeds 400 Wh/rgure 16 showsthe hourly values of direct normal
radiation on théeatmap throughout the year.
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Figure 15. The xaxis represent24 hours of the daylhe yaxis shows the magnitude of direct
normal radiationin Wh/m? Orange points indicate hourly values afett normal radiationfor
each month extracted from the weather da@tse gange line is the trend line based on thaurly
values. Source: CBE Clima To¢l29].

Wh/m?

800

700

600

Day

Figure 16. Hourly values of direct normal radiatioiepresented as heatmafhe xaxisrepresents
monthsThe yaxisshowshours of the dayThe magnitude of direct normal radiation is cetmrded
and presented in Wh/n8ource CBE Clima Too[129].

Figure 17 and Figure 1@present diffuse horizontal radiation in Mannhekigure 17
showsthathourly diffuse horizontal radiatioaxceedgl00 Wh/m?2 in April, May, Juneluly
andAugust.The maximum daily average diffuse horizontal radiatidreipond 0 Wh/m?

in April, May, June and Julyin order b run the daylighting simulation, the hourly direct
normal and diffuse horizontal radiation values are extracted from the EPW weather file via
theepw2wegrogram in Radiance. The program produ@£&A file, which can be passed
directly to other Radiance programsuch asgendaymtx for the generation of the
discretizedsky (@s elaborated isection 3.3 Figure B presents tb annual profile of

diffuse horizontal and direct normal radiation tisaised as the inpinh the ASMS.
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Di Fuse hori zowhml radiation

Jan Feb Ma r Apr Ma 'y Jun Jul Aug Sep Oc't No v Dec
900 900 900 900 900 900 900 900 900 900 900 900
800 800 800 800 800 800 800 800 800 800 800 800
700 700 700 700 700 700 700 700 700 700 700 700
600 600 600 600 600 600 600 600 600 600 600 600
500 500 500 500 500 500 500 500 500 500 500 500
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300 300 300 300 300 300 300 300 300 300 300 300
200 200 200 200 200 200 200 200 200 200 200 200
100 100 100 100 100 100 100 100 100 100 100 100
I\ A
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Figure 17. The xaxis represents 24 hours of the dape yaxis shows the magnitude diffuse
horizontal radiation in Wh/m2.The @ange points indicate hourly values diffuse horizontal
radiation for each month extracted from the weather daéke @ange line is the trend line based
on the hourly valueSource: CBE Clima ToglL29].
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Day

Figure 18. Hourly values of diffusénorizontal radiation represented as heatmaphe xaxis
representsgnonthsThe yaxisshowshours of the day. Theagnitude ofliffuse horizontal radiation
is color-coded and presented in Wh/i8aurce: CBE Clima To¢lL29].
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Figure 19. The anual profileof the diffuse horizontal and direct normal radiation in Mannheim
as the atput ofepw2wea Radiance program amput for theASMS The xaxisrepresentdiours

The yaxisshowsthe magnitude of radiatiom Wh/m?
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4.3Variability in the simulation of daylight

Based on the random nature of hemispherical samphndradiance illuminance
predictionscan vary even between identical simulation runs (refer to Se&ibn
Therefore, the effect of random sampling on the variability of the rasuttgestigated in

this section. The variability between simulatiemanalyzed viahe standard deviation of

the hourlyintegralirradiance in the visible spectrum between 380 nm and 780 nm (further
denoted byO ). This analysidgs done for all six positions in the rooand allthe
channels considered in this thesis. Equalifis used to derive the standard deviation of

one hourly value, here referred toyas

B O 0O

» _ (29
v P

where:

y: the standard deviationf O for one hourly valuebased onten
simulation runs

O . the mearO of tensimulation rungor one hourly value

O : individual O values intensimulation rungor one hourly valugi =
1 €10)

N: the size of the sampiee., tensimulation rungN = 10)

The coefficient of determination, also known as R?, represents the proportion of variance
of the dependent variable, the standard deviation of ten simulation runs. In other words, R2
describes how closthe values of standard deviation are to the gradient line of the
regression model. This valug calculated assuming the origin at zewed presented in
scatterploin Figure20 and Figure 2&ccording to Equatio0:

v Bw 20
P TBe (20)
where:
wD actualstandard deviation akn simulation runs for hourlO (4=
163265)
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wD predicted standard deviation according to the linear regression maedel of

simulation runs for hourl{D = 1é€3265)
a) b)
E£035 £035
£ 030 2 030 Y=0013x
5 025 5025 Re=0844
© &
g 0.20 g 0.20
8015 2015
© o
2 010 2 0.10
g 0.05 g 0.05
{ 0.00 : & 0.00 ;
0 5 10 15 20 25 30 35 40 45 0 2 4 6 8 10 12 14 16 18
Average E80780 (W/m?) Average E80780(W/m?)
» 3 channels e 3 channels
€035 Eo035
2 030 Y =0.004x 2030 Y=0011x
So2s Re=0894 5025 R2=08%0
S ©
~§ E 0.20
© 0.15
©
S 010
g 0.05
‘ & 0.00 :
0 5 10 15 20 25 30 35 40 45 0 2 4 6 8 10 12 14 16 18
Average 80780 (W/m2) Average Ee38080 (W/m?)
e 9 channels e 9channels
€035 Eo035
2030 Y=0.002x 2 030 y=0.005x
5 0.25 R?=0.958 5 0.25 R2=0.901
© kS
£0.20 2020
$015 3 0.15
o el
2010 ” 5 0.10
2005 2 0.05
IS el
& 0.00 & 0.00 :
0 5 10 15 20 25 30 35 40 45 0 2 4 6 8 10 12 14 16 18
Average E80780 (W/m?) Average 80780 (W/m2)
e 27 channels e 27 channels
Eo03s Eo3s
2030 ¥=0.001x 2030 y=0.004x
So2s R=0872 S 025 Re=0.906
= 2
g 0.20 £ 0.20
3015 S015
g o.10 o010
2005 2005
8 G
{ 0.00 & 0.00
0 5 10 15 20 25 30 35 40 45 0 2 4 6 8 10 12 14 16 18
Average E80780 (\W/m?2) Average 80780 (W/m2)
« 81 channels e 81 channels
Figure 20. Scatterplots show standard deviatiora)is) plotted against the average (x-

axig) for positions 1. Row (a) presents the resattthe horizontal desk level (0.80 m) and row (b)
at the vertical eye level (1.20 m) for simulations with three, nine, 27 and 81 chalwelage

O refers to ten simulation runs. The red dashed line represents the maximum standard

deviation at the respectiv@ in each scatter plot.
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Figure 20 (a) shows scatterplots of position 1 with threaine, 27- and 8Xchannel
discretization at the horizontal desk level (0.80 mgure 20 (b) shows the same
information recorded at the vertical eye level at 1.20The scatterplots represent the
relationship between the standard deviatioraxXis) and the averag® of ten
simulation runs (>axis). The dotted blue line represents the regression line that passes
through the origin of each plot. The gradient of the regression line provides information on
the strength of the relationship and indicates how fast the depewdriable (standard
deviation) increases as a functiontbé independent variableaverageO ). All
scatterplots show moderate to strong, positive, linear relationship between the standard
deviationand 'O of ten simulation runsThe scatterplots for positior&to 6 are

presentedn Appendix B.

It is noteworthy that the maximum standard deviation is consistently lower in the
simulations that have a higher number of channels. FRfu¢a) shows that the maximum
standard deviation at the horizontal desk level {023 W/m2 (at 43.4 W/m?2) in the
simulations with three channels; 6/18 W/m? (at37.0W/m?) in the simulations with nine
channels, +/ 0.10 W/m? (at 38.7 W/m?) in the simulations with 27 channels and
+/- 0.06 W/m2 (at38.6W/m?2) in the simulations with 81 channels

The maximum standard deviation at the vertical eye level is shown in Q3. The
maximum standard deviation is-€.25 W/mz (at 1L.3W/m?) in the simulations with three
channels, +/0.21 W/mz (at9.8 W/m?2) in the simulations with nine channels, 809 W/m?
(at9.4W/m2) in thesimulations with 27 channels an¢t 0.07 W/m2 (at9.6 W/m?2) in the

simulations with 81 channels.

Figure21 (@) shows that the maximum standard deviation at the horizontal desk level is
+/- 0.27 W/m2 (at39.3 W/m?) in the simulations with three channels; 6:48 W/m2 (at
36.9W/m?) in the simulations with nine channels; 8/15 W/m? (at35.0 W/m?) in the
simulations with 27 channels and /08 W/m?2 (at32.3W/m?) in the simulations with 81

channeldor position 2

The maximum standard deviation at the vertical eye level is shown in Efj{pd. The
maximum standard deviation is-€.27 W/m2 (at9.2 W/m?) in the simulations with three
channels, +/0.19 W/m? (at 10.2W/m?) in the simulations with nine channels; /11
W/mz2 (at10.3W/m?) in the simulations with 27 channels ad0.06 W/m? (at8.7 W/m2)

in the simulations with 81 channels.
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Figure 21. Scatterplots show standard deviatiorais) plotted against the averade (x-

axig) for positions2. Row (a) presents the resudtsthe horizontal desk level (0.80 m) and row (b)
at the vertical eye level (1.20 m) for simulations with three, nine, 27 and 81 chalwelage

0O refers to ten simulation runs. The red dashed line represents the maximum standard

deviation at the respectiv® in each scatter plot.

Theinitial hypothesis that increasing the number of channels wanridistently decrease
the gradient of the linear regression modeéreby reducing the standard deviatien

confirmed. A short analysis done forthe horizontal and verticaD of 10 W/m?2
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basednthelinear regression modeforpositiors 1 to 6. Tables 3 and 4show the standard
deviation in W/m2 based on the average of ten simulation rutisef@imulation with three,
nine, 27- and 81channels.

Table 3. Standarddeviation that occursn positiors 1-3 on the vertical and horizontal planes for
the simulation with three, nine, 27 and 81 channels. The regression model is baseRantidane
simulationrunswith three, nine, 27 and 81 channel discretization.

Standard deviation (W/m?)
Number of channels Position 1 Position 2 Position 3
Horiz. Vert. Horiz. Vert. Horiz. Vert.
3 0.06 0.13 0.06 0.15 0.21 0.34
9 0.04 0.11 0.04 0.10 0.17 0.31
27 0.02 0.06 0.03 0.06 0.09 0.14
81 0.01 0.4 0.02 0.03 0.05 0.09

Table 4. Standard deviation that occurs on position§ dn the vertical and horizontal planes for
the simulation with three, nine, 27 and 81 channels. The regression model is bese&Radiance
simulation runs with three, nine, 27 and 81 channel discretization

Standard deviation (W/m?2)
Number of channels Position4 Position5 Position6
Horiz. Vert. Horiz. Vert. Horiz. Vert.
3 0.20 0.32 047 0.88 0.34 0.62
9 0.13 0.32 0.23 0.33 0.33 051
27 0.10 0.17 0.21 0.23 0.14 0.25
81 0.07 0.01 0.07 0.14 0.07 0.14

4.4 Results of ASMS for daylighting

The following section presents the results of the ASMS for daylighting. The results
presented for eadN-channel are based on the average of five simulation runs. Figure 22
and Figure 23 present scatter plots for positions 1 to 6. fhésxrepresents the average
photopic or melanopic equivalent daylight illuminance of thec8dnnel simulation
obtained byperforming five simulation runs. Theaxis represents the absolute difference

of the photopic or melanopic equivalent daylight illuminance in Ix. fpaafit in the scatter

plot represents the absolute difference in photopic or melanopic equivalent daylight
illuminance of three nine or 27-channel simulation compared to 81 channels,
representing the baseline.
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4.4.1 Resultsof photopic illuminance

Figure 22 shows the difference in photopic illuminance in relation to the baseline
simulation with 81 channels for positions 1 to 6. Figures show that the simulation with three
channels has the highest absolute difference in photopic illuminance compared to the
basline. The difference increases with the increase of the magnitude of the photopic
illuminance. For example, the highest baseline photopic illuminance is approximately
9797Ix (SD =+/- 25.5Ix) for position 1. This means that an identical analysis wikinee
channel simulation would produce a result of approximately 9372 Ix (§966.5Ix).

(@) (b)
(©) (d)
() (f)

Figure 22. The absolute difference in photopic illuminance for the simulations with threegmine
27 channels in comparison to the baseline illuminance with 81 channels for posifare & ).
The xaxis represents the baseline illuminarioethe simulationwith 81 channelsThe yaxis
represents the absolute difference from the baseline simulation for the rest ofctieniél

simulatiorsin IX.
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