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Summary 
 
On average people spend around 90% of their time in an indoor environment. On a societal 
basis, this amount is only increasing and will pose lasting challenges for the coming decades 
when left unchecked. The influences of a poor indoor environment often result in detrimental 
health effects, such as those associated with sick building syndrome. Due to the Covid-19 
crisis, an increased amount of work hours is spent in a working from home (WFH) situation. 
This results in individuals being prone to an Indoor Environmental Quality (IEQ) that was never 
intended for this purpose. A solution to this problem is required, as the combination between 
WFH and working from office (WFO) is likely to stay. 
 
In the academic field, much research has been done on the effects of IEQ on an individualΩs 
feeling of comfort. Many determine this comfort by accounting for individual IEQ parameters 
groups and 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, acoustic, and indoor air 
quality (IAQ). More recent studies link these parameter groups to the representative IEQ 
parameters of temperature and humidity (thermal), light intensity and visual quality (visual), 
sound pressure level (acoustic), and CO2 levels (IAQ).  
 
Additionally, there is an increase in technologies available to influence and measure these IEQ 
parameters. An increasing amount of Internet of Things (IoT) technologies is integrated into 
the work and living environments so that data becomes more readily available. One 
technology that has been increasingly gaining more track is the Digital Twin (DT) paradigm. 
The DT paradigm focuses on the interplay between the virtual and the physical linked through 
data. Combined are these entities able to create a loop of learning, where the virtual and 
physical are able to influence each other to create value. An effective method of building the 
relations is linked data. Linked data is a method of storing data, where information is stored 
in a subject, predicate, object relation (RDF-triple). As linked data is both flexible and effective 
in its applicability, a combination between these and Digital Twins is provided. It was for this 
ǊŜŀǎƻƴ ǘƘŀǘ ǘƘŜ Ƴŀƛƴ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴ ǿŀǎ ŦƻǊƳǳƭŀǘŜŘ ŀǎΥ άHow can a linked data-based 
Digital Twin model be used to improve the Indoor Environmental Quality (IEQ), based on air-, 
temperature-, noise- and light parameters, of an at-home situated hybrid working- and living 
environment of the occupant(s), while also accounting for occupant(s) feedback?έΦ  
 
To answer this research question a methodological approach was constructed based on a 
literature study. Within this approach, the current state of the IEQ parameters, linked data, 
and Digital Twins are combined. Alongside this methodological approach, an application is 
developed which is used in a proof-of-concept use-case. This application aims to provide 
occupants with IEQ information and allow for user feedback to be integrated. A back-end 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 level that groups threshold values with similar requirements. To obtain these 
IEQ measurements a combination of different individual IEQ parameter sensors are placed in 
the use-case location. Their results are then combined and stored in a relational database on 
a secure server on the TU/e campus. Then a Python script will query the required information 
from the linked data-based Digital Twin, and use it to query the relational database. Additional 
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information required for the IEQ assessment is queried directly from the linked data model. 
These measurement values 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 occupant are compared and, based on a hierarchical system, will result 
in an information prompt on the user interface (build in Angular).  
 
This application is then placed on a test location called the OpenFamilyHome, which will 
function as the case study location. During a period of five days, two occupants will perform 
their WFH task and provide direct input to the application. This application will then either 
provide IEQ information, provide a request (e.g. open the window), or ask a survey question 
to determine and influence the occupant's comfort. After this period of five days, the data is 
analyzed and compared to the current literature.  These results are evaluated from both an 
IEQ point of view, and a linked data-based DT point of view. The use-case covers both a hybrid 
work and living environment (living room) and a dedicated work environment (converted 
bedroom to an at-home office). 
 
Regarding the IEQ of a WFH situation, this research found that from the measured IEQ 
parameters both temperature and sound pressure levels are non-impactful and based on the 
literature should not result in discomfort. However, from the direct input, it is shown that 
temperature is primarily experienced as neutral or negative even when within boundaries. 
Additionally, the at-home situation makes temperature the easiest to adapt to as there is both 
direct control over the room temperature and the occupant has access to clothing in order to 
adjust their insulation value. The other parameters have shown to be dire from a 
measurement perspective. For light intensity, CO2, general IAQ, and humidity almost all 
activity levels show a significant level of measurement values to be out of boundary. This 
corresponds with the responses since over 40% were about the light intensity being either too 
light or too dark, 22% about IAQ, and 25% about humidity. Light intensity was worse in the 
living room, while the rest was worse in the bedroom (which signifies a relation to room size).  
 
The linked data-based DT performed as expected. Providing the required data through a 
SPARQL query, which could then be used directly as Python variables to perform an SQL query 
to gain the measurement results. These 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 model, proposed by Tang et al. (2019), of linked data and 
relational databases works as a Digital Twin format. This approach allows for expansion by 
expanding the information stored in the RDF-triples of the linked data-based DT. Providing a 
valid solution to the IEQ WFH situation.  
 
The research ends with a discussion and conclusion, which provides the societal relevance, 
scientific relevance, and recommendations for future research.   
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Samenvatting  
 

Gemiddeld spendeert men rondom 90% van zijn of haar tijd in een binnen omgeving. Dit 
aantal groeit alleen nog maar op een maatschappelijk niveau, en zal langdurige uitdagingen 
met zich meebrengen indien hier niets mee gedaan wordt. De invloeden van een kwalitatief 
slecht binnen klimaat (BK) resulteren vaak in nadelige gezondheidseffecten, zoals die van het 
sick building syndroom. Vanwege de Covid-19 crisis spendeert men een toenemend aantal 
werkuren in een thuiswerk situatie. Dit resulteert erin dat individuen vatbaar zijn voor een 
binnenklimaat die nooit bedoeld was voor deze functie. Een oplossing voor dit probleem is 
noodzakelijk, aangezien de combinatie tussen thuiswerken en het kantoor zal blijven.  
 

In de academische wereld zijn veel onderzoeken gedaan over de effecten van een BK met 
betrekking tot het gevoel van comfort van de individu. Vele stellen dit comfort vast door 
middel van gegroepeerde BK parameters, en geven aan dat wanneer geen van deze 
parameters wordt ervaren als oncomfortabel de stelling kan worden gemaakt dat het BK 
comfortabel is. Deze BK parameter groepen worden onderverdeeld in thermisch, zicht, 
akoestisch en luchtkwaliteit. Meer recente studies geven aan dat deze groepen kunnen 
worden gerepresenteerd door het gebruik van de BK parameters: temperatuur en 
luchtvochtigheid (thermisch), licht intensiteit en zich kwaliteit (zicht), geluidsdruk niveaus 
(akoestisch) en CO2 niveaus (luchtkwaliteit).  
 

Hiernaast is er een toenemende hoeveelheid technologieën beschikbaar die in staat zijn om 
deze BK parameters te meten en beïnvloeden. Een toenemend aantal Internet of Things (IoT) 
technologieën worden geïntegreerd in de thuis- en werk omgevingen zodat meer data 
beschikbaar is. Eén technologie die toenemend is de Digital Twin (DT) paradigma. Deze DT 
paradigma focust op de samenwerking tussen het virtuele en het fysieke door middel van data 
communicatie. Gezamenlijk zijn deze entiteiten in staat om een cirkelwerking tot stand te 
brengen waar het virtuele kan leren van het fysieke en andersom, met het doel om 
meerwaarde te creëren.  Een effectieve manier van het bouwen van relaties is linked data. 
Linked data is een methode waar data word opgeslagen in de zogeheten RDF-triples, die 
bestaan uit een onderwerp, predikaat, en een object. Aangezien linked data zowel flexibel als 
effectief in haar toepasbaarheid, is de combinatie tussen DT en linked data een logische stap. 
Vanwege deze reden is er gekozen voor de volgende hoofdvraag: άHoe kan een linked data 
gebaseerd Digital Twin model worden gebruikt voor het verbeteren van het binnenklimaat, 
gebaseerd op de lucht-, temperatuur-, geluids-, en lichtparameters van een hybride werk- en 
leef thuiswerk situatie voor de inzittende(n), terwijl er ook gebruikt wordt gemaakt van 
ǘŜǊǳƎƪƻǇǇŜƭƛƴƎŜƴ ŘƻƻǊ ŘŜ ƛƴȊƛǘǘŜƴŘŜόƴύΚΦέ 
 

Om een antwoord te geven op deze onderzoeksvraag is een methodologische benadering 
opgesteld gebaseerd op een literatuur onderzoek. Binnen deze benadering zijn de huidige  
statussen van de BK prameters, Linked data en Digital Twins gecombineerd. Naast deze 
methodologische benadering is een applicatie ontwikkeld die gebruikt wordt in een bewijs van 
concept gebruikscasus. Het doel van deze applicatie is om de inzittende inzicht te geven in 
hun BK informatie, en hierbij de mogelijk te bieden voor input wat geïntegreerd wordt. Een 
back-end zal deze input en de meetdata combineren en een passende prompt aanbieden.  
 

De BK parameters drempelwaarden zijn gebaseerd op de waarden gevonden in de literatuur, 
en zijn daarna verbonden aan een activiteitsniveau die de drempelwaarden groepeert 
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gebaseerd op vergelijkbare voorwaarden. Om deze BK metingen te verkrijgen is een 
combinatie van verschillende individuele BK parameter sensoren geplaats op locatie.  Hun 
resultaten zijn hierna gecombineerd en opgeslagen in een relationele databank op een 
beveiligde server locatie op de TU/e. Een Python script zal de benodigde waardes opvragen 
via de linked data DT, vanuit de relationele databank. Extra benodigde informatie is direct 
opgevraagd uit het linked data model.  Deze meetingswaarden worden hierna vergeleken met 
de drempelwaarden en de huidige taak. Verder wordt ook de directe input (i.e. 
promptreacties, huidige taak, en huidige discomfort)  van de inzittende vergeleken. Deze 
worden via de gebruikersomgeving getoond aan de inzettende, gebaseerd op een rangorde. 
 

Deze applicatie is geplaats in een test omgeving genaamd OpenFamilyHome (open familie 
huis), wat functioneert als de test casus van deze studie. Over een tijdsperiode van vijf dagen 
zullen twee inzittenden hun thuiswerk taken verrichten samen met het leveren van input met 
betrekking tot hun BK. De applicatie zal gebaseerd op de input informatie verschaffen in de 
vorm van: BK informatie, een verzoek tot actie (e.g. open een raam), of een vraag uit een 
vooropgestelde vragenlijst. Deze informatie wordt gebruikt m de huidige comfort van de 
inzittende te bepalen.  Na deze vijf dagen zal de data worden geanalyseerd en vergeleken met 
de huidige literatuur. De resultaten zullen worden geëvalueerd vanuit een BK perspectief en 
een DT perspectief. De cases betrek zowel een hybride thuiswerk situatie (woonkamer) als 
één met een thuis kantoor (slaapkamer).  
 

Dit onderzoek toont aan dat voor temperatuur en geluidsniveau, met respect tot het BK van 
een thuiswerk situatie, geen impactvolle metingen zijn aangetroffen wanneer deze vergeleken 
worden met de literatuur. Deze waardes zouden niet mogen leiden tot discomfort. Echter is 
dit voor temperatuur wel het geval, aangezien deze voornamelijk neutrale of negatieve 
waarden vindt binnen de directe input data. Zelfs wanneer deze binnen de gestelde marges 
valt. Hiernaast heeft de inzittende veel zeggenschap over deze waarde, aangezien inzittende 
in staat is om de thermostaat aan te passen of de kleding isolatie waarde te verander naar 
wens. De andere parameter waarden zijn erger vanuit een meetings perspectief. Voor licht 
intensiteit, CO2, luchtkwaliteit en luchtvochtigheid is het merendeel van de meeting buiten 
de gestelde grenswaarden. Dit 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 luchtkwaliteit afwijkt, en 25% 
aangeeft dat de luchtvochtigheid afwijkt. Van deze set is licht intensiteit verreweg de slechts 
presterende in de woonkamer, terwijl alle andere het slechts presteerde in de slaapkamer 
(wat hint op een relatie tussen de kwaliteit en de kamergrote).  
 

De linked data gebaseerde DT presteerde zoals verwacht. De benodigde informatie was goed 
aangeleverd via SPARQL en is naar wens geïntegreerd 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 databank zodat de meetdata kan worden gebruikt. Deze meetdata werd 
goed geïntegreerd in de applicatie. Wat ervoor zorgde dat de applicatie in staat was om 
prompts aan te leveren. Dit laat zien dat de hybride werkwijze van Tang et al. (2019), bruikbaar 
is als een Digital Twin format. De huidige werkwijze maakt het mogelijk verdere uitbreidingen 
toe te voegen aan de applicatie in de vorm van nieuwe RDF-triples. Wat aangeeft dat deze 
oplossing toepasbaar is als oplossing voor het BK en thuiswerken probleem. 
 

Verder is er in dit onderzoek nog een discussie en een conclusie, die inzicht bieden in het 
wetenschappelijke-, maatschappelijke belang en de toekomstige onderzoeksmogelijkheden
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Abstract 
 
This research aims to explore the possibility of using linked data-based Digital Twins for the 
Indoor Environmental Quality (IEQ). This is achieved through a proof-of-concept (PoC) case 
set in a working from home (WFH) environment. The IEQ is made measurable by using the IEQ 
parameters: temperature, humidity, light intensity, sound pressure level, and indoor air 
quality (IAQ) level. ¢ƘŜ ŜƳǇƘŀǎƛǎ ƻŦ ǘƘƛǎ tƻ/ ƛǎ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭΩǎ ŎƻƳŦƻǊǘ ŀǎ ƻōƧŜŎǘƛǾŜΣ 
with the integration of personal preference. Since the IEQ of a WFH environment is currently 
designed to facilitate leisure tasks, this now pressures the at-home environment to conform 
to both the needs of leisure and work tasks. This use was never the aim of the at-home 
environment and thus poses challenges aligned with the required shift of working from office 
(WFO) to WFH. A hybrid linked data and relational database approach have been used to 
facilitate the Digital Twin. Attached to this Digital Twin an application has been made in order 
to communicate with the occupants. This application provides the occupants with IEQ 
information or request prompts and receives direct input about their current discomfort, 
current tasks, and daily parameters. Combining measurement and direct input, which are then 
linked to a task activity level. The result is a response to help the occupants better their IEQ. 
To test this approach a case study has been done, spanning five days and covering two rooms. 
These are a hybrid leisure and work environment (living room), and a dedicated work 
environment (a bedroom converted into an at-home office). These results have thereafter 
been analyzed providing insights about IEQ in a WFH environment and the applicability of 
linked data-based Digital Twins, resulting in a proof-of-concept.  
 

 

Keywords: Indoor Environmental Quality, Linked data, Digital Twin, User feedback 
integration, Sensor Data 
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Abbreviations 
 
ACL  Access Control Lists 
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API  Application Programming Interface 
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BOP  Building Performance Ontology 
BOT  Building Topology Ontology  
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IoT  Internet of Things  
IRI   Internationalized Resource Identifier 
LBD  Linked Building Data 
LBDC  Linked Building Data Community  
LoD  Level of Detail  
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 Introduction 
 
This chapter will elaborate on the background of the research (covering the societal and 
scientific importance of the research), provide a problem definition. State the main and sub-
questions. Finally, the chapter ends with a reading guide for the thesis.  
 

1.1 Background  
 
Over the past decades, technological advancement has pushed the (re)development of 
buildings from an energy- and technological perspective resulting in the creation of 
energetically and sustainably improved housing. The effects of this chance on individual health 
and well-being are less understood.  An important benefactor to human wellbeing and 
physical comfort is the Indoor Environmental Quality (IEQ), which has a proven relationship 
with different detrimental health effects, such as those associated with sick building syndrome 
(SBS) and other negative health- and work-related effects such as respiratory illness and 
productivity loss (Seppänen & Fisk, 2006).    
 
According to the US Bureau of Labor Statistics (BLS), people spend 90% of their time in a 
άŎƭƻǎŜŘέ ƛƴŘƻƻǊ ŜƴǾƛǊƻƴƳŜƴǘΣ (Park et al., 2018). During this time 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 taking into account that according to 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 exposed to these 
situations will only increase (WHO, 2019). Long-term 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 the upcoming 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 increasingly interesting topic of research (Seppänen & Fisk, 
2006; Park et al., 2018). Primarily six different indoor environmental quality indicators are 
relevant: Indoor Air Quality, Thermal comfort, Lightning (sunlight, daylight, and artificial light), 
Sound, View- and Spatial quality (Wang et al., 2021). These are measured by different 
variables and together contribute to the health and comfort of a user. Besides the physical 
health, there is also the mental health of the user originating from discomfort and the 
formation of stress. From a cognitive perception (The ability to execute a task with different 
levels of difficulty which are part of the brain-based skillset known as cognitive functions) this 
becomes increasingly important over time (Wang et al, 2020). Current research is mainly 
focused on the effects of IEQ in work-dedicated spaces, such as offices, or a dedicated work 
environment (Guo and Chen, 2020).  However, access to a dedicated work environment when 
working from home is often not the case resulting in different levels of comfort which are 
experienced by the occupants due to an uncontrolled IEQ in their hybrid work and living space 
(Guo and Chen, 2020). The uncontrolled environment increases the experience of sick building 
syndrome, and subjects the occupant to a potential inhospitable work environment (Guo and 
Chen, 2020; Malmqvist, 2008; Aigbavboa et al., 2018).  
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This transition, of going from a work-dedicated environment to a hybrid environment, is 
accelerated due to the Covid-19 crisis where many employees are forcefully working in a 
working from home arrangement (Kramer & Kramer, 2020). Research 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 WFH to WFO split of 2 to 3 days, with 2 being the preferred mean 
(Tokumura et al., 2021). The split is dependent on leveraging the ability of the employee to do 
its tasks from a hybrid environment where both work and living activities are fulfilled. What 
in turn results in new challenges for the IEQ of both work- and living environments based on 
ǘƘŜ ƛƴŘƛǾƛŘǳŀƭΩǎ ƴŜŜŘǎ όYǊŀƳŜǊ ϧ YǊŀƳŜǊΣ нлнлύΦ ¢ƘŜ ŎƘŀƭƭŜƴƎŜ ōŜƛƴƎ ǘƘŜ ōŀƭŀƴŎƛƴƎ ƻŦ ǘƘŜ 
ǳǎŜǊΩǎ ǿƻǊƪ- and living environment IEQ parameters.  
 
New technologies allow the built environment to cope with upcoming challenges in a better 
way than before. At the moment, one of the most noticeable technologies is Digital Twin, 
which is a dynamic digital representation of real-world objects, processes, or systems that 
uses both historic and real-time data to allow for the predictive modeling, as-if modeling, 
visualization, data-bundling, and linkage (Dembski et al., 2020; Bolton et al., 2018). A Digital 
Twin is characterized by a bi-directional flow between the physical world and the 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., 2020; Boje et al., 
2020). Such a Digital Twin model collects information from sensors, databases, or other IoT 
(Internet of Things) tools, and will leverage the advantages of machine learning-, artificial 
intelligence- and analytical techniques to obtain and provide real-time insights with different 
purposes regarding physical assets (Vivi et al., 2019).  
 
While the Digital Twin philosophy originated from aero-studies, it is more than applicable in 
the built environment. Currently, BIM (Building Information Management) and BMS (Building 
Management Systems) technologies are more embedded in the built environment (Tang et 
al., 2019) compared to Digital Twin technologies (Boje et al., 2020). BIM is a practice where 
information is transferred from one phase of the design and construction process to the next. 
Often during these handovers information is lost, as many use reference models in order to 
control and communicate information (Pauwels et al., 2017). BIM aims to use standardized 
computer-aided design philosophies and processes to generate and maintain information 
from start design to end-of-life. BMS is a controlling system to manage a building's internal 
systems. Digital Twins can use the BIM historic and as-is information, combined with the 
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., 2020). The increased benefit 
of Digital Twins would 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 (Pauwels et 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 management- and monitoring of buildings 
resulting in improvements, including in the IEQ management (Wang et al., 2021). Their 
implementation is, however, not without challenges. The management and monitoring of IEQ 
parameters are work-intensive and financially expensive (Adeleke & Moodley, 2015). 
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Furthermore, there is not a direct linear relationship between user satisfaction & perceived 
comfort, and the objective automated control of IEQ-parameters (Kim & De Dear 2012; Kwon 
et al., 2019). This lack of a direct linear relationship results in a mismatch 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 technologic advancements and user feedback 
from a working from home setting, with a focus on a hybrid work and living environment.  
 
To conclude, the shift from WFO (working from office) to WFH (working from home) poses 
challenges as occupants make use of environments 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 adoption of IoT (Internet of Things) technologies, linked data 
becomes a more valuable solution. Therefore a linked data-based Digital Twin could be a 
potential solution to the problem. A lack of research on the use of the Digital Twins in a WFH 
environment requires additional insight into the potential uses cases, as well as, a proof-of-
concept.  
 

1.2 Problem statement  
 
An increasing amount of the working population is exposed to poor IEQ WFH environments, 
as this was never the intentional use of the occupied space. As individuals are increasing their 
time spend WFH, additional research is required in order to protect these individuals. The 
increase in affordability of sensor technologies and the availabilities of IoT technologies allows 
for better and more precise data measurement in a WFH environment. This with the rise in 
popularity of Digital Twin technologies and linked data results in the need for additional insight 
into the useability and applicability of these technologies. Opportunities are found in the 
understanding of measurable IEQ- parameters (Indoor Air Quality, Thermal comfort, 
Lightning, and Sound) combined with user feedback, as a potential use-case of these 
technologies. More understanding of the IEQ parameters is required, as to how these can be 
translated to a WFH situation to increase the wellbeing of the occupants. As there is little 
understanding of the certainty of how these hybrid WFO and WFH workweeks are going to be 
formalized a more general approach is needed. This results in the following main research 
question: 
 
How can a linked data-based Digital Twin model be used to improve the Indoor Environmental 
Quality (IEQ), based on air-, temperature-, noise- and light parameters, of an at-home situated 
hybrid working- and living environment of the occupant(s), while also accounting for 
occupant(s) feedback?  
 
To answer this research question the following sub-questions have been formulated:  
 

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

2. How is the occupant's experience of the IEQ parameters derived and made measurable 
according to the literature, for both dedicated work environments and hybrid 
environments?  
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3. What are the effects of the IEQ parameters on occupant comfort, and what is the 
effectual difference between a dedicated work environment and a hybrid 
environment? 

4. How and what should the user communicate with the Digital Twin and vice versa? 
5. What would be a suitable interface for user interaction and how can this dashboard 

provide suggestions based on the measurements? 
6. For the Digital Twin and the selected use case, what system architecture is needed and 

how would this be implemented? 
7. How is the model able to communicate the measurement information and suggestions 

with the user, in order to improve the IEQ of the occupant? 
8. What are the benefits of linked data-based Digital Twins within a WFH situation, and 

how is this approach made scalable? 
 
Sub-question one to six will be answered using current literature and will feed into the 
methodological design of the proof-of-concept case used to answer sub-question 7 and 8. 
Through answering these main and sub-questions this research aims to provide insights into 
the use-case of linked data-based Digital Twins in order to benefit the IEQ of a WFH 
environment. With the goal of providing occupants with a better IEQ, to support a healthier 
work environment.  
 

1.3 Outline  
 
This research is structured in such a way that one gains increasing insights into how IEQ 
parameters are handled, and how a linked data-based Digital Twin can be used. It maintains 
the structure of first stating any information about the IEQ parameters, before explaining the 
implementation thereof. Figure 1 provides a visual overview, where every chapter is 
represented by its corresponding number. Chapter 2 provides insight into the current standing 
of IEQ parameter measurement, the interactions between IEQ parameters and occupant 
comfort, and how this can be translated into a measurable method for WFH. Additionally, it 
provides an overview of the current standings of Digital Twins, linked data, and their use in 
the built environment, as well as, providing insights into the requirements of how a system 
should communicate the IEQ with the occupants. Chapter 3 provides an overview of the 
methodological design and how tasks can be represented comparatively to their 
corresponding IEQ requirements. Additionally, an overview of the application's architecture is 
provided.  Chapter 4 provides an overview of how all available sources are prepared for the 
use-case and provides case-specific information used during the research. Then this chapter 
will go into the results of a measurement period of five days in a WFH environment. Chapter 
5 reflects on the results and the application. Chapter 6 will reflect on this research, its 
relevance, and future research. 
 
 

 
Figure 1 Research visualization outline 
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 Literature review 
 
Through this literature review sub-questions, one to six will be answered. The study is divided 
into two sections. Section one is about IEQ parameters and will cover sub-questions one to 
three. Section two is about linked data and Digital Twins and will cover sub-questions four to 
six. First, the Indoor Environmental quality will be elaborated, which will then go into more 
depth with the sub-chapters each providing information about a parameter group. Then 
Digital Twin, linked data and their integration will be elaborated, with each subchapter 
providing additional information about the individual parts and how they connect.  
 

2.1 Indoor environmental quality of the work environment 
 
The connection between workplace IEQ and an ƛƴŘƛǾƛŘǳŀƭΩs comfort has been the subject of a 
large number of researches, many with different angles and focus points (e.g. health, 
productivity, learning, work performance, task completion, stress) (Seppänen & Fisk, 2006; 
Park et al., 2018; Wang et al., 2021). It is safe to state that a significant effect on occupant 
satisfaction can be derived from the influences of IEQ (Geng et al., 2017). The following 
subchapters will provide an overview of the current standing within the literature, how IEQ 
parameters are measured with an emphasis on occupant comfort, what additional influences 
are originating from an individual, and how this can be generalized into a method to apply this 
to a working from home situation.  
 

2.1.1 IEQ parameter comfort 
 
Indoor environmental quality (IEQ) is the conditional microclimate inside an indoor 
environment (e.g. a building, room, etc.), and covers six primary IEQ-parameters (i.e. thermal, 
air quality, visual (lighting and visual environment), acoustics, and spatial quality), where the 
primary measurable discomfort IEQ-paraments cover temperature, humidity, air quality, light 
intensity and noise (Sarbu & Sebarchievice, 2013; Park et al., 2018; Wang et al., 2020; Wang 
et al., 2021). To research, the effects of the IEQ on occupants two primary research methods 
are proposed in the literature. The first is a climate-controlled room, where parameter values 
are shifted to measure response.  The second is field research, without any controlling 
parameters, and instead of measuring as-is situations (Geng et al., 2017). A WFH environment 
is never a controlled environment, making the second the preferred method of research for 
this study. The current most common method used to understand IEQ comfort during field 
research is via post-occupancy evaluation (POE), where point in time (PIT) measurement 
values are connected to subjective input (Geng et al., 2017; Park et al., 2018). Multiple studies 
have shown the ability to combine POE with building data to enhance occupant comfort and 
satisfaction (Bortolini & Forcada, 2021). This relation is further underpinned by a study done 
by Guo & Chen (2020), who evaluated occupant comfort and its relation to health in an indoor 
working environment. Overall the emphasis of these studies is on combining a POE in the form 
of a survey with a collection of measurements. A 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 show how these studies have a similar approach for IEQ. For a 
WFH situation, most studies originate from 2019 and onward, showing the influence of the 
Covid-19 crisis on academic research.  
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Table 1 Overview of concepts and variables in current research on IEQ 
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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     1 

  
 

        
   

          

 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 

 Well-being X X     X   X X 
 

  X    X   7 

  
 

        
   

          

 IEQ Parameters and influencers 
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Room temperature X   X  X   X 
 

X 
 

X X X X X  X X  12 

Ability to control the temperature X     X   X    X         4 

Air temperature  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 

Ability to control humidity X        X    X         3 
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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 

                       

Non-lighting                       

Outside view 
 

       X X 
  

X   X  X    5 

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 
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Mechanical ventilation 
 

                     

Level of mechanical ventilation 
 

      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 

 
 

        
   

          

Air Pollution 
 

        
   

          

Air pollution emission levels 
 

      X X 
   

X   X   X X  6 

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  
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Public  
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Equipment 
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(Own) background music or TV 
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Natural  
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Reverberation 
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         1 

Ability to control noise X        X X 
  

X         4 

Level of acoustic privacy 
 

       X 
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Type of work 
 

  X      
   

X         2 

Workload 
 

        
  

X X         2 

Work schedule 
 

        
   

X         1 

Company/institution policy 
 

        
   

X         1 

Online platform 
 

        
   

X         1 
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Communication factors 
 

        
   

          

In-person communication 
 

        
   

X         1 

Online communication 
 

        
   

X         1 

 
 

        
   

          

Personal- and work environment factors 
 

        
  

           

Team working atmosphere 
 

        
   

X         1 

Peer pressure 
 

        
   

X         1 

Commuting time 
 

        
   

    X     1 

Interest in work 
 

        
   

X         1 

Interruption by other people 
 

        
   

X   X  X    3 

Relationship with partners 
 

        
   

X         1 

Electronic facility 
 

        
   

X   X      2 

Ergonomic facility 
 

        
   

   X   X   2 

Nourishment type 
 

        
   

      X   1 

Privacy preference 
 

        
   

X   X      2 

Clothing preference 
 

       X 
   

X         2 

Presence of children and young adults 
 

        
   

   X      1 
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Biological influencers                       

Age 
 

 X  X     
  

X   X X      6 

Sex 
 

X X  X     
  

X   X       6 

Biorhythm  
 

        
   

X         1 

Metabolism     X     X              2 

Physical well-being    X         X        X 3 

Adaption rate    X      X            X 3 

                       

Psychological factors                       

Mental health 
 

        
   

X     X   X  3 

Work stress 
 

        
   

X     X   X  3 

Emotional health 
 

        
   

X         1 

Self-regulation 
 

        
   

X         1 

Self-efficacy 
 

        
   

X         1 

Personal relationships  
 

        
   

X         1 

Work-life balance  
 

        
   

X         1 

                        

 
Table 1 provides more insight into the current standing of the literature and shows that 
besides a pure IEQ measurement approach other aspects should be taken into consideration 
(i.e. direct work-related influencers, indirect personal perception on work, and personal 
influencers). From the IEQ perspective, a 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 sensor-based measurement parameters (i.e. thermal (via temperature and 
humidity), visual (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 and personal influencers, most commonly age 
and sex (Herrera et al., 2018; Finell & Nätti, 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 work, and personal health (Guo & Chen, 2020; Xiao et 
al., 2021; Cuerdo-Vilches 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 associated with sick building syndrome (SBS). However, there are studies where an 
increased emphasis has been placed on mental health and well-being as well (Guo & Chen, 
2020; Awada et al., 2021; Wang et al., 2021). Additionally, there is a psychological influence 
originating from the feeling of control which accumulates into less experienced IEQ discomfort 
when available (Guo & Chen, 2020; Tokumura et al., 2021). It is, however, hard to quantify the 
relations of IEQ parameters, as they are interdependent, and the influence of cognitive 
functioning, mental health, and 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 et al., 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 survey results a more personal approach is 
required (Wang et al., 2021).  
 
The keywords present in much of the studies in table 1 are focused on personal comfort 
(preference, perception, and satisfaction), personal well-being (stress, sleep quality, (mental) 
health, enjoyment, and workload), and work activity ( productivity, task completion, activity 
levels, and work efficiency). Additionally, there are biological influencers mentioned 
(biorhythm, metabolism, sex, age, adaption rate, and physical well-being (e.g. sickness and 
menstruation cycle)), which all together create a complex web of interdependencies. The aim 
of the studies is not to make these interdependencies measurable, but rather focus on the 
result of working towards a higher feeling of comfort and well-being. This in turn translates to 
an increased work satisfaction and task completion rate (Gou & Chen, 2020; Awada et al., 
2021). Overall to determine the quality of the IEQ for the individual the most commonly used 
method is perceived occupant comfort (Krekel et al., 2019; Frontczak & Wargocki, 2011). 
However,  the current efforts to quantify comfort as a measurable standard have been lacking 
(Herrera et al., 2018). Most definitions of perceived IEQ parameter comfort come down to the 
same inherent meaning, which is captured by Frontczak & Wargocki (2011) as seen in table 2. 
Figure 2 represents the connections of influencing factors and perceived IEQ parameter 
comfort based on the literature mentioned in table 1.  

Table 2 Definitions of perceived IEQ parameter comfort (Frontczak & Wargocki, 2011) 

Concept Definition 
Thermal comfort The condition of mind that expresses satisfaction with the thermal environment. 

Visual comfort  A subjective condition of visual well-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 as 
determined by cognizant authorities and with which a substantial majority (80% 
or more) of the people exposed do not express dissatisfaction. 
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Figure 2 Influencing factors on perceived IEQ comfort 

To conclude, there are many different factors influencing IEQ parameter comfort. The most 
prominently are separated into work-related and individual-related (grouped as personal 
factors), and senor measurable and survey input-based IEQ parameters (grouped in outdoor 
factors and indoor factors). It is shown that there is an interdependent relation of IEQ 
parameters on other IEQ parameters. Especially when the occupant already experiences 
discomfort with another IEQ parameter (Jayathissa et al., 2020). The next paragraphs will 
elaborate more in-depth on the most often studied IEQ parameters (i.e. thermal, visual, 
acoustic, and IAQ), and their most common measurement methods to achieve perceived 
occupant comfort.  

2.1.1.1 Thermal comfort  
 
Thermal comfort is expressed in the form of being satisfied, as an individual, based on the 
thermal environment (Frontczak & Wargocki, 2011). This expression is highly personal and 
subjective to influencing factors outside of the realm of the thermal environment. According 
to the ANSI/ASHRAE standard 55, the primary influencers are metabolism, activity level, 
clothing, air temperature, mean radiant temperature, airspeed, and relative humidity. Other 
influences are psychological in nature (Wang et al., 2021). This personal expression of 
perceived thermal comfort is both present in the Dutch regulated national standard (Dutch 
European Standard, 2005) and the US standards (American National Standard Institute, 2017; 
American National Standard Institute, 2020) 
 
Overall are there two types of thermal comfort assessments. Objective-subjective and 
objective-criteria assessments. The first tries to combine measurement data with subjective 
input, the latter compares measurement data with performance measurement protocols. 
Where for occupant IEQ parameter comfort the objective-subjective assessment results in the 
most reliable outcomes. However, both show drawbacks to predicting IEQ parameter comfort 
correctly (Jayathissa et al., 2020).  


























































































































































































