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Summary

On averaggeople spendaround 90% ofheir time inan indoor environmentOn asocietal
basis this amount is only increasirand will pose lasting challenges for the coming decades
when left uncheckedTlhe influences of a poor indoor environment often result in detrimental
health effects, such as those associated with sick building syndrboneto the Covid19
crisis an increased amount of wotkours is spenin a working from homgWFH)situation.
This results in individuals being prone to an Indoor Environai€niality (IEQ) that was never
intended for this purposeA solution to this problens required, ashe combination between
WFH and working from office (WFO) is likely to stay

In the academic fieldnuchresearch has been done on the effects of IEQ on an indiual
feeling of comfortMany determine this comfort by accounting for imdiual IEQ parameters
groupsand stating that if none are in a state of discomfort, that the general IEQ is comfortable.
These IEQ parameter groups are subdivided into thermal, visual, acoustiéndoat air
quality (IAQ). More recent studidik these parameter groups to the representative IEQ
parameters otemperature and humidity (thermal), light intensity and visuahtity (visual),
sound pressure level (acoustic), and CO2 levels (IAQ).

Addtionally, there is an increase in technologies available to influence and measure these IEQ
parameters.Anincreasing amount olinternet of Things (IoT) technologias integrated into

the work and living environmentso that data becomes more readily availabl@ne
technologythat has been increasingly gaining more tragkhe Digital Twin (DTparadigm

The DT paradigifiocuses on the interplay between thatual and thephysical linked through

data. Combined are these entities alite create a loop of learning, where the virtual and
physical are able to influence eaother to create valueAn effectivemethod ofbuilding the
relationsis linked datalLinked data is a method of storing data, whamrmation is stored

in a subject, predicate, object relation (RDiple). As linked data is both flexible and effective

in its applicability a combination between these and Digital Twins is provittadas for this
NBFazy OGKIFIG GKS YIFAY NBA&SIHOMWOKN aljlické&didathaged o | &
Digital Twinmodel be used to improve the Indoor EnvironnaéQuality (IEQ), based on air
temperature, noise and light parameters, of an diome situatechybrid working and living
environment of the occupant(s), while also accounting for occupant(s) feedbdrk?

To answer this research question a methodological approach was constructed based on a
literature study.Within this approachthe current stateof the IEQ parameterslinked data

and Digital Twingre combined.Alongside this methodological approach, an applicai®on
developedwhich is used in a proaff-concept usecase.This application aime to provide
occupants with IEQ information aralow for use feedback to be integratedd backend will

then combine the measurement and input information and select a corresponding response.

The IEQ parameter thresholds are based on the values from the literature and then connected
to an activity leel that groups threshold values with similaequirements To obtain these

IEQ measurements a combination of different individual IEQ parameter sensors are placed in
the usecase locationTheir resultsare then combined and stored in a relational datadas

a secure servewn the TU/ecampus Then a Python script will query the required information
from the linked databased Digital Twirand use it to query theelationaldatabase. Additional
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information required for the IEQ assessment is queried diyefcom the linked datanodel.
These measurementalues are compared to the threshold values corresponding with the
current task Additionally, direct input(i.e. prompt response, current task, and current
discomfort)from the occupantre compared and, bsed on a hierarchical system, will result
in an information prompt on the user interfac@uild in Angular)

Thisapplicationis then placed on a test locatiocalled the OpenFamilyHomevhich will
function as the case study locatioDBuring gperiod of five days, two occupants will perform
their WFH tasland provide direct input to the application. This application will then either
provide IEQ informatiorprovide a request (e.g. open the window), or ask a survey question
to determine and inflence the occupans comfort. After this period of five days, the data is
analyzed and compared to the current literatur&heseresults are evaluated from bothha
IEQ point of view, and a linked ddbased DT point of viewhe usecase covers both a hyidr
work and iving environment (living room) and a dedicated work environment (converted
bedroom toan at-home office).

Regarding the IEQ of a WFH situafithis research found that from the measured IEQ
parameters both temperature and sound pressuredisvarenon-impactful and based on the
literature should not result in discomfort. However, from the direct ingtiis shown that
temperature is primarily experienced as neutral or negative even when within boundaries.
Additionally, the athome situationmakes temperature the easiest to adapt to as there is both
direct control over the room temperature artle occupant has access to clothing in order to
adjust their insulation valueThe other parameters have shown to kdire from a
measurement perspecte: For light intensity CO2, general IAQ, ardimidity almost all
activity levels shova significant level of measurement values to be out of boundahys
corresponds with theesponsesince wer 40% were about the light intensity being either too
light or too dark 22% about IAQ, and 25% about humidltight intensity was worse in the
living room, while the rest was worse in the bedroom (whs@nifies a relation to room size)

The linked databased DT performea@s expected. Providing the requirectd through a
SPARQL query, which could then be used directly as Python variables to perforingae§Q

to gain the measurement result3hese results were then used as input, which worked as
intended This allowed the application to generate the required prompts. Showing that the
current implication of the hybrid modgproposed by Tang et al. (2019, linked data and
relational databasesvorks as a Digital Twin formathis approach allows for expsion by
expanding the information stored in the Ri¥iples of the linked datdbased DTProviding a
valid solution to the IEQ WFH situation.

The research ends with a discussexmd conclusionwhich provides the societal relevance,
scientific relevanceand recommendations for future research.
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Samenvatting

Gemiddeldspendeertmen rondom 90% vaaijn of haartijd in een binnen omgevindit
aantal groeitalleen nog maar open maatschappelijk niveaen zal langdurige uitdagingen
met zich meebrengemdien hier niets mee gedaan wordDe invloeden van een kwalitatief
slecht binnen klimaatBK)resulteren vaak in nadelige gezondheidseffecten, zdi@lvyanhet
sick building syndroonVanwege de Cowill9 crisis spendeert men een toenemend aantal
werkuren in een thuiswerk situatie. Dit resulteert erin dat individuwetbaar zijn voor een
binnenklimaat die nooit bedoeld was voor deze functigen oplossing voor dit probleem is
noodzakelijk, aangezien de combinatie tussen thuiswerken en het kantoor zal blijven.

In de academische wereld zijnaelenderzoeken gedaan over de effecten van een BK met
betrekking tothet gevoel van comfort van de individWek stelen dit comfort vast door
middel van gegroepeerde BK parameter&n geven aan dat wanneer geeman deze
parameters wordt ervaren als onconttabel de stelling kan worden gemaakt dat het BK
comfortabel is.Deze BK parameter groepen worden onderverdeeld in thermisch, zicht,
akoestisch ernluchtkwaliteit Meer recente studies geven aan dat deze groepen kunnen
worden geepresenteerd door hetgebruik van de BK parameterdemperatuur en
luchtvochtigheid (thermisch), licht intensiteit en zich kwaliteit (zichggluidsdruk niveaus
(akoestisch) el€O2 niveaus (luchtkwaliteit).

Hiernaast is er een toenemeacoeveelheid technologieén beschikbake in staat zijn om
deze BK parameters te meten en beinvioedean toenemend aantahternet of Things (IoT)
technologieén worden geintegreerd in de thuisn werk omgevingen zodat meer data
beschikbaar isEén technologie didtoenemend isde Digital Twin (DT) paradigniaeze DT
paradigma focust op de samenwerking tussen\igtiele en het fysieke door middel vaata
communicatie Gezamenlijk zijn deze entiteiten in staat om emrkelwerking tot stand te
brengen waarhet virtuele kan lera van het fysieke en andersomrmet het doel om
meerwaardete creéren Een effectieve manievan het bouwen van relaties is linked data.
Linked data is een methode waar data word opgeslagen in de zogehetetrifl€d; die
bestaan uit eeronderwerp,predikaat, en een objectAangezien linked data zowel flexibel als
effectiefin haar toepasbaarheid, is @a@mbinatietussenDT en linked data een logische stap.
Vanwege deze reden is er gekozen voor de volgende hoofdviblag: kan een linked data
gebaseerd Digital Twin model worden gebruikt voor het verbetererheaminnenklimaat,
gebaseerd op de luchttemperatuur, geluids-, en lichtparameters van een hybride week
leef thuiswerk situatievoor de inzittend@n), terwijl er ook gebruikt wordgemaakt van
GSNUz31 2LIISEt AyaSYy R22NJ RS AyIT AGGSYRSOYyOK®E

Om een antwoord te geven op deze onderzoeksvrgagen methodologische benadering
opgesteld gebaseerd op een literatuur onderzoek. Binnen deze benadajinde huidige
statussen van de BK prameters, Linked data en Digital Twins gecombinéé¢adst deze
methodologische benaderirig een applicatie ontikkeld die gebruikt wordt in eelpewijs van
conceptgebruikscasus Het doel van deze applicatie is om de inzittende inzicht te gaven
hun BK informatie, ehierbij de mogelijk te bieden voor inpwat geintegreerd wordtEen
backend zal deze input enedmeetdata combineren en een passengrompt aanbieden.

De BK parameters drempelwaarden zijn gebaseerd op de waarden gevonden in de literatuur,
en zijn daarnaverbonden aan een activiteitsniveau die diempelwaarden groepeert
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gebaseerd opvergelijkbare voorwaarden. Om dezeK Bnetingen te verkrijgen is een
comhbnatie van verschillende individuele BK parameter sensoren geplaakscape. Hun
resultaten zijn hiernagecombineerd en opgeslagen in een relationele databank op een
beveiligde server locatie op de TUken Python script zale benodigdevaardesopvragen

via de linked data DT, vanuit de relationele databdfktra benodigde informatie is direct
opgevraagd uit het linked data moddbeze meetingswaarden worden hierna vergeleken met
de drempelwaardenen de huidige taak. Verder wordt ook de directe inp(te.
promptreacties huidige taak, en huidige discomfortyan de inzittende vergelekerDeze
wordenvia de gebruikersomgeving getodaan de inzettendegebaseerd ogen rangorde

Deze applicatie igeplaats in een test omgeving genaamd OpenFamilyHome (open familie
huis), wat functioneert als de test casus van deze stuOwer een tijdsperiode van vijf dagen
zullen twee inzittenden hun thuiswerk takerrrichten samen met het leveren van input met
betrekking tot hun BKDe applicatie zal gebaseerd op de input informatie verschaffen in de
vorm van:BK infeamatie, een verzoekot actie €.g. open een raam), of een vraag uit een
vooropgestelde vragenlijstDeze informatie wordt gebruikt m de huidige comfort van de
inzittende te bepalenNa deze vijf dagen zal de data worden geanalyseerd en vergeleken met
de huidige literatuurDe resultaten zullen worden geévalueeranuit een BK perspectief en
een DT perspectieDe cases betrek zowel edrybride thuiswerk situatie (woonkamerjgls

€én met een thuis kantoor (slaapkamer).

Dit onderzoekoont aandat voor temperatuur ergeluidsniveau, met respect tot het BK van

een thuiswerk situatiegeenimpactvolle metingen zijn aangetroffen wanneer deze vergeleken
worden met de literatuurDeze waardes zouden niet mogen leiden tot discomfort. Echter is
dit voor temperatuur wel het gevalaangezien deze voornamelijk neutrale of negatieve
waarden vind binnen de directe inputiata. Zelfs wanneer deze binnen de gestelde marges
valt. Hiernaast heeft de inzittende veel zeggenschap over deze waarde, aangezitamde

in staat is om de thermostaat aan te passen of de kleding isolatie waarde te verander naar
wens.De andere parameter waarden zijn ergemuit een meetings perspectiefoor licht
intensiteit, CO2, luchtkwaliteit eluchtvochtigheid is hemerendeel van de meeting buiten

de gestelde grenswaardeDit is terug te zien in de discomfort input waar 40% van de reacties
aangeeft dat het of te licht of te donker is, 22% aangeeft dat de luchtkwaliteijkt, en 25%
aangeeft dat de luchtvochtighemfwijkt. Van dezesetis licht intensiteitverrewegde slechts
presterende in de woonkamer, terwijl alle andere het slechts presteerde in de slaapkamer
(wat hint op eerrelatietussen de kwaliteit en deamergrote).

De linked data gebaseerde DT prestieroals verwachDe benodigde informatie was goed
aangeleverd via SPARE@1is naar wens geintegreerd in de Python omgeving als variabelen.
Deze konden dan worden gebruikt om de benodigde data op te vragen door middel van SQL
uit de relationele databankzodat de meetdata kan worden gebruikt. Deze meetdata werd
goed geintegreerd in de applicatiWat ervoor zorgde dat de applicatie in staat was om
prompts aan te levererDit laat zien dat de hybride werkwijze van Tang et al. (2@t8kbaar

is als een Digital Twin formd2e huidige werkwijze maakt het mogelijk verdere uitbreidingen
toe te voegen aan de applicatie in de vorm van nieuwe-Rples. Wat aangeeft dat deze
oplossing toepasbaar is als oplossing voor het BK en thuiswprkéieem.

Verder is er in dit onderzoek nog een discussie en een conclusie, die inzicht bieden in het
wetenschappelijke maatschappelijke belang en deekomstige onderzoeksmogelijkheden
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Abstract

This research aims to explore the possibility of using linked-basadDigital Twindor the
Indoor Environmental QualitdEQ) This is achieved through a preof-concept(PoC)case

set in a vorking from hane (WFH) environment.he IEQ isnade measurabléy using the IEQ
parameters: temperature humidity, light intensity, sound pressure level, and indoor air
quality IAQ)levelt KS SYLIKI aAxa 2F (KAa t2/ Aa LIFOSR 2
with the integration of personal preferenc8ince the IEQ of a WHHvironment is currently
designed to facildte leisure tasks, this now pressures thehetme environment to conform

to both the needs of leisure and work tasks. Thse was never the aim of the dtome
environment and thus poses challenges aligned with the required shift of working from office
(WFO) to WFHA hybrid linked data and relati@hdatabase approach & been used to
facilitate the Digital Twin. Attached toigDigital Twinan application has been made in order

to communicate with the occupantsThis application provides the occupants with IEQ
information or request prompts and receives direct inmbiout their current discomfort,
current tasks, and daily pamseters. Combining measurement adilect input which arethen
linked to a task activity levelTte resultis aresponse to help the occupants better their IEQ.
To test this approach a case study has been dspanning five days and covering two rooms.
These are ahybrid leisure and work environment (living room), and a dedicated work
environment & bedroom converted into an dtome office). These resultshave thereafter

been analyzedgroviding insights about IEQ in a WFH environment and the applicadility
linked databasedDigital Twirs, resulting in a proebf-concept.

Keywordsindoor Environmerdl Quality,Linked data, Digital Twityser feedback
integration,Sensor Data
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Chapter 1. Introduction

This chapter will elaborate on the background of the rese#écolering the societal and
scientific importance of the research), proval@roblem definition. State the main and sub
questians.Findly, the chapterends with areading guide for th¢hesis.

1.1 Background

Over the past decadegechnological advancement has pushed the (re)development of
buildings from an energyand technological perspective resulting in the creation of
energetically and sustainably improved housifige effects of this chance on individual health
and weltbeing are less understood. An important benefactor to human wellbeing and
physical comforis the Indoor Environmental Quaji(IEQ), which h@a proven relationship

with different detrimental health effects, such as those associated with sick building syndrome
(SBS) and other negative healttnd workrelated effects such as respiratory illness and
productivity loss (Seppéanen & Fisk, 2006).

According to the US Bureau of Labor Statistics (BLS), people spend 90% of their time in a
GOt 2aSR¢ AYR2@®aK eSal. Z20MBR Py yinisStime people are prone to
detrimental health effects originating in poor indoor environments. On a societal basis, this
will result in a higher need for healthcare and an overall lower stage of average wellbeing.
When takirg into account that according the World Health Organization (WHO), over two
thirds of the human population will be living in urban areas at the start of 2050 (a 10% increase
in the coming thirty years), which means that the number of people exposedhédset
situations will only increase (WHO, 2019). L-temgn diseases and lowered quality of life will

be the result if the (re)development of building within the built environment will continue to
focus on the energetical parts but neglects health. So theoopng challenges regarding
urbanization can also be an opportunity, where a more balanced approach will drive the built
environment to not only a more sustainable, but also a more healthy future (Craft et al., 2017).

Therefore IEQ has become an incraghi interesting topic ofresearch (Seppéanen & Fisk,
2006; Park et al., 2018primarily $ different indoor environmental quality indicators are
relevant: Indoor Air Quality, Thermal comfort, Lightning (sunlight, daykgid artificial light),
Sound, Vew- and Spatial quality (Wang et al., 2021). These are measured by different
variables and together contribute to the healind comfortof a user. Besides the physical
health, there is also the mental health of the user originating from discomfort aed th
formation of stress. From a cognitive perceptidmé ability to execute a task with different
levels of difficulty which are part of the brdased skillset known as cognitive functiptigs
becomes increasingly important over time (Wang et al, 20@Qixrrent research is mainly
focused on the effects of IEQ in wedlkdicated spaces, such as offices, or a dedicaterk
environment (Guo and Chen, 2020). However, access to a dedicated work environment when
working from home is often not the casesulting indifferent levels of comforiwhich are
experienced by the occupants due to an uncontrolled IEQ in kiydindwork and livingspace

(Guo and Chen, 2020)ke uncontrolled environmenincreases the experience of sick building
syndrome and subjetsthe occupant taa potential inhospitable work environmeGuo and
Chen, 202pMalmqvist, 2008; Aigbavboa et al., 2018
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This transition,of going from a worldedicated environment to a hybrid environment, is
accelerated due to the Cowitd crisis were many employees are forcefully working in a
working from home arrangement (Kramer & Kramer, 20B@&search has shown that there is

a shift in workdays that are spent on the office location, and those that are spent in the at
home location, with a WFHtWFO split of 2 to 3 days, with 2 being the preferred mean
(Tokumura et al., 2091The splitis dependent on leveraging the ability of the employee to do
its tasks from a hybrid environment where both work and living activities are fulfillédht

in turn results innew challenges$or the IEQ of both workand living environments based on
0KS AYRAGARIZ f Qd8 ySSRA O6YNI YSNI 3 YN YSNE
dza S NX-&nd évihdNdnvironment IEQ parameters.

New technologies allow thbuilt environment to cope with upcoming challenges in a better
way than before. At the moment, one of the most noticeable technologid3iggal Twin
which is a dynamic digital representation of r@arld objects, processes, or systems that
uses both storic and reatime data to allow for the predictive modeling, -dsmodeling,
visualization, datdundling, and linkage (Dembski et al., 2020; Bolton et al., 201B)gifal
Twinis characterized by a-directional flow between the physical world atite Digital Twin
looping information, which can be linked to different applications and algorithms that make
use of the semantic data integrated into the model (Lu et al., 2019; lu et al.; BokDet al.,
2020. Such aigital Twinmodel collects infamation from sensors, databases, or other 0T
(Internet of Things) tools, and will leverage the advantages of machine legrainidicial
intelligence and analytical techniques to obtain and provide rgale insights with different
purposes regarding pfsical assets (Vivi et al., 2019).

While theDigital Twinphilosophy originated from aerstudies, it is more than applicable in
the built environment. Currently, BIM (Building Information Management) and BMS (Building
Management Systems) technologie® anore embedded in the built environment (Tang et
al., 2A9) compared taDigital Twintechnologies (Boje et al., 2020). BIM is a practice where
information istransferredfrom one phase of the design and construction process to the next.
Often during theséhandovers information is losis many use reference modéfsorder to
control and communicate information (Pauwels et al., 20BIM aims to use standardized
computeraided design philosophies and processes to generate and maintain information
from start design to enaf-life. BMS is a controlling systetm managea buildinds internal
systems.Digital Twinscan use the BIM historic and -&sinformation, combined wittthe
measurements and status information of the BMS system to create a representation of a
building in a digital environment, which shows more potential, and goes beyond the initial
standalone BIM and BMS usage (Pauwels et al., 2017; Boje et al., 2@20)créased benefit

of Digital Twinsvould be the transition of singular information models to a semantic web of
different sources, which allows for more complex and flexible data linkage and a more
interoperable, domain crossing, and logical system (P&uwe al., 2017). However such
technologies still encounter challenges, specifically between systems, data management,
storage, and standardization (Tang et al., 2019).

These technologies could aid the process of the managenaamt monitoring of building
resulting in improvements, including in the IEQ management (Wang et al., 202d). Th
implementationis, however, not without challenges. The management and monitoring of IEQ
parameters are wordintensive and financially erpsive (Adeleke & Moodley, 26}

H N
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Furthermore, there is not a direct linear relationship between user satisfaction & perceived
comfort, and the objective automated control of If@rameters (Kim & De Dear 2012; Kwon

et al., 2019). Thkilack of a direct linear relationshiesults in anismatch between machine
operated solutions and the perceived benefits of the occupant (Salamone et al., 2018). To
better understand the effects of the measured IEQ and the perceived IEQ a study is needed
that looks into the connection between the techngic advancements and user feedback
from a working from home setting, with a focus on a hybrid work and living environment.

To conclue, the shift from WFO (workingdm office) to WFH (working from home) poses
challenges a®ccupants make use of envirommts designed for leisure activities as work
environments. The occupants are then prone to a poor IEQ, and all negative consequences
thereof. As it is predicted that this will become increasingly more common, a solution is
needed.With the increased adoptn of 0T (Internet of Things) technologies, linked data
becomes a more valuable solution. Therefore a linked -thaised Digital Twincoud be a
potential solution to the problem. A lack of research on the use offggtal Twinsn a WFH
environment requres additional insight o the potential uses cases, as well as, a praif
concept.

1.2 Problem statement

An increasingamount of the working population is exposed to poor NBHenvironments,
as this was never the intentional use of thecupiedspace. As individuals are increasing their
time spend WFHadditional research is required in order to protect these individualse
increase in affordability of sensor technologies ane availabilities of 0T technologies allows
for better and more precise data measurement in a WdAidironment. This with the rise in
popularity ofDigital Twirtechnologies and linked data resultgire need for additional insight
into the useability andapplicability of these technologie®©pportunities are found in the
understanding of measurable IE@arameters (Indoor Air Quality, Thermal comfort,
Lightning, and Sound combined with user feedbackas a potential usease of these
technologies. More uderstanding of the IEQ parameters is requiradio how these can be
translated to a WFH situation to increase the wellbeing of the occup#&s#dhere is little
understanding of theertainty ofhow these hybrid WFO and WFH workweeks are going to be
formalized a more general approach is needédis results in the following main research
question:

How can a linked dathasedDigital Twinmodel be used to improve the Indoor Environnaént
Quality (IEQ), based on gitemperature, noise and light parameters, of an dtome situated
hybrid working and living environment of the occupant(s), while also accounting for
occupant(s) feedback?

To answer this research question the following syestions have been formulated:

1. Howare the IEQ paraments derived and made measurable according to the literature,
for both dedicated work environments and hybrid environments?

2. Howis the occupant's experience of the IEQ parameters derived and made measurable
according to the literaturefor both dedicated work environments and hybrid
environments?
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3. What are the effects of the IEQ parameters on occupaymfort, and what is the

effectual difference between a dedicated work environmemind a hybrid

environment?

How and what should the user communicate with tigital Twinand vice versa?

What would be a suitable interface for user interaction and how can this dashboard

provide suggdsons based on the measurements?

6. Forthe Digital Twirand the selected use case, what system architecture is needed and
how would this be implemented?

7. Howis the model able to communicate the measurement information and suggestions
with the user, in ordeto improve the IEQ of the occupant?

8. What are the benefits of linked dataased Digital Twinwithin a WFH situation, and
how is this approach made scalable

o s

Subquestion one to six will be answeredusing current literature and will feed into the
methodolagical design of the proaff-concept case used tanswersub-question7 and 8.
Through answering thesmain and sukguestions this research aims to provide insights in
the usecase of linked dathased Digital Twinsin order to benefit the IEQ of &vFH
environment. With the goal of providing occupants with a better IEGuiaport a healthier
work environment.

1.3 Outline

This research is structured in such a way thae gains increasing insightsanhow IEQ
parameters are handled, artibw a linkeddata-basedDigital Twincan be usedlt maintains
the structure of first statinginy information about the IEQ paramesg before explaining the
implementation thereof. Figurel provides a visual overviemwhere every chapter is
represented by its corregmding number. Chaptét provides insight ito the current standing

of IEQ parameter measurement, the interactions between IEQ parametersoengpant
comfort, and how this can be translated into a measurable method for WFH. Additiahally
provides an ogrview of the current standings d@igital Twinslinked data, and their use in
the buik environment as well as, providing insightdarthe requirements of how a system
should communicatehe IEQwith the occupants.Chapter 3 provides anverview of the
methodological designand how tasks can be represented comparatively to their
corresponding IEQ requiremenidditionally, an overview othe applications architecturas
provided. Chapter 4 provides an overviest how all available soges are prepared for the
usecaseand provides casespecific information used during the researdihen this chapter
will go into the results oA measurement period of five days in a Wéti¥ironment.Chapter

5 reflects on the results and the applicationChapter 6 will reflect orthis research, its
relevanceand future research.

) 2. Literature 3. Research 4. Case study and
1. Introduction ~ —» —> —» !
research methodology results

Figurel Research visualization outline

—» 5. Discussion —» 8. Conclusion
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Chapter 2. Literature review

Through thisiterature review sb-questionspne tosixwill be answered. Thetudy is divided
into two sections. Section one is about IEQ parameters and will carguestionsone to
three. Section two is about linked data abBadgital Twins and will coveub-questionsfour to
six. First the IndoorEnvironmentaluality will beelaborated, which will then go into more
depth with the sukchapters each providing information aboutparameter group.Then
Digital Twin, linked dataand their integration will be elaborated, with each subchapter
providing additional informatiombout theindividual parts and how they connect.

2.1 Indoor environmengal quality of the work environment

The connection between workplace IEQ andiayf R A @doiRfdd-has®een the subject af
large number of researctes, many with different anglesand focus points(e.g. health,
productivity, learning, work performance, task completion, str§Sgppanen & Fisk, 2006;
Park et al., 2018; Wang et a021).1t is safe to state thaa significant effect on occupant
satisfactioncan be derived from the influences of IEQeng et al., 2017)The following
subchapters will provide an overview of the current standing within the literature, how IEQ
parametes are measured with an emphasis on occupant comfant additional influences

are originating from an individughnd how this can be generalized into a methoapplythis

to a working from home situation.

2.1.1 IEQ parametecomfort

Indoor environmendl quality (IEQ) is the conditional microclimate insid@ indoor
environment (e.g. a building, rooratc.), and covers six primary [gp@rameters (i.ethermal,

air quality,visual (lighting and visual environmera);oustics and spatial qualify where the
primary measurableliscomfortiEQparaments cover temperature, humiditgir quality, light
intensity and noise (Sarbu & Sebarchievice, 2013; Park et al., 2018; Wang et al., 2020; Wang
et al., 2021)To researchthe effects of the IEQ on occupartwo primary research methods

are proposed in the literaturelhe firstisa climatecontrolled room, where parameter values
are shifted to measure responseThe seconds field research, without any controlling
parameters, and insteaof measuring ass situationgGeng et al., 2017\ WFHenvironment

is never a controlled environment, making the second the preferred method of reséarch
this study The current most common method used to understand IEQ comfort during field
research isvia postoccupancy evaluation (POE), whemmoint in time (PIT) measurement
values are connected tsubjectiveinput (Geng et al., 2017; Park et al., 20D8}ltiple studies

have shown the ability to combine POE with building data to enhance occupant cantbrt
satisfacton (Bortolini & Forcada, 202Ifhisrelationis furtherunderpinnedby a study done

by Guo & Chen (2020), wievaluated occupant comfoend its relation to health in an indoor
working environmentOverall the emphasis of these studies is on combiaiR@EnN the form

of a surveywith a collection of measurement# complete overview of relevant studies has
been provided in table 1. This table covers both working from home (WFH) and working from
office (WFO) related studies to shtwww thesestudies have a similar approatir IEQ.Fora

WEFH situation, most studies originate from 2019 and onward, showing the influence of the
Covid19 crisis on academic research.
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Tablel Ovenvew of concepts and variables in current reseanchEQ
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Method
Survey results X X X X X X X X X X X 11
Sensor measurement X X X X X X 6
Focus of study
Office Environment X X X X X X X X X X X X X X X 15
Working from Home X X X X X X X 7
Hybrid OE and WFH X
Focus of result
Comfort X X X X X X X X 8
Productivity X X X X X X 6
Satisfaction X X X X X X 6
Cognitive functioning X X 2
(Mental) health X X X X X X X X 8
Wellbeing X X X X X X X 7
IEQ Parameterand influencers
+ Room temperature X X X X X X X X X X X X 12
E Ability to control the temperature X X X X 4
g Airtemperature X X X X 4
= Airspeed X X X X X 5
€ Humidity X X X 3
£ Humidity levels X X X X X X X X X 9
F Ability to control humidity X X X 3
Lighting
Light intensity X X X X X X X X X X X X X X X X 16
Artificial Lighting X X X X X X X X X X X X 12
Ability to turn on/off lighting sources X X X X X 4
Ability to adjust brightness of lighting sources X X X X 4
Natural Lighting X X X X X X X X X X X X 12
Ability to control natural lighting X X X X X X 5
Availability of sun (direct) and daylight (indirect) X X X X X X X X X 9
Glare level X X X X X X 6
.. Color spectrum X X 2
S
£ Norighting
©  Outside view X X X X X 5
S Area of space X X X X X 5
§ Layout of space X X X 3
Material texture X X X 3
Material color X X 2
Furniture texture X X X 3
Furniture color X X X 3
Furniture type (active or inactive) X 1
Level of tidiness X X X X X X 6
Level of maintenance X 1
Availability to green (biophilic) X X X X 4
Level of visual privacy X X 2
Mechanical ventilation
Level of mechanicafentilation X X X X X X X X X 9
Ability to control mechanical ventilation X X X X 4
Natural ventilation
Level of natural ventilation X X X X X X X 7
Ability to control natural ventilation X X X X 4
5
g Air Pollution
S Air pollution emission levels X X X X X X 6
9(' Ability to control air pollution emission X X X 3
~ CO2 concentration level X X X X X X X 7
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Particle matter and dust intensity X X 2

Air Freshness

Air freshness level X X X

Ability to control air freshness X X X

Air filtration level X
Smoke (tobacco) X X

N P W w

N

Noise X X X X X X
(Aintraffic
Speech X
Public
Machinery X
Equipment
(Own) background music or TV
Natural
Reverberation X
Ability to control noise X X X X
Level of acoustic privacy X

x
x
x
x

Acoustic comfort
XX X X X X X X
X X X X X X
P AR RPRFEPNDONODNR

Powerfrequency magnetic fields X 1
Radiofrequency and Microwave electromagnet X 1
fields

EM

Type of work X

Workload X
Work schedule

Company/institution policy

Online platform

Work-related
X X X X X
PR R NN

Communication factors
In-person communication
Online communication

X X

Personal and work environment factors
Team workingatmosphere

Peer pressure

Commuting time X
Interest in work

Interruption by other people
Relationship with partners
Electronic facility
Ergonomic facility X X
Nourishment type X
Privacy preference

Clothing preference X
Presence of children and young adults X

X X X X x X

Influencers of personal perception of work

X X
x
PNNPRNNRPE ®R R PP

Biological influencers
Age X X X X X
Sex X X X X X
Biorhythm X
Metabolism
Physical welbeing
Adaption rate

X X X
x
x
x
W wN R oo

Psychological factors
Mental health

Work stress
Emotional health
Selfregulation
Seltefficacy

Personal relationships
Work-life balance

Personalinfluencers

X X X X X X X
PR PP P®O®

Table 1 provides more insighttinthe current standing of the literature and shows that
besides a pure IEQ measurement approach other aspects should be taken into consideration
(i.e. direct workrelated influencers, indirect personal perception on work, gretsonal
influencers). Fronthe IEQ perspectiva clear separation is made between sensor measurable
IEQ parameters and survey input IEQ parameters. Most studies show a tendency towards the
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more general sensdnased measurement parameters (i.e. thermal (via temperature and
humidity), vsual (via light intensity), acoustic (via sound pressure intensity), and IAQ (via
particle concentrations)). From a health perspective most direct relations are present in the
combination between IEQ measurement values pacsonainfluencers, most comnmdy age

and sex (Herrera et al., 2018; Finell & Natti, 2019; Guo & Chen, 2020; Awada et al., 2021; Wang
et al., 2021). However, studies with a focus on WFH have an increased emphasis on work
related factors, personal perception of wodnd personal healtiiGuo & Chen, 2020; Xiao et

al., 2021; Cuerd¥ilches et al., 2021; Tokumura et al., 2021; Torresin et al., 2021; Awada et
al., 2021). Studies that mention detrimental health effects of a poor IEQ are most commonly
directly associad with sick building sydrome (SBS). However, there are studies where an
increased emphasis has been placed on mental health andbeigly as well (Guo & Chen,
2020; Awada et al., 2021; Wang et al., 2021). Additionidgre is a psychological influence
originating from the feling of controlwhichaccumulatesnto lessexperiencedEQ discomfort

when availabl¢Guo & Chen, 2020; Tokumura et al., 2021). It is, however, hard to quantify the
relations of IEQ parameters, as they are interdependend the influence of cognitive
functioning, mental healthand personal perceived wellbeing, are still not completely
understood. Furthermore, the influences of stress originating outside of the influences of IEQ
still highly influence the perception of IEQ (Guo & Chen, 2020; Wang 2021). Resulting in

a highly personal perception of IEQ, that easily shifts depending on interaction with the
occupant by outside sources and influencers. As these outside sources are hard to account for
when measuring sensor data or requesting PIT suresults a more personal approach is
required (Wang et al., 2021).

The keywords present in much of the studies in tablaré focused orpersonalcomfort
(preference perception andsatisfaction) personal weklbeing(stress, sleep qualitymental)
health, enjoyment, and workloagand work activity ( productivity, task completion, activity
levels, and work efficiency)Additionally there are biological influencersnentioned
(biorhythm, metabolism, sexage, adaption rateand physical wetbeing (e.g. sickness and
menstruation cycl®, which all together create a complex web of interdependendiég. aim

of the studies is not to make these interdependencies measurable, but rather focus on the
result of working towardsa higher feeling of aofort and weltbeing.Thisin turn translatedo

an increasedwork satisfaction and task completion ra(6ou & Chen, 202Rwada et al.,
2021). Overall to determinghe quality of the IEQ for the individual the most commonly used
method isperceivedoccupant comfort(Krekel et al., 2019; Frontczak & Wargocki, 2011)
However,the current efforts toquantifycomfortasa measurable standard kabeen lacking
(Herrera et al., 2018Most definitions ofperceived EQparametercomfort come down to the
sameinherent meaning, which is captured Byontczak & Wargocki (2011) seenin table 2.
Figure 2 represents the connections of influencing factors and perceived IEQ parameter
comfort based on the litaature mentioned in table 1.

Table2 Definitions ofperceivedEQparametercomfort (Frontczak & Wargocki, 2011)

Concept Definition

Thermal comfort The condition of mindhat expresses satisfaction with the thermal environmer
Visual comfort A subjective condition of visualell-being induced by the visual environment.
Acoustic comfort A state of contentment with acoustic conditions.

Air quality Air in which there are no known contaminants at harmful concentrations

determined by cognizant authorities and with whicls@bstantial majority (80%
or more) of the people exposed do not express dissatisfaction.
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Figure2 Influencing factors on perceived IEQ comfort

To conclude, there are many different factors influencing IEQ parancetafort. The most
prominently are separatedinto work-related and individualrelated (grouped as personal
factors),and senor measurable and survey injnased IEQarameters (grouped in outdoor
factors and indoor factors). It is shown that there is areidependent relation of IEQ
parameters on othedEQ parameters. Especially when the occupant already experiences
discomfort with another IEQ parametédayathissa et al., 2020)he next paragraphs will
elaborate more irdepth on the most often studiedlEQ parametergi.e. thermal, visual,
acousti¢ and IAQ), and their most common measurement methotls achieve perceived
occupant comfort

2.1.1.1Thermal comfort

Thermal comfort is expressed the form ofbeing satidied, as anindividual,based on the
thermal environment (Frontczak & Wargocki, 201This expression is highly personal and
subjective to influencing factomsutside of the realm of the thermal environmerficcording

to the ANSI/ASHRAE standard 5% grimary influencers aremetabolism, activity level,
clothing, air temperature, mean radiant temperature, airspeed, and relative humidityer
influences are psychological in nature (Wang et al., 2021). This personal expression of
perceivedthermal comfortis both present in the Dutch regulatettional standard Dutch
European Standar@005)andthe US standardsAmerican National Standard Instityt2017:
American National Standard Instityt2020)

Overall are there two types ofhermal comfort assessmets. Objectivesubjective and
objectivecriteria assessmerst The first tries to combine measurement data with subjective
input, the latter compares measurement data with performance measurement protocols
Where for occupantEQparametercomfort the objecive-subjectiveassessmentesults in the
most reliableoutcomes However, loth show drawbacks to predictg IEQparametercomfort
correctly (Jayathissa et al., 2020)























































































































































































































































































