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Abstract:

This study examines the impact of
Indoor Environmental Quality (IEQ)
parameters—thermal comfort, indoor
air quality (IAQ), acoustic comfort,
and visual comfort—on sleep quality
in residential buildings. IAQ (r =
0.88) and thermal comfort (r = 0.78)
emerge as the most influential factors,
while acoustic and visual comfort were
secondary.

The research introduces the Sleep
Quality Assessment Tool, an innova-
tive Excel-based model that integrates
stricter thresholds for sleep-supportive
conditions, including CO, 750 ppm,
noise levels 20 dB, and thermal
ranges of 18-24 C. These thresholds
surpass existing standards like BR18
and WELL.

A comparison reveals gaps in current
regulations, particularly for night-
time conditions and dynamic envi-
ronmental controls. Recommenda-
tions include enhanced thermal regu-
lation, low-noise ventilation systems,
and circadian-aligned lighting. Fu-
ture work should validate this study
through field studies and explore real-
time monitoring technologies.

This thesis uniquely contributes by de-
veloping the first tool for assessing
and improving residential sleep qual-
ity, offering actionable insights for pol-
icymakers and designers.
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Preface

As master's students in Building Energy Design at Aalborg University, we saw
the opportunity to explore indoor environment quality's impact on human well-
being through this thesis. With our architecture and construction engineering back-
grounds, we realized that surprisingly, little attention is given to sleep quality—a
fundamental part of life—in building design and regulations, considering people
spend almost a third of their lives sleeping.

Statistics have shown that poor sleep quality has become a common problem
in Denmark, a societal issue, raising the question of how indoor conditions in u-
ence sleep and overall recovery. Although some studies address speci ¢ aspects of
indoor environmental quality (IEQ), such as thermal comfort, indoor air quality,
visual comfort, and acoustic comfort, little research exists on how the combined
effect of these elements affects sleep. With motivation from our lives, this gap
encouraged us to look closer at these relationships.

Our work rests on the system and method of the Holistic indoor environmental
quality assessment (Today known as IEQ-Compass), with its four areas in building
design: thermal comfort, indoor air quality, and visual and acoustic comfort. How-
ever, models and calculations are signi cantly different. Our work examines how
these four areas interact and affect sleep quality. We used a systematic approach to
understand the combined effect suf ciently and identify practical ways to improve
indoor environments for sleep quality. We also included factors like the nudging
of the user and safety, which are often overlooked but important in achieving sleep
quality.

This thesis explores how interdisciplinary ideas can be combined to improve
indoor environments, helping people sleep better and live healthier lives. By bal-
ancing energy ef ciency with residents’' comfort and needs, we hope our work will
inspire the creation of more sustainable and livable spaces.

The results of our research are meant to guide the improvement of sleeping
environment quality at all levels, from user to owner to designer to policymakers.

iX



X Preface

By following thoughtful design practices and updating regulations, homes can be
created that support better sleep and improve public health and productivity.

Improving sleep quality has the potential to bring bene ts that extend far be-
yond personal health. Better sleep environments can help decrease workplace
absenteeism, conserve resources, and encourage more sustainable approaches to
building design. This thesis serves as an initial step in this direction, and we hope
it inspires further research and the creation of standards that focus on health and
comfort in sleep environments.

Aalborg University, January 8, 2025

Aida Jafarian Jens Vormslev Lennert
<ajafar22@student.aau.dk> <jlenne22@student.aau.dk>
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Chapter 1

Introduction

The purpose of this study is to investigate how buildings can increase well-being in
people via improved sleep conditions. First, the concept of well-being is examined,
after which a literature search is made on the in uence of buildings on sleep.
This knowledge is then used to develop a tool that can evaluate the quality of a
bedroom. The tool was tested on cases. On the basis of analysis and assessment of
those cases, improvement proposals for bedrooms were found.

Each of the following sections starts with a short introduction, after which the
section begins.

1.1 Well-being in built environment

This section explores the relationship between well-being, sleep quality, and the
built environment. It examines the concepts of hedonic and eudaimonic well-being,
their connection to Maslow's hierarchy of needs, and how sleep is a critical factor
in both dimensions. This chapter uses recent literature on sleep and well-being in
Denmark to underscore the increasing need to prioritize sleep quality in building
design. It also explores how indoor environmental quality (IEQ) parameters can
enhance sleep and well-being.

Well-being can be divided into hedonic or eudaimonic compo-
nents[3][20][47][54][61]. Hedonic components of well-being involve positively
experienced psychological outcomes revolving around the experience of pleasure
as positive affect and the avoidance of pain. On the other hand, eudaimonic
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components involve engaging in behaviors that are good for the individual and
focused on cultivating one's potential, bene ting others, and experiencing mean-
ing. Thus, when designing buildings, both hedonic and eudaimonic components
must be considered to create good conditions for the users' positive subjective
states and adaptive behaviors[54][61].

In addition to this argument, Maslow's hierarchy of needs, created by Abra-
ham Maslow, describes human motivation as a progression through ve levels:
physiological needs, safety and security, love and belonging, self-esteem, and self-
actualization. The theory suggests that individuals experience greater ful llment
and motivation as they meet these needs, which offers insights into human behav-
ior and well-being. Looking at Maslow's hierarchy 1.1shows that hedonic happi-
ness is associated with the lower levels of Maslow's hierarchy of human motiva-
tion, including basic demands like physiological needs, safety, and security. On
the other hand, eudaimonic is linked to higher levels, where love and belonging,
self-esteem, and self-actualization are found.

Some needs, such as sleep, can be seen as both hedonic and eudaimonic plea-
sures since poor sleep quality will affect both the experience of pleasure and the
ability to learn, thus making self-development more dif cult. Therefore, address-
ing both hedonic and eudaimonic components is essential to providing well-being
in the built environment [83].

Figure 1.1: Maslow's hierarchy of needs

[58]

The latest report in 2023 on the current health situation in Denmark, including
mental health, sleep, and well-being, which is produced by The Danish National
Institute of Public Health (NIPH), stats that 21.7% of Danes reported experiencing
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fatigue within the last 14 days, and 14.3% of Danes had sleep dif culties or sleep
problems within the last 14 days. The proportion of both fatigue reporting and
sleep dif culties or problems has been increasing since the beginning of the report
in 2011[60].

This issue becomes remarkable when no standards, norms, or legislation aimed
directly at the quality of the sleep environment in buildings where found ineither
BR18, LEED, WELL, ASHRAE, DGNB or the database Web-of-Science, while every
adult spends an average of 8 hours a day in bed. Hence, regarding the existence
of this issue and its signi cant effect on the well-being of society, this paper will
discuss the importance of sleep quality and all the parameters that have an impact
on it and analyze the indoor environment quality parameters in the built environ-
ment sector to improve the quality of life and well-being. For more background
knownledge on well-being see Appendix A.

1.2 Problem analysis

People spend approximately eight hours per day sleeping[71]. Sleep is cru-
cial for overall health and well-being. Insuf cient sleep and sleep disorders are
widespread among both adults and children, posing a signi cant public health is-
sue due to their association with adverse health outcomes[35]. In addition to the
impact on quality of life, poor sleep also results in a decreased level of functioning
and economic costs for society and the public sector in the form of reduced work
capacity, sick leave, welfare bene ts, and treatment in the healthcare system[60].

Lack of sleep negatively affects task performance, post-physical activity recov-
ery, cognitive function, and mood, increasing fatigue and reducing energy levels.
Poor sleep quality impairs decision-making, slows task performance speed, re-
duces accuracy, and hampers recovery after exercise. Age, psychological and phys-
iological conditions, culture, and the environment in uence sleep duration and
quality. Skin temperature, rapid temperature changes, and sweating during sleep
can greatly diminish sleep quality[79]. The sleep environment can either support
or disrupt the mental and physiological processes needed for good-quality sleep.
Important physical factors include light, noise, temperature, sleeping surface tex-
ture, aromas, the presence of others, and electronic devices. Other environmental
aspects, such as bodily, mental, and behavioral factors, also in uence sleep[56].

A study on bedroom environment and sleep quality in apartments in Seoul
indicated that people face different kinds of sleep environment issues, such as
too low or high air temperatures, relative humidity, and high CO , concentrations.
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Also, the sleep quality depends on the season, with the best quality in spring and
the worst in the summer. Interestingly, the impact of the sleep environment on
sleep quality differed depending on age[36]. It has been investigated that subjec-
tive experiences of environmental factors (light, temperature, safety, noise, comfort,
humidity, and smell) were linked to symptoms of insomnia and overall sleep qual-
ity[29].

Preliminary investigations have highlighted several factors in uencing sleep
quality, both directly and indirectly, all factors have been addressed with equal
weighting. The exact percentages for each factor remain uncertain, as they are in-
uenced by various elements such as gender, age, country, genetics, environment,
and medical history. All factors found have been illustrated in the pie chart 1.2,
this study is speci cally concerned with how indoor environmental conditions af-
fect residents' sleep quality in the built environment. Addressing the in uence of
other factors falls outside the scope of this study and will require future input from
specialists in related elds.

Figure 1.2: Indicators for assessing sleep quality
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1.3 Problem formulation

1.3.1 Problem statement

This study discusses and investigates the in uence of indoor environmental factors
on sleep quality in Denmark and develops a predictive model to assess potential
sleep quality in Danish dwellings.

1.3.2 Research Questions

1. How does each parameter of indoor environmental factors affect sleep qual-
ity? What is their combined effect?

2. How can the indoor environment be evaluated concerning sleep quality that
ts the IEQ-compass?

3. How far are the current indoor environment quality standards from promot-
ing appropriate sleep quality in Danish dwellings? Which modi cations can
enhance the standards for having adequate sleep quality?

1.4 Objectives

The study aims to analyze the in uential IEQ factors that impact sleep quality and
develop an assessment tool for sleep conditions in dwellings in Denmark.

1.5 Signi cance of the Study

This study will add some valuable information by:

1. Identifying IEQ parameters relevant for sleep quality.
2. Finding and prioritizing combined effects of parameters in uencing sleep.
3. Suggesting a possible way of evaluating the conditions for good sleep.

4. Making recommendations for the bedroom conditions to promote sleep qual-
ity.






Chapter 2

Literature Search

This chapter examines research that addresses the connection between Indoor En-
vironment Quality (IEQ) and sleep quality, with a particular emphasis on residen-
tial settings. It begins with exploring the key characteristics of quality sleep, fo-
cusing on the physiological and psychological aspects essential for restorative rest.
The chapter then reviews the effects of the four primary IEQ components (thermal
comfort, indoor air quality, visual comfort, and acoustic comfort) on sleep quality.
Additionally, it considers the interactions between these factors, offering insights
into their combined effect on the indoor environment.

2.1 Characteristics of a quality sleep

This section aims to provide the reader with an overview of sleep quality and its
importance for humans by compiling the concepts of normal sleep and its stages
from various literature.

A subjectively good night's sleep is characterized by[46]:

Falling asleep quickly

Staying asleep throughout the night without fully waking up

Not waking up too early

Feeling refreshed in the morning
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An objectively good sleep is measured by sleep stages and their distribution,
etc. Sleep research can contribute with knowledge about optimal sleep stage dis-
tribution, whereby the parameters of the sleeping environment can be adjusted ac-
cordingly. Sleep is divided into two main phases. REM sleep, where vivid dreams
occur, and non-REM sleep (NREM), the part where no dreams occur. NREM sleep
is divided into three stages.2.1 The higher the stage of NREM sleep, the harder it
is to wake up a person. Throughout the night, these stages are distributed in 4 - 6
cycles[46].

Sleep Stages | Type of Sleep Other Names Normal Length
Stage 1 NREM N1, sleep onset 1-7 minutes
Stage 2 NREM N2, light-sleep stage 10-25 minutes
Stage 3 NREM N3, slow-wave sleep, deep sleep | 20-40 minutes
Stage 4 REM REM Sleep 10-60 minutes

Table 2.1: Sleep Stages in a Normal Sleep Cycle
[46]

NREM 1 sleep is a light sleep stage in which the body and brain slow down.
If undisturbed, the person quickly transitions to NREM 2 sleep, where the body
becomes more relaxed with a drop in temperature, muscle relaxation, and a slower
heart rate and breathing. Brain waves develop a new pattern, eye movements stop,
and brain activity slows with brief bursts that help prevent waking up. NREM 2
sleep typically lasts 10-25 minutes, about half of total sleep time[64]. NREM 3, or
deep sleep, is more challenging to wake from and is crucial for physical recovery,
growth, and immune function. Brain activity slows further, characterized by delta
waves, with most deep sleep occurring in the night's rst half[19] [93].

REM sleep is a stage where brain activity increases to near-waking levels, while
most muscles are temporarily paralyzed, except those controlling eye movement
and breathing. This stage is essential for memory, learning, and creativity. REM
stages become longer as the night progresses, making up about 25% of total sleep
in adults. Deep and REM sleep is crucial for recovery and development, and a lack
of these stages can negatively affect cognitive function, emotions, and physical
health[10].

The ideal sleep pattern changes due to age, sex, seasonal changes, and geo-
graphic latitude. The following table shows the comparison between a national
study in the USA reported that good sleep for adults aged 26—64 years,[49] and a
Danish medical handbook[74]:

The Danish medical handbook does not see individual urination urges as dis-
turbing sleep. Similarly, the American study did not see waking up for less than 5
minutes as a problem. Here, it is assumed that urination takes less than 5 minutes.
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Sleep Parameter USA Study[49] Denmark[74]
Sleep latency 30 minutes 5-15 minutes
Number of awakenings One or less Not speci ed
Wake after sleep onset (WASO) 20 minutes 10-15 minutes
Sleep ef ciency Higher than 85% Not speci ed
NREM 1 sleep 5% 5-10%

NREM 2 sleep Less than 81% 40-50%
NREM 3 sleep 16-20% 20-25%

REM sleep 21-30% 20-25%

Table 2.2: Comparison of Sleep Patterns: USA Study and Danish Handbook

However, the Danish medical handbook says disturbing stimuli can make falling
asleep again in this phase dif cult[74].

2.2 Effects of Indoor Environmental Factors on Sleep Qual-
ity

This section compiles credible literature that speci cally examines the impact of in-
door environment quality (thermal comfort, indoor air quality, visual and acoustic
comfort) on sleep quality and the combined effect between IEQ parameters. The
ndings are a foundation for establishing a list of signi cant parameters that affect
sleep quality most and weighting them through thresholds or relevancy to design
a robust sleep assessment tool in Excel for residential buildings.

2.2.1 Thermal Comfort

Sleep is affected by ambient temperature; for example, the temperature between
the blanket and the person sleeping affects sleep. High and low thermal stim-
uli can cause activation and awakening effects like other sensory stimuli. Indi-
rectly, sweating or shivering can be activating. Thermoregulation in response to
room temperature is greatest when awake and somewhat less during deep sleep.
During REM sleep, the response to changes in external conditions is absent, and
humans are essentially poikilothermic (mediated by environmental temperature)
during REM sleep. Due to reduced sweating and blood vessel constriction, body
temperature increases during the period, and since the body cannot respond to
external temperature changes, sleep structure can be affected. The thermoneu-
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tral zone for humans is between 24°C and 28°C. Hence, if the temperature in the
thermoneutral zone is too high, the regulation mechanism will increase the sleep
stages with better thermoregulation, particularly increased wakefulness. The room
temperature that will provide this depends on the insulation from the blanket and
clothes. Therefore, the idea that it is healthy to sleep with an open window is not
unconditionally accurate[83].

A study using questionnaires and electroencephalograms (EEG) during the
winter investigated gender differences in sleep comfort and found that females
preferred a higher ambient temperature for sleep than males. Females had a
higher average skin temperature but lower nger skin temperature and blood ow
than males. Additionally, females' skin temperature and nger and blood ow
were more responsive to changes in ambient temperature. Both subjective assess-
ments and EEG data indicated that males experienced better sleep quality at the
same temperatures. Moreover, changes in skin temperature throughout the night
showed that males had longer periods of deep sleep than females[51]. Another
study investigated gender differences in thermal comfort during summer by con-
ducting experiments with varying ambient temperatures. It involved measuring
sleep quality through physiological indicators in both men and women. Results
showed that women preferred higher temperatures and exhibited greater temper-
ature sensitivity concerning sleep quality versus men. The study also found that
the discrepancy in sleep-related thermal needs between genders was greater than
during wakefulness[11].

An evaluation of the perceptions of thermal comfort and indoor air quality
in the bedrooms while people are sleeping, as well as their overall sleeping con-
ditions, was conducted by using data from a questionnaire that compared Air-
conditioning (AC) bedrooms with the Naturally/Mechanically Ventilated (NMV)
bedroom that identi ed NMV as a superior sleeping environment. Also, the sub-
jects' immediate impressions of perceived air quality and thermal comfort showed
a reasonable correlation with their past impressions. Additionally, there was a
fairly close relationship between the subjects' perceptions of perceived air quality
and thermal comfort[66].

Song, Z. et al.[69] investigated that the current air conditioner sleep modes often
use xed temperature settings, which fail to account for individual preferences
and changing room conditions, leading to discomfort. Then, the authors tried to
make a new dynamic thermal parameter model to address this issue by adjusting
based on users' metabolic rates and the thermal properties of their clothing and
bedding, detected before sleep and through feedback after waking. This model
could simulate the individual needs better and improved sleep satisfaction by 17%
versus xed settings. It creates personalized temperature control without needing
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private data.

In another study, six male participants slept wearing only shorts on a bed made
of nylon webbing, experiencing ve different ambient temperatures between 21°C
and 37°C. Their sleep stages were monitored using standard electrophysiological
methods. It was found that temperature signi cantly affected sleep, with a similar
sleep disruption for both high and low temperatures compared to the thermoneu-
tral temperature of 29°C. The 21°C condition was the most disruptive, with low
temperatures generally being more disruptive than high temperatures. Individu-
als' sensitivity to low temperatures varied among participants. The reduction in
REM sleep from temperature changes is likely due to an overall disruption of sleep
rather than speci c effects on the body's thermoregulation during REM sleep[31].

In a literature search, the following temperature settings have been recom-
mended for indoor temperature. It has been observed that the recommended tem-
perature is higher for residents closer to the equator2.3.

Source Interval of Room Temperature Region/City
[83] 14°C - 18°C Scandinavia
[9] 17°C - 28°C China, Shanghai

[98] 23.8°C for presleep & 26.5°C for sleep state| China, Beijing

[87] 24.8°C China, Shanghai
[97] 24.2°C China, Tsinghua
[12] 20°C China, Shanghai

Table 2.3: The recommended indoor temperature based on literature

2.2.2 Indoor Air Quality

CO, concentration:

Multiple studies have investigated the in uence of CO , concentrations on indoor
air quality (IAQ) and its subsequent effect on sleep quality. Mishra et al.[48] con-
ducted a study in the Netherlands and found that the average CO » level was 717
ppm with open windows and 1150 ppm with closed windows when the bedroom
relied on natural ventilation. The study demonstrated a signi cant difference in
sleep depth between open and closed window conditions, as measured by both
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guestionnaire-based and actigraphy-based methods.

Zhang et al.[97] observed that CO, concentrations tend to increase during the
night, stabilizing at an average of 1750 ppm. The authors reported that higher
CO, levels were associated with lower IAQ satisfaction among the participants.
Xiong et al.[86] used wrist-worn sensors to estimate the percentage of deep sleep
(NREM) and found a negative correlation with bedroom CO , levels. For every
100-ppm increase in CO, concentration, there was a 4.3% decrease in deep sleep
after adjusting for other variables. Higher CO , levels also resulted in poorer self-
reported sleep quality the following day. Additionally, the authors found the effect
of CO5, on light sleep percentage to vary based on the operative temperature of the
bedroom.

Stram-Tejsen et al.[71] showed that lower CO, levels signi cantly improved
both objectively measured sleep quality and the perceived freshness of the bed-
room air. These improvements were also linked to better next-day performance,
reduced sleepiness, and enhanced concentration, especially in tasks requiring log-
ical thinking. Xu et al. [87] found consistent results, indicating that higher air tem-
peratures, elevated CO, concentrations, and increased noise levels reduced sleep
quality, particularly during summer. Slow-wave sleep was negatively correlated
with air temperature and CO , levels, with lower CO , concentrations resulting
in improved comfort and sleep quality. Lo et al.[41] emphasized that exposure
to elevated CO, and reduced oxygen levels can lead to sleep disruption, further
highlighting the importance of proper ventilation in maintaining a healthy sleep
environment.

A literature review by Sekhar et al.[65] suggested a tentative relationship be-
tween bedroom ventilation and sleep quality based on CO , concentration ranges.
Their analysis indicated that CO , concentrations below 750 ppm did not affect
sleep quality. The effects were inconsistent between 750 ppm and 1150 ppm, with
some studies observing negative impacts and others not. However, CO, levels
above 1150 ppm consistently showed a deterioration in sleep quality, both subjec-
tively and objectively measured. Notably, CO , concentrations exceeding 2600 ppm
were associated with reduced cognitive performance the following day.

Relative Humidity (RH)

Kim et al.[36] highlighted that lower relative humidity (RH) during winter neg-
atively impacted sleep quality, particularly in older individuals. This issue was
evidenced by an increased apnea-hypopnea index (AHI), which measures the av-
erage number of sleep-disordered breathing events (apneas and hypopneas) per
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hour during sleep. A higher AHI indicates poorer sleep quality due to disrupted
breathing patterns.

Ambient temperature and humidity are interconnected, with optimal relative
humidity levels for human comfort ranging between 40% RH and 60% RH [70].
When humidity exceeds this range, the perceived ambient temperature becomes
hotter than the dry bulb temperature. Conversely, the ambient temperature feels
colder when humidity falls below this range. Low humidity, particularly during
cold winter, is associated with discomfort, including an increased incidence of
nosebleeds, itching, and dry eyes [59] [94].

On the other hand, high humidity is linked to reduced air quality, as it promotes
the growth and presence of dust mites, airborne fungal spores, bacteria, viruses,
and other airborne contaminants [4]. Humidity levels outside the 40-60% RH range
are known to affect sleep quality negatively, with excessively high and low levels
contributing to discomfort and poor sleep outcomes [9].

Volatile Organic Compounds (VOCs)

World Health Organization (WHO) recommendations for healthy levels of VOCs
depend on the speci ¢ VOC, but for the frequently occurring formaldehyde, levels
should be below 100 pg/m3 to ensure that no adverse effects are experienced. High
formaldehyde levels are common in many newly produced building materials,
furniture, paints, cleaning products, and textiles. It is also released from cigarette
smoke and wood-burning stoves[1].

Sun et al.[72] investigated the impact of VOCs on sleep using urine samples and
subjective questionnaires. The authors classi ed sleep disturbances into two cate-
gories: short duration of sleep and sleep dif culties. The study found that VOCs
should be avoided to avoid sleep disturbances, especially when cleaning products
containing VOCs at home and perfumes. Since the study examines VOCs through
urine samples, it does not differentiate between how VOCs are absorbed into the
body. The study also found other sleep-disrupting chemical substances. For ex-
ample; AAMA(a metabolite of acrylamide), can be used for water puri cation and
treatment or internal pipe coating and is, therefore, probably ingested via drinking
water. Unlike paint, where VOCs off-gassing is inhaled. AAMA was positively
linked to both sleep disorders and short sleep duration. A mix of different VOC
metabolites in the body was associated with an increased frequency of short sleep
duration and sleep disturbances in the adult American population. The American
population is assumed to be comparable to the adult Danish population. The study
emphasizes that little is known about VOC metabolites in the body. Therefore, all
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TVOCs in indoor environments are assumed to disrupt sleep.

Particulate Matter (PM)

Assumed that humans spend approximately one-third of their lives in the bed-
room, long-term exposure to smaller particles, such as PM2.5, poses an increased
health risk. PM2.5 penetrates deep into the lungs and bloodstream, raising the
likelihood of severe diseases, while PM10 tends to cause respiratory issues in the
nose and throat.

Wang et al.[80] found that long-term exposure to particulate matter (PM), in-
cluding PM1, PM2.5, and PM10, as well as Nitrogen dioxide (NO ), was signif-
icantly associated with prolonged sleep latency, particularly in individuals who
had suffered a stroke. PM2.5, in particular, has been shown to cause in ammatory
reactions in the brain by damaging the blood-brain barrier, allowing pollutants to
enter the central nervous system. Furthermore, PM2.5 can alter the expression of
genes involved in vascular regulation in the brain, indicating that air pollutants can
induce cerebrovascular effects. These ndings suggest a connection between air
pollution, stroke, and prolonged sleep latency through neurotoxic pathways[77].

Li et al.[40] conducted a study in Singapore and observed that PM numbers
in the indoor environment increased when windows were opened in urban ar-
eas. Their ndings indicated that 90.4% and 70.1% of the particle mass for open
and closed windows during sleep originated from indoor sources, respectively.
However, regarding particle count, only 28.2% (open window) and 7.5% (closed
window) came from indoor sources. These results suggest that while opening
windows may reduce PM from activities exposure during waking hours, keeping
them closed during sleep is advisable to minimize exposure to smaller particles
from outdoors. The geographical differences[18] between Singapore and Denmark
must be considered, as Denmark'’s agricultural activities and use of wood-burning
stoves may contribute to higher levels of PM2.5[8]. This issue makes it important
to keep windows closed during the fertilizer season or as a neighbor to a wood
stove.

Recent ndings by Banlgkke et al.[8] highlight that there is no clear threshold
for the harmful effects of air pollution, with health impacts observable even at
the lowest concentrations. This research has contributed to the World Health Or-
ganization's (WHO) decision to signi cantly lower their recommended maximum
concentration limits for PM2.5 and (NO ») in the 2021 air quality guidelines, which
are now much stricter than the current European Union regulations.
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2.2.3 Visual Comfort

Some people may struggle to sleep because total darkness makes them anxious, or
a partner might wake up at night and turn on the lights. Research indicates that
highly dark sleeping environments are linked to poor sleep quality, higher levels

of perceived stress, and increased feelings of neighborhood disorder[29]. In reality,
natural night-time light, such as that from a full moon (ranging from 0.1 to 0.3
IX), is considered harmless to human health due to its relatively low intensity[25].
The difference between light and darkness is the basis for the circadian rhythm in
many physiological functions. Light is also a sensory stimulus that is awakening

in itself. Lack of light can be deactivating and cause sleepiness. In contrast, the
summer midnight sun can activate and alter circadian rhythms[83].

A systematic review and dose-response meta-analysis identi ed a positive cor-
relation between night-time light exposure and sleep disturbances, with indoor
light (electronic devices + bedroom lights) posing a potentially greater risk than
outdoor light (street lights + lights of other buildings). Furthermore, the dose-
response analysis showed that the light intensity exceeding 5.8 nW/cm?/sr (ap-
proximately 0.19 Lux) signi cantly affected sleep problems. Indicating that light
intensity is signi cantly more disturbing at night than during the day[88]. An-
other study shows that the average light levels of 11 + 9 lux during designated
sleep periods do not negatively affect the quantity or quality of sleep in ICU pa-
tients. Additionally, light levels up to 18 lux just before sleep enhance patients'
self-reported sleep quality in the ICU[16].

A study by Wen P. et al. explored how different correlated color tempera-
ture (CCT) light environments in bedrooms affect adolescent sleep quality, next-
morning sleepiness, and fatigue recovery. Twelve male adolescents were exposed
to either high CCT (6000K, uorescent lamp) or low CCT (2000K, LED light) for
one hour before bedtime over 10 days. Key ndings indicate that exposure to low
CCT light signi cantly improved sleep quality and reduced next-morning sleepi-
ness compared to high CCT light exposure. Although there was a slight reduction
in fatigue in the low CCT group, the difference was not statistically signi cant.
These outcomes align with previous studies on adults and children, suggesting
that low CCT light may better support circadian rhythms by inhibiting melatonin,

a hormone crucial for sleep regulation. High CCT light, with its higher blue light
content, was shown to delay circadian phases, leading to poorer sleep quality and
increased morning drowsiness. The results demonstrate that using low CCT light-
ing in the evening can enhance adolescent sleep and next-morning alertness, po-
tentially promoting better overall health and performance[82].

A study by Dal E. et Al. evaluated the effects of biodynamic lighting, which






	Front page
	English title page
	Contents
	Preface
	Acknowledgments
	Abbreviation
	1 Introduction
	1.1 Well-being in built environment
	1.2 Problem analysis
	1.3 Problem formulation
	1.3.1 Problem statement
	1.3.2 Research Questions

	1.4 Objectives
	1.5 Significance of the Study

	2 Literature Search
	2.1 Characteristics of a quality sleep
	2.2 Effects of Indoor Environmental Factors on Sleep Quality
	2.2.1 Thermal Comfort
	2.2.2 Indoor Air Quality
	2.2.3 Visual Comfort
	2.2.4 Acoustic Comfort

	2.3 Combined Effects
	2.3.1 Thermal and Acoustic Comfort
	2.3.2 Thermal and Visual Comfort
	2.3.3 Thermal Comfort and Indoor Air Quality
	2.3.4 Acoustic and Visual Comfort
	2.3.5 Acoustic Comfort and Indoor Air Quality
	2.3.6 Visual Comfort and Indoor Air Quality


	3 Methodology
	3.1 Literature search
	3.2 Developing the Sleep Quality Assessment Tool

	4 Results
	4.1 Literature search analysis
	4.2 Base Case
	4.3 The Sleep Quality Assessment Tool

	5 Discussion
	5.1 Interpretations of the Base Case
	5.2 Interpretations of the Sleep Quality Assessment Tool
	5.2.1 Interpretation of the parameters
	5.2.2 Correlation Analysis of Comfort Parameters and Total Score
	5.2.3 Analyzing the distributions of variables and relationships between parameters

	5.3 Broader Interpretations
	5.3.1 Energy label
	5.3.2 Psychological Considerations
	5.3.3 Sleep Quality and Its Dependence on Cultural and Geographical Factors

	5.4 Comparison with existing legislation and recommendations
	5.5 Limitations, errors and uncertainties
	5.5.1 The Literature search
	5.5.2 The Base Case
	5.5.3 The Sleep Quality Assessment Tool
	5.5.4 Local Sensitivity Analysis
	5.5.5 Bias and stakeholders

	5.6 Future Research Directions

	6 Conclusion
	7 Recommendations
	Bibliography
	8 Appendices

