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SUMMARY

Human health and welleing concerns have been brought to the forefront of
building performance assessment through contemporary practices of sustainability design.
Within the bounds of sustainabilitgaylighting plays a critial role in human welbeing,
specifically nonvisual effects such as regulating circadian health, which contributes to
alertness and sleep cycles of individuals. Accordingly, interior spatial investigations have
been developed thugh simulatiorbased wdkflows, including several modeling tools
such as Adaptive Lighting for Alertness (ALFA) (Solemma, 2019). However, research did
not yet address challenges in vulnerable communities such as elders and individuals with
dementia, focung specifically on thempact of the nonvisual effects of light on their

overall health and welbeing.

This thesis aims to identify the daylighting requirements and metrics that are
needed to design a space for elderly individuals that could ettigircircadian rhythms,
promote their health, and wdiking while providing an overall enhanced environment.
The objectives are: 1) Explain several types of disability challenges facing the elderly
population and its relationship to daylighting and araa rhythms. 2) Defineaylighting
thresholds and metrics that entrain circadian rhythms and target vulnerable groups such as
elderly individuals with certain disabilities. 3) Present a case study of a standard nursing
home that showcases simulation teghes that focus on dagliting and health modelling
for this vulnerable population, with recommendations for future work validation by

deploying an ecologically valid experimental design. 4) Propose a design framework and
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recommendation guidelines to adsilesigners when desiggi for vulnerable groups to

promote their health and wddking.

A standard nursing home model is referenced from the Neuferts Architects Data
3rd edition Architectural Standards and was used as an example model. A simulation
experiment is implemented ungy DIVA for Rhino and Climate Studio to analyze annual
point in time illuminance with a threshold divided into three parts: 50D lux
(minimum), 20002500 lux (most efficient threshold), 253000 lux (maximum). The
hours meehg these thresholds aemnalyzed into useful daylight hours. Also, Daylight
Glare Probability (DGP) is simulated to understand the challenges accompanying high
illuminance values that entrain circadian rhythms. The goal of the experiment is to ensure
thata standard bedroom indlas interior locations that can maintain a threshold of 1 to 2

hours per day with these illuminance values with minimal teeastent glare.

The results of the simulations are divided inl) Baseline with the standard
bedroomfacing north, south, egsand west orientatiorsnd2) Design alterations of the
north and south orientations to meet the threshold and increase the number of hours
annually that entrain the circadian rhythm for the elderly and individuals with dementia.
The simulations areun using the Atlanta, GA, TMY3 climate file. The baseline case
demonstrates that the north orientation hardly receives any adequate daylight throughout
the entire yeaat the head of the bed in the middle of the rodhre annual daylight glare
probability shevcases an average of 17.8% disturbing and intolerable glare annually. On
the other hand, the baseline results of the south orientation present an average of 62.8%
disturbing and intolerable annual DGP. The south orientation functions slightly better

meetng the minimum, required, and maximum lighting thresholds for almost 30% of
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analyzed daylight hours/ month. The east, and west orientations function better iafterms
percentage of daylight hours/ month meeting the threshold, along with less annual DGP.
Therefore, the south and north orientations only are expanded and investigated further in
the design alterations. Both the north and south orientations in the desigrshow

increased percentage of hours meeting the threshold in the analyzed locations.

This shows the need for design enhancement and improvement to adapt to the needs
of the users. Results presentedficifity in circadian entrainment in baseline case
orientations due to either higher or lower annual pwiritme illuminance values rather
than the required threshold, in addition to increased glare issues at the south, east, and west
orientations. Overglthe results indicate that 1) Design alterations are needed for current
standard nursing home designs. And 2) Thresholds that entrair¢hdian rhythm for
elders should be taken into consideration rather than relying on standards that do not focus
onsuch elderly experiences. This thesis provides an overview of a simulatr&fiow to
create a framework for designers proposing recomatents for enhanced design options

that promote the health and wbking of dementia and elderly individuals.
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CHAPTER 1: INTRODUCTION

Enhanced sustainable designs that would promote human health abeiwglare
currently viewed as one of the futurgué&ements othebuilt environment desigfWiner,
2019) According to the World Populations Prospects: the 2019 Revision, by the year 2050,
16% of the world population wibe at the age or above 65 years old meaning that one in
six people in the world will be at this ageepartment of Economiand Social Affairs
Population Dynamics, 2019; United Nations, 20Elerly individuals might suffer from
varioustypes ofdisabilities that mighprogress over the yea®ne of the main concerns
of aging is developing dementia which might affect thdivildual in various formsThe
World Health Organizatiosstimates thaaround 50 million individuals worldwide suffer
from dementia with around 10 million new cases yeahlynost 607 70% of dementia

cases are diagnos e d(WuwldHdalth®tganizatian,2@20)6 s Di s e a

Also, based onthé& | z h e i me r 6 sitisksimarethataapproximately 15
to 20 % of people dhe age of 65 or older hawe will developmild cognitive impairment
(MCI) which isoften a precursor tdementia that has a high possibility of progressing into
AD (Alzheimers Association,20b; Matthews et al., 2008)Accordingly, this should
drive designes and innovators to come up with advanced solutions tackling various
disability challenges that might fatiee elderly populationThoughdeveloping different
forms of dementia is notr@ormal side effeadf aging, itwill affectmanypeoplewhichis

still considered an alarming situation.

On the other handt has been shawthat elders spend up to 95 % of their time

indoors between bedrooms and living roobneidaSilva et al., 2014)Consequently,



this highlights the importance @irchitecture irnproviding enhanced indoor experiences

that can improve theinerall healthrand weltbeing

Under the umbrella of sustainability, daylighting plays an important role in
promoting human health, especially through-n@ual effects such as regulating eidian
health which plays a critical role in stimulating angulating alertness and sleep cycles in
healthy peoplg(Konis, 2017a) However, researchdid not yet address challenges in
vulnerable communities such as elders and individuals with dementia, fospetifically
onthe impact bthe non visual effects of light on their overall health amell-being.This

becomes difficult situationfor designers when designing fibile elderly population

1.1 Research Purpose

1.1.1 Research Goal

This research aims to provide a better understanditigea@urrent metrics that are
available to empoweglderly experiencesnd entrain their circadian system by showcasing
the essential criteria of a space design that specifically pretheie healthrand wellbeing
through daylightingThe researclaims b establishthe link between simulating the non
visual effects of daylighting using DIVA for Rhino, Climate Studio, and ALFA in
relationship toelderly individuals and enhancing their cognitive health indoor

environments.

1.1.2 Research Hypothesis



If exposue-based metrics aredeveloped for elderly entrainment of circadian
systems, then simulation softwavél demonstrate architectural performance that supports

healthier visual and newisual environments faguch vulnerable groups.

1.2 Research Motive and Stucture

1.2.1 Significance

The research assumes that idgntifying daylighting metrics that entrain the
circadian system ielderly individuals, it will encouragedesigners and architects tse

thisas aframeworkwhen designing for such vulnerable groups.

1.2.2 Research Objectives

- Explainseveral types alisability challenges facing the eldeggpulationand
its relationship to daylighting and circadian rhythms.

- Define daylighting thresholds and metrics that entrain circadian rhythms and
target vulnerable grgs such aslderly individuals wilh certainimpairments

- Present a case study a sandard nursing homthat showcases simulation
techniques that focus on daylighting and heatibdeling for this vulnerable
population, with recommendations for futurenk validation by deploying an

ecologically valid experimental design.

1.2.3 Research Quesins



What are the daylighting requiremeatsd metrics that areeeded to design a space
for elderlyindividuals that could entrain their circadian rhythimomote the health, and

well-being whileproviding anoverallenhanced environment?

1.2.4 Target Audience

This thesis provides a detailed understanding of the daylighting metrics that entrain
the circadian rhythm in elderly individualho are either healthy or suffegifirom certain
disabilitiesalong with methods of iplementation The primary target audiences are the
architects and building performance researcheith the aim ofusingthis thesis as a
frameworkto makeinformed design decision$his research can lige foundation tduild
upon further studiem providing enhanced living environmesithat promote health and

well-being.

1.2.5 Thesis Overview

The first chapter is an introduction to the thegipic andunderlines thegoals
hypothess, and objectivesThe second chapter provides understanding dhe relation
betweendaylighting, circadiansystem,and elderly experienceshrough the literature
review. The third chaptas an examination of current standard nursing home design and
their adaptabilityd the daylighting needs adlderly individualghrough a simulatiorased
experimental workflowThe fourth chaptedtemonstrates the resultsaotimulatiorbased
experiment. Finallyin chapter fivethe evaluationof the findings, and conclusiaf this

thess will be presented-igure 1 demonstrates the general thesis breakdown and workflow.



Goal

Objectives

Understanding elderly
experiences and the impact of
daylighting on their cognitive
health and circadian rhythms.

Methods

Literature
Overview

Dissertation

Chapter 1: Introduction

Chapter 2: Literature
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Define daylighting thresholds and
metrics for the elderly population.

Establish the link between
simulating the non-visual

effects of daylighting i Chapter 3: Experimental

Design

Simulation:
Experiment

relationship to  elderly
individuals to enhance their
cognitive health in indoor
environments.

Evaluate current standard nursing
home design through simulation-
based workflow.

Chapter 4: Results

Final Research

Design recommendations: Space Z
en P Commentary

design- Furniture Layout-
Orientation

Chapter 5: Discussion
and Conclusion

Figurel- Researclprocesslowchart

1.2.6 Contributions to Knowledge

- Defining lighting thresholds needed for circadian entrainmenthi elderly
population

- Creating ssimulatiornbased framewortocusing on daylighthat could be used
by researchers tsimulate similar and future projectargetingeldersand
individuals with dementia.

- Establishing aset ofdesignrecommendations for architea@sd designers to
usewhen designinqiursery care for elders to promote their health and-well

being.



CHAPTER 2: LITERATURE REVIEW

This chapter aims tdevelop an understanding d&ylighting andits relatiorship
to human healtlgenerally anaircadian rhyhmsspecifically The understanding eiderly
experiences andisabilitiesarethen explained thoroughlglong withdaylighting metrics

ard thresholdsieeded to entrain thecircadian systems

2.1 Daylighting and Circadian Health

2.1.1 Daylight Effect on Hman Health

Throughout historygdaylight has been serving as the primary light source to support
the practical visual needs for humans indoasswell as playing a rudimental role in
decision makingf building design, zoning, orientation, interior layoamd many others.
(Konis, 2019) Daylighting of interior spaces refers to the amount of daylight admitted
within the space contributing to the lighting requirements and possibly providing energy
savings through less useaiéctric lighting (Papamichael et al. 201BJinging light into
spaces and using is crucial for the improvement of the human condition, as well as
enhancing lifestyles and working conditions of pedflearp et al., 2014)nterior spaces
that are daylit via windows or skylights allow the occupants to maintain a emuadction
to the outside world. This also helps in spatial orientation, wayfindmgyallows the users
to be aware of their surroundingkonis, 2018) It is not difficult to believe that the
existence of daylight in general, asuhlight is vital tdife on earth. Humans, animals, and
plants might develop abnormal behaviors and diseases when sunlaiiseist because
their diurnal cycle is disturbe{Boubekri, 2008) Thus, architectural design plays a
significant roleto create a healthiving environmen{Kim & Kim, 2010). This could be

planned by several desigualities that are added to a buildiagpwing daylight to enter



sufficiently suchas creating atriums, reflecting light shelves, massive windows with
appropriate glzing, and severather optiongSapia, 2013However, the balare between
the amount of daylight that entesscrucialto avoid negative impacts such as, theramal

visualdiscomfort(Wang et al., 2020)

2.1.2 Circadian Rhythm

Numerous stu@is haveillustrated the direct link between daylight and human
health. These studies suggest that when dayligmbsexe is maximized in health care
centers and hospitals, patient recovery is accelertedhe length of hospitalization
declines. Peopleehd to experience improved moods, cheerfulreess a sense of positive
energy when exposed to daylight. On thetcary, people who are less exposed to daylight
experience sadness and in some cases depréBsiohekri, 2004) In addition to that,
humans living inspecial environmentsuch as space flights, submarines, and similar
situatons with minimal to no daylight accesxperience circadian disruptigNie et al.,
2020) Kawasaki et aljn 2018tesedsleep and circadiamstactivity changes during lorg
term daylight deprivatio. The studydemonstratedhat the human circadian rhythm
stability decreasesand sleepvake timing is delayed bythe increase of daylight
deprivation.Though thisstudy was held on two Antarctic bases (Concordia and Halley
VI), it can bededucedhatexposure todaylight plays a sigficant role in humarhealth
(Kawasaki et al., 2018)rhe use of artificial lighting hasncreased drastically over the
years, ad is still increasinghowever mimicking the daylight performance is very
challenging.Though current types of artificial lighting include the use of fluorescent,
i ncandes c e nheirspectdl diktibmioéns different than that oflaylight, thus
affecting their visual and nevisual performage In addition to lack of ultraviolet (UV)
light which isessentiafor the creation of vitamin D in the human bo@yasciani et al.,
2020) Moreover, theconstant use of artificial lighting encourages individuals to use it and

access it at any time of the day. Thisreases the nigiime exposure tartificial light



which directly affects the human bodyd might have an impaoegatively on health
Besides the effect othe circadian system and sleep disruption, it can ials@ase the
potential ofdeveloping heart diseases, cancer, and obg@sityn et al., 2017) Generally,
daylight is whatwe as humansevolved to responat it can be designed into the building
to benefit all users without the dependance on any mechanical or human Tacyr.

focusing on daylight rather than artificial light Haesen showcased in various benefits.

The term ficircadiano evolved in the 198sf r om t he Latin words
and di e 9qWelpsferd 20@) The study of circadian rhythms investigates and
examines the 2#iour oscillations. The focus is mostly on the biological preegat the
molecular,cellular, and behavioral leve(8Vulund & Reddy, 2015)The diurnal cycle is
mostly affected by the circadian system whickaunts for the synchronization of daily
changes under the effect of the amount ofligat an individual is exposed tdt is
accountable for severdlehavioral and physiological functions such as alertness level,
change of mood, sleep/wake cycles, andyltemperaturelhereforejndividuals who fail
to receive the appropriate amount of daylighkposure ar@xpected tchavetheir 24-h

diurnal cycleaffected(Andersen, 2015; C.A. Czeisler and J.J. Gooley, 2015)

Consequentlypeoplewho are exposed to sufficient daylight are expected to have
a satisfactory circadian systeaillowing them to befurther active in their day and
experiencebetter sleep cycles and moods throughout their daily lifestyle. However, in
some cases such as walderly individuals, exposure to dayliginynot be a typicapart
of their daily life due to possible physicahpairments. Thus, access to daylight loses

priority even though it has crucial benefiBoubekri, 2008)

2.2 Elderly Experiences



This section providea detailed mderstanding of severalderly dsabilities and
challengesilt focuses on elders developing dementia, AD, spedtifically MCI which has
been highlighted recently due to teearcity ofresearcHocusingon it. These types of
challenges areconsidered s« alarming situatios affecting the lifestyle of elderly
individuals and their caretakerfhus, highlighting themportance of focusing othem

and developing solutions to enhance their overall health and life quality.

2.2.1 Dementia

Dementiais definedasthe umbrellaterm for a range of progressive organic brain
diseasegharacterizedby problems with shotierm memoy and other cognitive deficits
Therisk factor to develop dementia is mainly associated with age after 60 years old with
prevalere increamg exponentiallyup to 20% at the age of §loimes & Amin, 2020)

Al zhei mer 6s disease is consi der aféctsumte o f
50- 70% of dementia patienfkobo et al., 2000)There are other types of dementia that
include vascular deentia(VaD), dementia with Lewy bodies (DLBand frontotemporal

dementia (FTD)YBruun et al., 2018)

Dementiatypes vary in severity and diagnosis. However, tlaeeeriteria for all
types of dementia thate considerethe most commonTypically, dementia is diagnosed

when there areognitive orbehavioralsymptomssuchas:

- Dalily life activities are interferedith and affected. Thus, the ability to focus,
function, and work decrease.

- When symptoms are not explained bygsgtric disorders.



- Cognitive impairment is recognized and diagnosechasloss of memory, or
inability to retain new informationThe nability to evaluatesituations and
understand safetysks.Other symptors includethe impairment of visuospatial
abilities, impaired laguage functionspr changes in sociddehavioursand

personality (Manuscript, 2012)

Accordingly, challenges that face dementia individuals are considered similar in many
casesHowever, a the diseasadvances, the impact on daily life increases requiring further
homecare services to compensate for these issitesugh most adultprefer to stay at
home as long as possibieis estimated that an average &f 35% of elders at the agé o

65 or above are mosipected tdransition to a nursing home or facility in théfetime
(Young et al., 2020 This highlights the importand¢e focus omursing homes and general
home degjns for the elderly population to accommodate their needspromote their

overall health.

222 Al zhei mer 6s Disease (AD)

Asmentioned, A z hei mer 6 s di s68%-30% ohdenentia pasenta r o u n ¢

(World Health Organization, 2020)D is classified into differentypes

1- Probable AD dementia
2- Possible ADdementia
3- Probable or possible AD dementia with evidence of the p&ihophysiological

procesg{McKhann et al., 2011)
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Each type is ififerent in terms of identification ancriteria. However, they alhare the

common symptoms of dementia mentioned in the previous section.

Al zhei mer 6s di sease i s coomndiionsfedirgthe one o°f

elderly population. According o t h e 2 0 2 AssaBiatiantreparigrestiméated that

by mid-centuryaround 2050the number of Americans above the age of 65 or older with

AD will grow up to 13.8million of the total population. This ia steep increase when
compared to the 5.&iillion Americans with AD today.Further to mention, AD is

corsidered the sixth main cause of death inUlinded Statesmongst those at the age of

65 or abovdAlzheimers Association, 2020Unfortunately, there is no definite curer f

dementia or ADat the time of writing this thesighus, highlighting the importance of

focusing on such vulnerable groups to promote their health anébeiati(Demurtas et

al., 2020)

2.2.3 Mild Cognitive Impairmen(MCI)

Mild Cognitive Impairment (MCl)s one of the common words used in the United
States thatlescribes an individual at a transitioning stage between aging and dementia
(Luis et al., 2003)In 1999, Petersen et al brought forwtrd diagnostic criteria for MCI
demonstrating that it is the transitional state affiliated with memory impairmenisthat
associated with an increased risk of progression to(R@ald C. Petersen, PhD et al.,
1999) Al zhei mer 6s di sease 1is a c d&ffects rthie c ir
cognitive function®f the human body. It isne of the most common types of dementia in
elderly populations affecting millions of people worldwiflan et al., 2020) A study

executed in 2007 antioned that in the year 2006, there were about 26.6 million cases of
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AD in the world. This study predicts that by the year 2050, patients with AD will increase
up to 106 million individual§Brookmeyer et al., 2007Yo further highlighthis, a study

in 2002 indicated thatthe risk of develojng AD is tripled in MCI individualswhen
compared to healthy individualBennett et al.2002) Other studies mention that the rates

of MCI progressing into AD ranges about -BD% annually and 266% over 24 years

(Luis et al.,, 2003; Petersen, 2004ccordingly, this highlights the importance of
addressing sucanissuein contributing to the preventive methods of prograssmAD.
Designers, and architects should be keen on creating enhanced living environments that

promote the overall health of M@idividualsand their caretakers.

Accordingly, it is important to undstand the different symptomisy MCI.
Conventionally pople with MCI find difficulty in reporting their symptoms which requires
the attention of their caretakers to report on daily difficulties facing their patients or family
members. The proper assessmanthe capabilities of an MChdividual is crucial b
provide suitable solutions and, in some cases, propose preventive progression methods.
MCI can be divided into two subtypes which is either an amnestic subtype with memory
deficits or a noramnestic shitype with a cognitive decline other than memoryeeging
to the impairment of a single domain of function or multiple donfsf@s Der Mussele et
al., 2013)MCI individualsvary in clasification thus creating a variation in their functional
abilities. Each classified group finds certain limitations to everyday activities. A study on
the deficits in everyday functioning associated Wik@| stated that individuals with MCI
manifest varios scales of impairment in everyday functioning when comparadeiage
cognitive experiencesThe study examined 6 everyday functioning domains including

Everyday Memory, Everyday Language, Everyday udgpatial Skills, Everyday
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Planning, Everyday Orgaration, and Everyday Divided Attention. The results of this
study stated that functional activities that depended heavily on meelatgd abilities

were the most vigorously impaired compared with theotunctional domains examined.

The domains of eveday functioning that seem affected by the MCI predominantly include
the types of impairments that are examined and highlighted on formal neuropsychological
testing(Farias etl., 2006) Consequently, MCI individuals mightda challenges in their
everyday life such as organizing daily tasks, grocery shopaimkeeping track of lists,

working on their financesand the like.

Most importantly, MClindividuals might experience neuropsychiatry symptoms
such as anxiety, agitan, irritability, and apathyRosenberg et al., 20130 addition,
studies show that symptoms of depression are highly recognized inindi®@iduals
(Ravaglia et al., 2008)t is also considered one of the risk factors for developing MCI
where up to 75% of older people with depressive disorders meet the criteria for MCI
(Gabryelewicz et al., 2007; Jayaweera et al., 2015; McKinnon et al.,.20dBjduals
with MCI might also sufferfrom insomniar lose of interest in daily life and activities
this might leadhem toavoid gatheringsvith friends and family, ending up in isdilag

themselveaway from peopléMolano & Vaughn, 2014)

2.2.4 Challenges FacingElders,MCI, and ADIndividuals

MCI and AD dementiaindividuals face various challenges dailjowever, this
research will b focusing mainly orthe aging eye and mobility challengdéishas been
thought historically that AD is restricddothe brain only. However, the understanding of

AD has developed to include evidence of ocular changes and involvéGieatet al.,
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2012; Gupta et al., 2020heretina is an extension of the central nervous system (CNS)
which includes the retinglanglion cell§RGCs) These cells are responsibbe translating
the visual worldhroughopticsnerveshat are connected to the bréitrskine & Herreral,
2015) Unfortunately because oAD and MCI, deficitsoccur includingloss of cells in the
garglion cell layer,RGC degeneratio(Koronyo et al., 2012)Melanopsin containing
RGC is the most affected alubt, thus affecting the visual abilitgf the patienalongwith
circadiandysfunction(La Morgia et al., 2016)Accordingly, severe andnhcreased issise

of sleep disruptiomccurwith patientgRomanella et al., 2020 study stated that elders
might spend twice as much overnight time in unwamnwakefulnesg¢Bliwise, 1993) In
addition, several studies show tmag¢latonin plays an important role in sleep regulation
and circadian systemshich ismostly controlled by the Sugchiasmatic nucleu§SCN).
However,it is alsoaffected and deteriorated as a result of agedss®hses such as AD,

and MCI(Cooke & Ancoltlsrael, 2011; Romanella et al., 2)2

Another main challenge fang elders in generalis frailty which estimates a high
risk of future disability.It could be defined asm combination ofseveral physical
componerg which might include issues withloss of body massjssues with walkig
performance, general weakness]aw physical activitiegLiu et al., 2019)Fried et al.,
2001) Accordimgly, elders might begin to face challengesasilymove in and out of their
houses or nursing homesstudy in2013 mentioned that elders tend to spend between 80
90% of their time indoorBentayeb et al., 2013J his emphasizethe minimal access to

daylight that elders are exposedegpecially with diseases as MCI and AD.

2.3 Effects ofLight on Elderly and Dementialndividuals
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As mentioneddementia, MCI, and common disorden adults affect those at the
age of 65 years or older (McKeel et al. 20@%cordingly, severdiunctions such as sleep
wake / circadian rhythmeffect theoverall mood and quality of liftNaismith et al., 2011)

Thus highlighting such an issue requires attention and further research.

Circadian rhythms are affected by the amount of light an individual is exposed to.
The existencefalaylightaffects the synchronization of the circadian system and therefore
affectingthe excretion of melatonin which is a hormone produced by the pineal organ and
is responsible for sleep order in humans (Wurtman 2018). A previousiltistivateda
direct relationship between daylight exposure and the correction of circadian rhythms in
elderly peopleThis study relied on daylight exposure without the use of artificial lighting.
However,thoughparticipants were exposed$ome sort of artificial lighthroughout the
day, the focus was on daylight exposure between the houisT® &M and 45 PM.The
study showcasedhat daily exposure to dayligltaused a noticeable improvement in
several complications such asxiety and insomnjahosewhich are sypnptoms of MCI.
The study pointed out that sleepiness, fatigue, and alertness at daygiméde improved
if elders were exposed to adequate daylight values resulting in improved circadian systems

thus, better sleepake cyclegKarami et al., 2016)

It is also important to note that practical study of a longrm, doubleblind,
placebecontrolled research using bright daylight noted several findings on this Tdy@c
study showed thaelderly individuals exposed to bright daylight recorded reduced
symptoms of dizziness, headache, and inability to sleep. Additionally, the bsigldf
daylight as the primary incitement acting on circadian systems improved rhgthms
hormones and metabolism as w@liemersmavan Der Lek et al., 2008)n support of
thesefindings, daylighting can have a critical effect on circadian systems and the benefits

of its effects on MCindividualscould be significant.
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Thehuman body is exposed daily to a wide variation of illuminaabees that are
necessary for the entrainmegi the circadian systeriVith a range between 12000,000
lux, the difference in such illumination levedxposureinfluences human behavior and
physiology (Yan et al., 2019) Much researchhas been conducted teoneasure the
appropriate lighting values needed for circadian entrainment in young healthy individuals.
However, there are currently no minimum requirements reggekposure to dayliglior
elderly individuals, odementia care emanmentsThus, the importance of dayligh¢ting
as a significant factor in the nasual effects on the human body has the potential to
promote further researctather than relyingsdely on the factor of safety and visual

importancgKonis et al., 2018)

2.4 Daylight Metrics for MCI and Dementia Patients

This section discusses timeetrics researched and available thet suggsed to
entrain the circadian rhythm elderlyindividualsespecially those witlifferent types of
dementiaEach metric could be applied in spaces either by depending on artifjbiaidy
or daylighting. Howeverthe aim of this researdh to focus on daylightingolelywith its
demonstrateghositive effects on human health and wWading along with its sigficant

role in sustainability antbweringenergy consumption

2.4.1 llluminance Values

The critical question is bw much additional illuminance is required to progluc
melatoninsuppressiofor elders and individuals with MGind AD? A studyconductedn
2001, mentioned thaMCI and aging individuals need light values within a sgadee as
much as five times greater than youngadividuals (Brawley, 2010) This includes
increagd illuminance values and brightness levelslowever, findings fromvarious

studies mentiorthat elders are exposed to less bright light deolydifferent reasons
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including living arrangements, seasonal factors, or heagtrictions(Mishima et al.,
2001) The amout of illuminance increase needed for elder individual is drastically
higher tha ayounger individualAs mentioned in the previous section, due to deterioration
of the rdina, the eye receives less light making it difficult to produce melatonin which
directly impacts the circadian rhythm.r&search in 2018emonstrate that an85-year

old individual needsoughlyup toeighttimes more illuminance values thad@yearold

for circadian photoreception. Tallleshows the detailed reference with a guwdéhow to

measure the values needed for each(@gmer et al., 2010)

Tablel: Comparativecircadian phtoreception at different ages phakc eyeqEyes with
natural lens)(reproduced fronfTurner et al., 2010)

10 yrs 15 yrs 25 yrs 35yrs 45 yrs 55 yrs 65 yrs 75 yrs 85 yrs 95 yrs

10 yrs 1 0.92 0.82 0.64 0.5 0.36 0.26 0.16 0.12 0.1
15 yrs 1.08 1 0.89 0.69 0.54 0.39 0.28 0.18 0.13 0.11
25yrs 1.22 1.12 1 0.77 0.61 0.44 0.32 0.2 0.15 0.12
35yrs 1.57 1.45 1.29 1 0.79 0.57 0.41 0.26 0.19 0.16
45 yrs 2 1.85 1.64 1.27 1 0.73 0.52 0.33 0.24 0.2
55 yrs 2.75 2.54 2.26 1.75 1.38 1 0.72 0.45 0.34 0.28
65 yrs 3.84 3.55 3.15 2.44 1.92 1.4 1 0.63 0.47 0.38
75 yrs 6.08 5.61 4.99 3.87 3.04 2.21 1.58 1 0.74 0.61
85 yrs 8.21 7.48 6.74 5.22 4.1 2.98 2.14 1.35 1 0.82
95 yrs 9.99 9.22 8.2 6.35 4.99 3.63 2.6 1.64 1.22 1

Accordingly, Bright Light Therapy isesearched to investigate téféects of high
illuminance valueon elderly individuals vith dementia AD, or MCI. Light therapyis
achieved through different measures either artificiagiyng light sources sues a lightbox
or using outdoor sunlight exposudaring certain times of the ddkforbes et al., 20147
study consisted of a-week adaptation session, avéek pretreatment and awkek
treatmem session with bright light therapy resultedsarifying that individuals with early
and mild stages of dementia as MCI who are sgdalaily to bright light at 3000 lux from
9-11 AM showcase improvement in their circadian systems and cognitive functions
(Yamadera et al., 2000)nother study on the effect of bright light and the use of melatonin

as a supplement on cognitive and noncognitive functions with elderly residents of a group
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care facility examined the effects of up to 3.5 years of & dapplement of light and/or

melabnin and its effect on patients with various types of demenha. studyused an

interval betweer® AM till 6 PM, keeping lights onwith illuminance values higher than

1000 lux measured before the eyes in the gaze adiredhe study resulted in provitigat

the simple increasin illuminance values improved circadian rhythms. Even with the
supervised intake of melatonin, it hresowedno change in their health without including

bright daylight(Riemersmavan Der Lek et al., 2008\ 2019 research recommended that

the application of 2008000 lux source of light could be considered adequate for
stimulating circadian rhythms after exposure e hous daily( Bal cé& Al par sl at

2019)

Though theeffect of bright light therapy seems to be positive, there could be some
downsides tdhe excessive use of artificiidhting. A study in 2017, quesins the safety
of high illuminance artificial lightThe studywhich usedswissalbinomice to evaluate the
effect ofsuch high illuminance light resulted demonstratinghat such high valuesight
induce severe alteratis in brain functionalitand afect the general health negativelye
to the visible electromagnetic radiatidi$eke Etet et al., 2017 Though thigesearch does
not include human experimentation and investigation, it is still considered an aspect that

should be taken into consideration.

2.4.2 Equivakent Melanopic Lux (EML)

Theacknowledgment of photoreceptors in the human retina known as Intrinsically
Photoreceptive Retinal Ganglion Cells (ipRGCs), has increased the general interest of
researchers to study and analyze thevisual effects of lighin human circadian systems
(Konis, 2017a) It was showrthat hese photoreceptors have the highest photosensitivity
to light with wavelengths within the range of 4484nm(Ewing et al., 2017)Researchers

have beerstudyingvarious metricantendng to understand and quantifize biological
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effects of light.Accordingly, The Equivalent Melanopic Lux (EML) was proposed by
Lucasetalas a measurement of |l ightos effect
toolbox which analyzes the EML fowery five photoreceptors in theye (Cyanopic,
Melanopic, Rhodopic, Chloropic, and Erthyropic) for certain spectiwnss et al., 2013,
2014)

Despite limited research available concerning the minimum requirements for
daylight access in buildings to support circadian entrainment, the International WELL
Building Institute hasleveloped a building certification system that provides minimum
requirements for circaan lighting desigriKonis, 2017b)The WELL standardivides the
requirements of circadian lightimgto four partshowever, the most importapért to focus
onindicateghatEML values of 200 during the daytime and 50 dunigjttime should be
achievedn all living environments such as bedrooms, bathrooms, or rooms with windows.

(International WELL Building Instute, 2020)

Despite the efforts of researchevho have been investigating and working on
improving circadian design metricthe gap remains clear towards thel of sufficient

metrics of lighting for circadian entrainment regardahderly experences

2.4.3 Circadian StimulugCS)

TheCircadianStimulus(CS)is a metric proposed by the Lighting Research Center
(LRC) at RensseladpPolytechnic Institute. It is a metrihathelps designers understand
and applycircadian light in builenvironmentsThe LRCprovides a free acces® theCS
calculator to calculate the needed CS within a spaAceording to research, its
recommendethat adults exposed to CS at 0.3 mhler for a onehour exposure per day,
experience improved circadiasystems(M.G. Figueiro et al., 2016)The threshold is

typically between 0.3 0.7 CS.The CS calculator provides various types of lumesand
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lighting options that could be chosen to identify the l€é§ured However,it does not
focus on daylight, but rather electridajhting alternatives(Lighting Research Center,
2020a) Moreover, the LRC provides a free accessible design apphcptatform that
could be used by architects and designers when desigjffi@gnt spaceshoweverit still
raises many concerns when compared to other lighting mefhesCSdesign platform
provides two optionsan office space, or a senior horiiéhen choosing the séur living
design you canchoose the type of luminaries and several other design opfiibasssue
is thatit does not provide a daylighting optiaror does it give variance above the 0.4 CS.
This raises a concern wha@omparing the CSwumber to lux vales whereas the CS
recommendeds 0.4 whichis at a range o¥5 Ix to 540Ix throughout the daylLighting
Research Center, 2020b)hough these results might fit younger individualss is
considered a low illuminancealue when comparei the available researam elderly
individuals Thus, further research is required to achiewal ensureproper design

requirements for the elderly population.

2.4.4 Short Wavelength

It is important to acknowledge that research has shiwat the human circadian
system is sensitive to shewiavelength (blue) light and that it has a direct effect on
melatonin levelgThapan et al., 2001)t has beerestablishedhat shorwavelengths
between 440namanometerand 500nm have the maaffect on melatonin suppression by
light (Rea et al., 2005 he use ofailoredlighting with alow-l e v e | -wihbiltueios H i g h't
was investigated through a study in 20d4ring daytime in 14 nursing home resident
rooms The study focused andividuals with AD and related dementidsdemonstrated

thatthe use 0B00-400 lux of bluiskhwhite lighthasa direct effetonthecircadian system
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(Mariana G. Figueiro et al., 2014)hough this study does not use daylight as the main
metric, the results itself could provide future integration between daylightsificial
light to produce enhanced design metand solutions while decreasing the higtensity

values needed for illuminance.

2.5 Daylight Challenges for MCI Eye Complications

When consideringlaylight and artificial light design for indoor spacesyesal
complicationssuch as visual and spatial distiort might occur whichrequire further
attention from the designers and architects. This is a result of over illuminating the space
or insufficient lighting. For exampléndividuals with advanced type$ dementia or MCI
might experience visual hallucitiens caused by insufficient lighting within a space
(Al zhei mer 6 s Ore ofthe mdsgns coldd@utddir)ng the late day when the
sun begins tdade @using the appearance of shadalus to insufficiency of light. This
might createconfusion, anxietyand irritation for elders or dementia individuélenham,

2013) Thus, design pamaeters as visual comfort, glare, brightness, contrast, and
adaptation from indoor to outdoor or vice versa should be considered when designing

indoor spaces for elderly individuals.

2.5.1 Glare

Further complications include the existence of glatech is one of the most
unwanted outcomes of lighting in indoor spad&isect and indirect glare from windows
causes problems with visual comfort for elderly individuals, especially those with

denentiarelated problemgBrush et al., 2002)Glare is divide into disability glare and

discomfort glareThe definitonofdi sabi |l ity gl are is the | ack
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certain object in a scene due to glare interfering with visual performance and tasks,
however discomfort glare is the prematurertg of the eyes due to glare which might not
interfere wth visual tasks and is often accompanied by discomfort @dgnsen &
Lamberts, 2012)As a result of the high illuminance values needed to improve the overall
visual performance dalderly individualsas mentioned beforbalancingand diffusing of
daylight might become a priority within the space. A study on lighting solutions for
contenporary problems of older adults suggested that to avoid glare caused by the high
contrast ratio between daylight atite dim interior light is to bring daylight within the
space from several directions. This could be achieved by adding several windows or
skylights allowing the light to balance out within the space avoitlegoncentration of

glare in one direction. However, in some cases, the use of ambient electrical lighting might
be needed to improve the overall experience of lighting within the sspeeially when

the addition of windows is not a viable solutiddoell-Waggoner, 2004)The elimination

of daylight admission should be avoided when creadigtions to control the amount of
glare within the space. Interventions gandper design ofdcade systems that reduce glare
effectsalong withtheaddition of blinds and screens that are easily controlled from places
near thebedare crucial when usindaylight in nursingfacilities and homes oélderly

individuals(van Hoof et al., 2009)

2.5.2 Light andColor

The increase of lighting to £2500 lux has been proven to improve circadian rhythms
and overall healttramongelderly and dementiandividuals (Calkins, 2011) However,
another aspect to take into consideration is how twlers will be As a result of

deteriorating retinas and yellowing of the lens of the eyes of sethersise of lighting
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sources with high Color Rendering IndgXRI) might be needetb improve the overall
visual experiencéW. Benbow, 2009)This application might include the use of artificial

lighting asidefrom daylighting to enhance visual performance.

A study proposed that a light source with CRI levels withisl@0% provides a
natural appearance of objectalacolors(B. Benbow, 2014)Also, the temperature of the
emitted light measured on the Kelvin scale plays a role in delivering truer cdlersas;
values lower than 3000K provide a warmer appearing light that could be used in spaces for
relaxation as lounges, while values higher than 3000K are closer to daylight delivering
accurate cooler colo(®. Benbow, 2014)Thus, the measement and knowledge of the
Kelvin value especially in electric light if used should be known and identified. This allows
a beter evaluation of the interior space in terms of true color and appropriate visual

perceptions amoneglderlyindividuals.

2.5.3 GeneralDesignParameters

Finally, generatlesign parameters could be taken into consideration to improve the
use of daylighting witm interior space A study modding the nonvisual effects of
daylighting in a residential environment suggested tesignershould be aware diow
occupants might use the space differently from healthy active individuals. It recommended
that the distace from the windows is consider@d a significant factor in achieving
circadian enhancement by daylightiggesting that desigrseshould place service areas
like closets, bathrooms, pantrj@snd similar areas at the core of the builditglst placing
living spaces likebedrooms, living rooms, and kitchens in the areas that are closest to

windows(Andersen et al., 2013Also, parameters as the depth of the space, its size, area,
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and plaement of windows and its locations are all contributing factors to the enhancement

of daylighting within a buildingWong, 2017)

Another affecting aspect ntrast sensitivity with eldezyes Contrast generally
allows eldersto identify spatial objects while identifying the edge ofntheith higher
clarity. It wasproposedhat increasing luminous contrast will increase the performance of
elderly individuas (Shikder et al., 2012)Thus, nterior spaces with dark areas should be
resolved to avoid contrasiith brighter parts affecting their visidiorrington, Tegenza,
and NoelWaggoner 200) Also, the use of higher ceilings could allow natural light to
enter efficiently within the space alongith proposing skylights as an added design

element(Sloane etl., 2005)

Daylighting is considered a vital parameter when designing diolerly and
dementia individualsA well- designed system should typically provide the occupants with
sufficient daylight to promote their circadian systems, perform their daskst provide
glare control, provide view to the outside world, and generally save energy and control
heat(Day et al., 2019)Accordingly,it was crucial to investigate whether thesghtéques
were taken into consideration when designing for elders ol histled to the design of an
experiment to investigate in the current stand#éadgeting elders. This is demonstrated

thoroughly in thenext chapter which analyzes current standard designs
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CHAPTER 3: EXPERIMENT DESIGN

This chapter aims tdevelop a experiment tdest current nursing home designs
and strategies terms of daylighting requirements needed for the elderly populatios. T

will allow a better understanding of the available designs and required improvements

3.1 Experiment Goals and Objectives

This experimentassistsarchitects, and researcheis provide a set of design
requirements thgiromote the health and w4dking d the elderly populations specifically

focusing on circadian entrainment.

The gpalsof this experiment arto:

- Verify the current case of typical nursing homes and identify if they fit the needs
of the elderly population fazircadian entrainment or not.

- ldentify acceptable daylight illuminance and glare percentages within a space
that entrain the circadian rhythm fibre elderly

- Propose design recommendations as a framework for designers and researchers.

The djectivesare

- To identify and use typial standard nursing home abase case
- Simulate point in time illuminancegoint in time glare, anénnual daylight

glare probability fotocationswithin the nursing home bedroom.

3.2 Experiment Design and Methodology
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Figure 2 showcases the experimentkflow. The first step required was to identify
the available architectural standardsmmonly used by architects as referenthe
Neufert's Architects Data book for architectural standasschosen as a commonly ase
standardNeufert et al., 2012)The locdion was assumed to be Atlanta, using Hartsfield

International Airport, GA, USA, TMY3 climate file.

1 2 3 4

* Architectural * Point in time * Statistical analysis * Design proposals
standard for iluminance. of baseline results. for both North and
nursing home. * Point in time glare. South Orientation.

* Model to be used * Annual daylight * North: Increase in
for experiment. glare probability. WWR —Use of

* Metrics to be * Orientations: different glazing
analyzed (Based North. South. East. materials.
on literature). West * South: Addition of

overhang — Roller
Shade- Split
System
| |
Y
5

Analyze and Propose Design Framework

* Statistically analvze results and provide
design recommendations and proposals.

Figure2: Experimentworkflow

The experiment was divided into a baseline case and a dessgn The baseline
casewasto simulde the existingnodel in different orientations (North, South, East, and
West).Accordingly, lased on simulating point in time illuminan@nua) andpoint in
time daylight glare probabilitythe results were analyzed leading to the choice of the North
and South orientations for further investigations and experiments wireohconsidered

the design cas&ach design case difimtin the design additions and propasal
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3.3 Simulation Model and Renderings

The choice of model was based on the nursing horsgmestandards within
Neuf ert 60s book. iThrodigh éhis experimeninly the singlebed bedroom was

analyzed.

3.3.1 Simulation Programs and Materials

The prograre that were used for simulations and renderings are DIVA in
Grasshopper forhino, which ses energy plus and radiance along with ClirSaidio in
Rhino which is built on energy plus and a neradiancebased path tracing technology
which is developed byhe Solemma grouplt is important to mention that at the time of
starting this researclDIVA was used to simulate point in time illuminance given the
advanced parameters it provided which allowed an easier, a more comprehensive, and
detailed analysisThe research expanded to simulatpiivalent melanopic lux (EML)
using the softwar@LFA which isa tool that usespectral raytracingo predict the amount
of l i ght a b s or b e dvisualyphomreceptois, sgvan \the loéaton and n

direction of viewALFA softwareis also approved by the WELL Buildirgiandard.

The following tablepresenthe materials assignéa DIVA and Climate Studido
fit the requirements of the experiment. It is also importamidgblight that the materials
chosen were strictly basic with minimal reflectipas the focuswas on the geometry,
orientation, andurniture layout of the bedroonfkurthemore Climate Studio was used
later in the researchyhich resulted in selection of materials with differeetiectance
percentagas they were updated to mattie llluminating Engineering Society of North

America(IESNA) standards.
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Table2: Materialsused in DIVA for Grasshopper in Rhino

Layer Reflectance Visual Light Transmittanc
Celling 10% N/A
Exterior Walls 30% N/A
Floor 20% N/A
Furniture 50% N/A
Glazing_ Single Pane_88 N/A 88%
Glazing_Double Pane_lowE_65 N/A 65%
Ground Exterior 20% N/A
Interior Walls 70% N/A
Overhang 90% N/A
Overhang-Top 72% N/A
Roller Shade 40% 4%

Table3: Materials used in Climate Studio for Rhino

Layer Reflectance Visual Light Transmittance
Celling 70% N/A
Exterior Walls 50% N/A
Floor 20% N/A
Furniture 50% N/A
Glazing_ Single Pane_88 8% 88%
Glazing_Double Pane lowE_65 14% 77%
Ground Exterior 10% N/A
Interior Walls 50% N/A
Overhang 48% N/A
Overhang-Top 76% N/A
Roller Shade 83% N/A

3.3.2 Model andWindow to WalRation (WWR

Figure3 demonstratethe model design and thacationschosen for analysisThe
baseline caseidinot include any design additions. PajA) at the head of the bed, while

point (B) at thearmchair showcase tlsgmulated points. Howeveahe area of analysisas
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characterized by similar and relevamitputs.Figure 4 is a representativmage of the

interior spacenside thesinglebed bedroom.

0.60 :L ‘
I

7.34 |

Figure3: Baseline design model frodeuferts
Architects Data

Figure4: Representativ8D image of thebedroominterior.
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It is important to highlighthe window to wall ratidWWR) which plays a critical
role in this experimentAccording toNeuferts it is required that the window area should
be calculated as a percentage of the room area based on the existing room depth. The

general requirements are:

O8m : 1620%]| O8-10 m: 25% O 11-14m: 30%| O 14m : 35%

In this experiment, the room depth is 8.8m, thus, greater thanA8oordingly, the
percentage ahe WWR is 25% of the room area based on the depth. Ther&avendow
of 2.8 m x 2.7mwasassumed to equal 7.5 m8hereasthe room area isqual to29 m3.
The total area of the wall equals to 14.68 iit® proposedWWR is approximately 51 %

in the baselinease.

Figures 5, and 6present the design additions whéine North orientation was
proposed as two different scenarios. Both scenarios included a larger WWR however, one
of the scenarios was simulated with a dotdgi&zing window, and the other one was with
a single glazing window. This allowed a better un@derding of the effect of the/pe of
glazing used along with increasing the percentages of the WWR by 20%. Thus, the new
WWR is about 70% in the North orientatioRigure 5 showcases the addition of an
overhang and roller shades which were used in diffategign iterations for the 8th

orientation.

Moving on to the second part of the design investigation, the South orientation was
proposed in four different design alternatives to test the elimination of annual glare along
with increasing the annual uséélaylight hours. Figures and 6 demonstrate the different

design alternatives whereas, the first alternative was proposing an overhang with a depth
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of 1.5m (4.9 ft). The second and third alternatives used a roller shade made of white fabric.
The difference is the percentage of tmeller shaderolled down where one of the
alternatives uses 100% of the roller shade and the other uses only 50% of the roller shade.
The goal is to test if the roller shades are efficient in terms of allowing appropriatgtayl

to enter the space whibdocking most of the glare or not.

‘— 6.50 »‘

i

i
0.60-

734 ’

Figure5: Designcase with iteration additions
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Figure6: An exploded isometric showcasing design strategy used.
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The fourth and final alternative is demonstrated in figures 7, 8, and 9 which
showcase a proposal of a set of spyitem trials using interior light shelves with different

depths, overhangs, and exterior louvers with different angles.

The split systentrials were based on different iterations made to adjust the facade.
The window was divided into three parts, wherdmsfirst part is above the overhang or
light shelf, the second part is the main shading structure, and the third part is below the

overhang or light shelf. Eight iterations ran as follows:

1. Opened Louvers, overhang depth 0.5 m, closed louvers at anglgré@sle

2. No louvers, overhang depth 0.5m, opened louvers.

3. Closed louvers at angle 70 degrees, overhang depth 0.5m, opened louvers
4. No louvers, interior light shelf depth 0.5m, opened louvers.

5. No louvers, interior light shelf depth 0.7m, opened louvers.

6. No louvers, interior light shelf depth 1m, opened louvers.

7. No louvers, interior light shelf depth 1m, opened louvers at angle 46ateg

8. Opened louvers, interior light shelf depth 1m, opened louvers.

Exterior Exterior Exterior Ext.

‘
IJ_JJ_UJ_LUJAJM

Lrrrrrernrnd

Figure7: Split system detail section: trialsil4, respectivelyO: Outside Orientation.
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Trials 11 4 showed the least promising values for the point in time illuminance at the head
of the bed and the armchair. The overhang along with the louvers were blocking most of
the useful daylight values to enter the space making it inadequate faliairesmtrainment.

In addition to using closed louvers which completely blocked the entrance of light.

Ext. Exterior Ext.

NN NEEN

ANANNNNNNNN

Figure8: Split system detail sections:al$ 5i 7, respectivelyO: Outside Orientation.

Ext. Ext.

Q

Figure9: Split system trial 8 chosen iteration with opened louvers, interior light shelf of
depth 1m, and opened louvers.

The next trials included the interior light she$ which provided more promising values

especially at the head of the bed allowing more light to enter. However, using louvers was
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necessary. Both the use of louvers at-@8@ree angle and a-4fegree ang worked well
alongside the lighshelf. However by increasing the depth into space, more light was

admitted Figure 9 showcases the chosen iteration

Finally, the eye levelvasassumed to be at 0.9which is equal to 2.95 fieight.
This wasapplied at both the archair andthe head of the bed based the standards set
by the Neufert. Figure 7demonstrates a{groducedgraphic of the refenced images

with the dimensions taken into consideration.

wSz9'0

0.900 m 7 ) 7

w G290

%
A
N\

1.625m

Figurel0:N e u f é"reditdrs humarscale dimensiongeproduced)

3.3.3 Metrics Analyged

This experiment focuses on point in time illuminanaenua) and point intime
daylightglare probability.The point in time illuminance is the amount of lighaching a

pointon asurface at a certain time and day in year.

In this research, we expanded the experiment to include equivalent melanopic lux
however, this was not the focus of the experingaregn thatEML has no reference in the
literature for elderly individuals.In addition, accessibility to software progms that

simulate EML are not availabte all architects and designefdus, choosingluminance
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and glarecould target a larger group of researchers and architects whanaitiar with
these metricsrigure 11 showcases the illuminance metric thrddhatis analyzed and
investigated. The daylight illuminance values are required to fall between the target
illuminance value of 200@500 luxwith an exposure of 1L 2 hours per day. However, a
500lux addition targetwvas added abovand belowthe requied targetgiven that there
might beadifference between individuals and the exact amount of illuminancertiggy
need. We assumed thi#fference to be about 25% above and below, hence, théus00
addition. These valuesre not as efficient and adedgas the required target however,
they might entrairthe circadian system witlralues closer to the strict @07 2500 lux.
Accordingly,any other values thatdinot coincide with these thresholds were considered
inadequate for the studyalues below 200 lux are iradequatdor circadian entrainment
based omeference to the literature. However, exceedingd308 were considered to be
over exposed as thesight be accompanied with excessive glare issligs.alsonot

studied and thus, its effecannotbe predicted either positively or negatively.

I1luminance Metrics

Below Threshold Above Threshold
[ 1

— oo IR v owre

1
Target Illuminance

Figurell: llluminancemetrics

In addition figure 12 demonstrates thiegend for thepoint in time andannual
daylight glare probabilityargets Climate studio is used gmulatethis metric.The target
wasto increasdhe percentage afperceptibleglare. The aanual glare percentage is based

on the frequency across all views that have an annual DGP higher than 0.4 %.
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Daylight Glare Probability Metrics

Imperceptible Glare Disturbil}g Glare
I

DGP <035 0.35>DGP < 0,40 0.40>DGP <045 _
5
0 | |
Perceptible Glare Intolerable Glare

sDG ( % of Views with disturbing Glare > 5% of analyzed time)
The annual glare percentage / score is based on the frequency across all views of DGP > 0.4 (disturbing).

Figurel2: Daylight Glare Prbability (DGP)Metrics
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CHAPTER 4: RESULTS

This chapter aims to provide thesults of the simulatioaxperiments undergone.
The simulatiorbased results are considered key to provide a desagmmendation for

similar future work.

4.1 Baseline Case Redis

This sectionpresentghe baseline case resuldf thesinglebed bedroommodel
Theanalyzed space is not modifiedimproved in any way to test out tperformancef
the spacen its current stateThis section demonstrates the North, South, East,West
orientation results of both theojmt in time illuminancepoint in ime DGP, andannual

DGPwhich are representedimericallyand graphically.

4.1.1 Pointin Time Illluminance

Throughthis experiment, the point in time illuminane&as analyzed everglay
between the hours of 6 AM 8 PM all year long. This allows a better understanding of
the daylight values entering the spate specific pointather than using annual metrics
such as sDASpatial DaylightAutonomy) or using Daylight Availability.The following
figures showcase #results of the North, South, East, and West orientatibheth points

with (A) being at the head of the bed, and (B) at the armchair.

Each month either contains 31 days, 30 days, dag8 Thisis translatednto the analyzed

daylight hours to be3% hourswhen the month has 31 day®0 hoursn months with 30
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days or 392 hoursn February However, the graphsesenthe percentage of thresholds

to alloweasier comparison between each month.

As shown in figure 3, the North orientation showcasthat point (A), at the head
of the bed suffera huge laclof hours that entrain the circadian system. This locataes
not receive anguficient illuminance values throughout the whole year. On the other hand,
point (B) reachedbetween 20 30%of daylight values over the yeafhis showcasethat
the current design when orienting it towards the Nortelp@ntrains the circadian rhythm

at the bed locatioand does not fit the needs of the elderly.

Figure X showcase the results of the South orientation. The average percentage
of hoursthat meet the thresholds the head of the bete between 223% maximum
and at the armchabetween 20 30 %. Both locationsare similar in the percentage of

useful hoursand arehigher in value than the North orientation.
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Figure13: Northorientation, annual illuminance values.
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Figurel4: Southorientation, annual illuminance values.
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Figurel5: Eag orientation, annual illuminance values
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Figurel6: Westorientation, annual illuminance values.

Both figures 5, and B showcase the results of the East, and West orientaiibas.
average percentage of houngeting the requed threshold at the head of the bdks
between30 1 40% and20-35% respectively.The armchairvalues are very similar in
percentages to point Averall, he values are close to that of the South orientation
However, when represented graphicallydach month as figure§land B, showcasing
the percentage of useful hours of each orientatibbbecomes clear thahe South
orientation suffer rom the least useful hour percentage over the yEaough the
comparison at the armchair showcases tlestbhuth functions slightly better than the East
orientation, figure T shows the oppositdn addition,the North performs best at the
armchair however at the head of the batlwas the only orientation which recorded a zero

percentage of useful daylighburs.Therefore based on these results, the North, and South
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orientationswerechosen to expand the experiment and investigate with dpsigosis

to increase the percentage of useful hours per month.
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Figurel7: Comparisorof baseline case percentage of useful hours/ month at the head of
the bed.
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Figure18: Comparisorof baseline caspercentage of useful hours/ month at the
armchair.
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4.1.2 Daylight Glare Probabilit DGP)

This section provides the lEme case results of trennual andpoint in time
daylight glare probability for each orientation of the North, South, East, and West.

simulationranusing Climate Studio which analyses #ireroomannually.

The figures showcasing the annuddGP plan include black rectangles
demonstrating the area analyzed. Howetee, investigatiorfocused on choosingone

sensor index within each area to compare the results of theentations.
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Figurel9: NorthannualDGP plan and schedule

The annual DGP is analyzed for back to back identical bedrooms. FRyshed.cases the
annual DGP which is at 18% throughout the entire room wheneost of the glare is
directed towards the window. However, when looking away from the windancguld

avoid most glare issues.

The annual DGP in Climate Studio is divided into sensor points. Each sensor point
is calleda sensor index and is given a number within the plan. Each sensor index is
represented by a pie which is divided into 8 numbalied the view index numberg/e
expanded the research to analyze point in time glabeth poind A and B investigating
two view indexes at two differerdirections at each pointhere point 1 is usually facing

the window while point 2 is facing awaydm the window towards the room.
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Figure20: Sensor Index: Location Point 4 Figure21: Sensor Index: Location Point [
Analyzed points 1 & 2North Analyzed points 1 & 2North
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Figure22: North orientation, point in time glgreocation point A
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Figure23: North orientation, point in time glare; Location point B

Figures 22, and 23 demonstrate the point in time glare in the North orientation
showasing imperceptible, perceptible, disturbing, and intolerable .gRoimt A at the
heal of the beds considered visually comfortable with neaalynost 100% of the analyzed
time receiving imperceptible glare. However, point B at the armakagives aange of
perceptible to intolerable glare whiroking towards the window view 1. This issue is
resolved when lookinglightly away from the window, as view 2 reaches 100% of

imperceptible glarever the year.
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Figure24: Southannual DGP plan argthedule

On the other hand, figu2t showcases isgswith theglare in the South orientatiamith
up to 62.8 % of annual DGHhe entire space suffers froroonsiderablyhigh values of
glare making the whole experience uncorteble.However, when analyzing point in time

glare of each sensor indgxgint A performs very good in terms of glare issuésch is
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showcased in figure 27. Poidt which is shown in figure 28, deonstrates that both views
1 and 2 at the arm chair suffeom high values of glaravhere view Ireaches up to 50%

or moreof intolerable glare in most months throughout the year.

Figure25: Sensor Index: Location Ra A: | Figure26: Sensor Index: Location Point [
Analyzed points 1 & 2South Analyzed points 1 & 2South
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Figure27: South orientation, point in time glare; Location point A
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Figure28: South orientation, point in time glare; Locatjonint B
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Figure30: Sensor Index: Location Point 4 Figure31: Sensor Index: Location Point [
Analyzed points 1 & 2East Analyzed pints 1 & 2 East
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Figure32: East orientation, point in time glare; Location point A
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Figure33: East orientation, point in time glare; Location point A
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Figure34: Westannual DGPplan
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Figure35: Sensor Index: Location Point 4 Figure36: Sensor Index: Location Point [
Analyzed points 1 & 2West Analyzed points 1 & 2West
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Figure37: West orientation, point in time glarkepcation point A
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Figure38: West orientation, point in time glare; Location point B

Figures29, and34 showcase the annual D@Ranat both the East and West orientations
with an average 088.1 % and 52.6% ainnualglare,respectively.The East orientation

experiences slightly higher glare values than the South Orientatesrtheentireplan.

Based on thee results,we compared between the baseline results at each
orientation to indicatewhich orientation suffers most from glare issué@sable 4,
demonstrates a one on one comparison betweesnnualDGP at eactsensor index at

both pointsA, andB.
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Table 4. Comparison of annual DGP percentage between at bothsphinard B

@ At Head of the Bed - Point 1
North South East West

Sensor Index v 45 % %

Percentage of Annual Glare | 17.80% 62.80% 68.10% 52.60%

Imperceptible 95% 98% 979 9694

' 4% % % %

Avg. % of Glare Pgrcep_tlble 0 0% 0% 0%
Disturbing 1% 0% 0% 0%

Intolerable 0% 2% 3% 4%

Arm Chair - Point 2

Sensor Index Q * * %

Imperceptible 79% 519 549 729%

1 0, 0, 0, 0,

Avg. % of Glare Pgrcep_tlble 6% 6% 6% 7%
Disturbing 8% 9% 9% 9%

Intolerable 7% 349 329 129

Imperceptible Glare Perceptible Glare Disturbing Glare ™ Intolerable Glare

- :—
Figures 39, and 4@emonstrate the percentage of imperceptible hours received at each
orientationin the baseline cas# both views 1 and 2 at the armchaine comparison of
the baseline case at thead of the bedias unnecessagiven that most of the glare issues
lie at the armchairAs shown in figure 39, the southientation has the least percentage of
imperceptible hours throughout the year when coegpdo other orientationg.hough
view 2 which is analyzed vem looking away from the window showcases months are

comfortable with up to 100% of imperceptible glare. Still, the issue remains constant with

high glare valueaffecting mostly the south.
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Figure40: Imperceptible Glare Hour8aselinecomparisor ArmchairView 2

4.2 Design Case Results
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As a result of the baselirenalyss, the researchivas extended to include design
proposals foboth the North and South orientatsofihe North and Soutbrientatiorswere
choserbased ornheanalysis of the point in time illuminance which showed that tath
includethe least useful hours that entrain the circadian system per year. In addilien to
high annual glare values that cover most ofgbath orientation plarilhe goal was to
propose design alternatives that would improve the overall quality of daylighhwhe

space by increasing the number of useful hoursw@nanizing the annuaDGP.

4.2.1 Pointin Time llluminance

Both figures40, and41 show asignificantimprovement in the number of useful
daylight hours when compared to the baseline case resuleudoyteration 2 whicluses
the double glazing provided better results over g given that theise of single glazing
has highewisual light transmittancerhich overexposed the space with higher illuminance
values In addition the percentage of hoaimeeting the required threshotdages between
10-70 % over the year at bothipts A and B This is a huge increase in the number of
daylight hours that entrain the circadian rhythm cqarlmote the health and wedkeing

of the users.
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FiguresA3and44allow a better understanding and easier comparison for both cases
when compared to the baselinase resultsThe performance and existence of useful
daylight hoursvasincreasedignificantly at point Ahowever, point B at the armchair was
over exposedThe doublepane glazingn the second iteratias performing slightly better

especiallyat the armchair

Moving onto the second part of the design investigation, the South orientation as
mentioned waproposed in four different design alternatives. However, when choosing the
split system specificallyeach split system iteration was simulatedotigh DIVA to
investigate the quality of useful daylight hours entered within the space at both points A
and B in June, September, December, and Marchh Eigure 9 showcases the chosen
iteration for full analysisvhich includes the highest daylight vatuachieving the main
thresholds between 20002500 Ix at an exposure of -2 hours. Though the analysis
included 4 days only over the year, it represented the equinox and solstice of the year which
allow a better understanding of the daylight performahoceughout the yeaBased on
these iterationsgan annual point in time illuminanceias simulatedndis repesented in

the following figures for each iteration the south orientation.
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Figure49: Comparison ofouth design case percentage of useful hours/ month at the
head of the bed.

According to the results demonstratedfigures 45, 46, 47, and 48, the best
performing scenarioswerethe use of the overhang and the tspjistem. However, the use
of roller shades in both caseisl ot show promising percentages of useful daylaghit

did not allow enouglusefullight to enterthe space

Figures49, and50demonstrate the performance of each iteration in terms of useful
daylight hours. As mentioned, the overhang, and the split system iteration both perform
better however, theplit systenscenaricshowcases thizestoutcomegiven the percentage
of increaseduseful daylight hoursvhen compared to the baseline caske graphs
demonstrate tit at both the bed and tlemchair useful daylight hour percentages
increase with an average of-20% especially in months of ApriMay, June, and July.

The 100% rolle shade iteratiomwasnot added to these graphs given that it does not allow
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any daylight to enter, thus damot be compared as it performs worse than the baseline

case.
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Figure50: Comparsonof south design case percentagese#ful hours/ month at the
armchair.

4.2.2 Daylight Glare Probability

This section presents the analyzed anraadl point in timedaylight glare
probability in theproposeddesign iterations. Figureésl, and52 showcase th results of
the North Orientation iteration with the increased WWR and the Single glazing window
material. Though the annual glare throughout the entire rdoes not exceed much than
that of the baseline case. The analysis of the potithenglarewassimulated for the same
views of the baseline case. The resultsmonstraté a significant increase in glare
especially at the armchair. However, this issue is again resolved when turning slightly away
from the window as view 2 showcases a0%0of impercepble hours reaching the

armchair in that direction.
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Figure51: North Iteration 1 Single Glazing, annual DGP
plan.
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Figure52: North Iterationl Single Glazing, annual DG#&hedule.
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Figure54: North orientation iteration Iincreased WWR, Single Glazing; point in time
glare; Location point B
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Figures 53 and 54 demonstrate a detailed breakdown of the analyzed daylighvitiou
imperceptible, perceptible, disturbing, and intolerable glahe. annual DGP is slightly
improved vhen using the doublglazing window materiah iteration 2as shown in figures
55, and %. It can be inferred that both iterations results are ulase. Figures ¥, and58

showcase the point in time glare results at both points A, and B.
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Figure55: North Iteration Double Glazing, annual DGP plan.
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Figure56: North IterationDoubleGlazing, annual DGP schedule.
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Figure58. North orientation iteration 2, Increased WWR, Singlazing; point in time
glare; Location point B
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Table5: Comparison of Nortlrientation iterations, annual DGP percentage at both points

1, and 2.
@ Bedside
Single |Double
Sensor Index q ‘v

Percentage of Annual Glare | 21.60% 19.20%

Imperceptible 93% 94%

1 0, 0
Avg. % of Views P_ercep.tlble i i
Disturbing 2% 1%
Intolerable 0% 0%

Arm Chair

Sensor Index % %
Imperceptible 73% 77%

1 0, 0
Avg. % of Views P_ercep.tlble i i
Disturbing 9% 8%
Intolerable 119 8%

Imperceptible Glare Perceptible Glare Disturbing Glarer M Intolerable Glare

S T E———
0 5

However, when looking at figurg9, there is a slight fference and increase in the
number of hours that include imperceptible glare. Though the difference is not significant,
it still could be recommended that the doublazing functions better than the single

glazing. Figure60 demongtates view 2, when lding away from the window. This
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showcases that the issue with glare¢hearmchairin the north orientation could be easily

avoided at select times of the day by looking slightly away from the window.
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Figure59: Imperceptible Gare Hours North orientationcomparison ArmchairView 1
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Figure60: Imperceptible Glare HouNorth orientatiorcomparisor ArmchairView 2
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The second part of the design investigatimasthe Southorientation iterationg-igures

61, to 76 demonstratéhe point in time and annual DGP feachiteration
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Figure61: South Iteration Overhang, annual DGP plan.
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Figure62: South Iteration Overhang, annual DGP schedule.
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Figure63: South orientation iteration 1, Overhang; point in time glare; Location point A
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Figure64: South orientation iteratiol, Overhang; point in time glare; Location point B
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Figure65: South Iteration 50% Roller Shade, annual DGP plan.
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Figure66. South Iteration 50% Roller Shade, annual DxgRedule.
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Figure67: South orientation iteration 2, Roller Shadé&@@oint in time glare; Location
point A
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Figure68: South orientation iteration 2, Roller Shad&®®oint in time glare; Location
point B
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The difference between the annual glare percentagles overhang iteration, and the 50%
roller shade iteratioris slightly noticeable in the plans at both the analyzed points.

However, the overall spat®improved slightly in terms of glare issues.

sl (D

Figure69: South Iteration 100% Roller Shade, annual DGP.plan
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Figure70: South Iteration 100% Roller Shade, annual DGP schedule.
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Figure71: South orientation iteration 3, Roller Shade 100%; point in time glare; Location
point A
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Figure72: South orientation iteration 3, Roller Shade 100%; point in time glare; Location
point B
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Thoughfigures69 - 72 represent the idealistic, most required ghkitaation which is at
zero percent. This iteration based on the point in time illuminance andgmeignstrates

thatit prevents all daylight to enter the space, hence the 0 % aamaigbint in timéDGP.
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Figure73: South Iteratiorsplit System annual DGP plan
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Figure74: South Iteration S System, annual DGP schedule.
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Figure75: South orientation iteration 4, Split System; point in time glare; Locatiart po
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Figure76. South orientation iteration 4, Split System; point in timeeggl&ocation point

B
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According to the annuand point in timeDGP results of the split system, it is the best
performing iteration in terms @blvingglare issuegspecially at point Blt is also clear in
table 6 whereas the percentage of imperceptidibee is incresed at thearmchairwhen
compared to the overhang and roller shade iterations.

Table6: Comparision of south orientation iterations, annual DGP percentage between both pc
and 2

@ Bedside
Overhangb0% RS|100% R$ESplit

Sensor Index

Percentage of Annual Glare| 49.009%4 36.00% 0.00% 21.40%
Imperceptiblg 10094 10094 10094 1009

1 0, 0, [0) 0,
Avg. % of Views Pgrcep_’uble 0% 0% 0% 0%
Dlsturblng 0% 0% 0% 0%
Intolerable 0% 0% 0% 0%
Arm Chair

Sensor Index * * <

Imperceptiblg 65% 60% 100% 87%

Per ibl 7% % % 4%
Avg. % of Views ? cep.tb © ’ o o |
Disturbing 9% 9% 0% 4%
Intolerable 20% 25% 0% 5%

Figures 77, and 78 demstrate a drastic increase in percentage of hours with imperceptible

glarehours Thesplit system is functioning best when caangd to other iterations.
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Figure77: Imperceptible Glare HowSouth orientatiomomparisor ArmchairView 1

Figure78: Imperceptible Glare HowSouth orientatiomomparison ArmchairView 2
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