<@ sustainability

Article

Effectiveness of a Cool Bed Linen for Thermal Comfort and
Sleep Quality in Air-Conditioned Bedroom under
Hot-Humid Climate

Sheikh Ahmad Zaki *(9, Mohamad Faizal Rosli !, Hom Bahadur Rijal ("), Farah Nurhanis Hassan Sadzli !,

Aya Hagishima 3

check for

updates
Citation: Zaki, S.A.; Rosli, M.E; Rijal,
H.B.; Sadzli, EN.H.; Hagishima, A.;
Yakub, F. Effectiveness of a Cool Bed
Linen for Thermal Comfort and Sleep
Quality in Air-Conditioned Bedroom
under Hot-Humid Climate.
Sustainability 2021, 13, 9099.
https:/ /doi.org/10.3390/su13169099

Academic Editors: Cinzia Buratti and

Francesca Merli

Received: 19 June 2021
Accepted: 10 August 2021
Published: 13 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Fitri Yakub !

Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia Kuala Lumpur,
Kuala Lumpur 54100, Malaysia; mohamad.faizal@graduate.utm.my (M.ER.);

fnurhanis2@gmail.com (FN.H.S.); mfitri. kl@utm.my (F.Y.)

Faculty of Environmental Studies, Tokyo City University, Yokohama 224-8551, Japan; rijal@tcu.ac.jp
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Fukuoka 816-8580, Japan;
ayahagishima@kyudai.jp

*  Correspondence: sheikh.kl@utm.my; Tel.: +60-3220-31483; Fax: +60-3220-31266

Abstract: Comfort temperature and sleep quality involving 20 participants were determined in two
cases: Case A (arbitrary, controlled air-conditioner setting) and Case B (adjustment of 3 °C higher
than the setting of Case A with cool bed linen). Data of indoor thermal comfort and electricity
consumption were collected every night throughout the measurement period. Questionnaires on
thermal comfort and sleep quality were distributed twice a night for a duration of three nights for
each case; the first night was for respondents’ adaptation and the following two nights were for
measurement. The sleep quality of the respondents was objectively measured using a commercially
available activity tracker. Results found that most respondents were thermally comfortable in both
cases, with 39% lower energy consumption reported for Case B compared to Case A. The thermal
conditions of Case B were found to be more tolerable than those of Case A. Most respondents reported
to have a calm and satisfied sleep for both cases. Comfort temperature and Sleep Efficiency Index
(SEI) were found to be maintained in both cases.

Keywords: cool bed linen; thermal comfort; air conditioning; bedroom; sleep quality

1. Introduction

Thermal comfort is essential in everyday life. Since the early days, people have been
finding ways to ensure that their living conditions, with adaptation to local climate, are
thermally comfortable. A study by Samson et al. [1] on the Tanzanian indigenous hunter-
gatherer people, the Hadza, revealed that the early humans perhaps used the domicile hut
as their living spaces to increase the thermal consistency of their living environment. In the
ancient Malay Archipelago where Malaysia is now located, the unique traditional design
of the Malay house is found to be promoting airflow across the entire living area, which is
very important for the hot and humid climate of South East Asia (Nik Hassin et al. [2]).

In the modern era, the usage of mechanical devices has become a necessity in archiving
thermal comfort whether in hot or cold environments. For a tropical climate such as
Malaysia, the usage of air conditioners (AC) has seen a steady increase in the recent years.
According to the survey data from the Department of Statistics Malaysia [3], 22.3% of
households in 2010 owned air conditioners, which is an increase of 16.2% from the year
2000. Most of the usage occurs in bedrooms, which indicates that air conditioners are
mainly used during sleeping hours [4,5]. This usage pattern contributes to the larger power
demand for households at nighttime compared to the daytime. For example, Ranjbar
et al. [6] conducted a survey in a low-cost public apartment building in an urban area
of Kuala Lumpur, Malaysia, and reported that seven out of ten houses were equipped
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with AC in bedrooms; they also found that the peak demand occurred between 22:00
and 07:00 due to AC usage during the sleeping period. In addition, Mekhilef et al. [7]
reported that the average usage of AC overnight was 1086 kWh, higher than the daytime
AC usage of 730 kWh per year in a high-rise residential building in Kuala Lumpur. Kubota
et al. [8] conducted a survey on energy consumption and AC usage in terrace houses in
Johor Bahru, Malaysia, and found that 80% of the respondents switched on the AC by
23:00 and that more than 50% of them continued to use AC until 05:00. In the study by
Ono et al. [9] that involved multiple dwellings in Kuala Lumpur, AC usage was found
to be mostly frequent at nighttime, including the sleeping period. The usage pattern is
not only found in Malaysia but also in other countries during the summer seasons. Lan
et al. [10] reviewed past studies on AC usage in bedrooms; they reported that high AC
usage in bedrooms during summer in Shanghai, China, and Hong Kong. In addition, they
pointed out the importance of further studies to reduce AC usage during the sleeping
period. From these studies, there is no doubt that most of the AC usage in the residential
dwellings occurs during nighttime and during sleeping hours. Further investigating the
usage during these hours and strategies in reducing the usage would be useful in reducing
the energy consumption by households during these hours.

Regarding AC usage patterns in residential buildings, Sekhar [11] pointed out that
people living in hot and humid climates prefer to have low AC temperature settings. In
fact, the questionnaire survey by Ekasiwi et al. [12] reported that the average AC tempera-
ture during sleeping hours was 22 °C for residential buildings in Kuala Lumpur. This is
lower than what is recommended by the Malaysian government, which is 24 °C [13]. The
behaviour is also found in other countries such as Japan. Muro [14] obtained the setpoint
temperature by gender in Japan through a survey and found that male respondents pre-
ferred a lower setpoint temperature (average of 26.5 °C) than female respondents (average
of 27.2 °C). A low setpoint temperature of cooling during sleeping hours will increase
the electricity consumption and may induce sleep disorder and health deterioration. For
example, Lin and Deng [15] reported that around 60% of respondents experienced sleep
disorder with the AC in operation. Ekasiwi et al. [12] also found that 27% of respondents
in Kuala Lumpur had symptoms related to the low temperature living. Haskell et al. [16]
found that rapid eye movement (REM) sleep and stage 2 sleep at 21 °C decrease compared
to sleep conditions at the thermoneutral temperature. Similar results were found by Can-
das et al. [17], Palca et al. [18] and Sagot et al. [19]. Thus, promoting a higher setpoint
temperatures for sleep would be beneficial in improving sleep quality and other health
problems related with low temperature living.

On the other hand, clothing and bedding type or insulations are also found to affect
both thermal comfort and sleep quality. Lin and Deng [20,21] studied thermal comfort in
sleeping environments by measuring the total insulation of the bedding system commonly
used in the subtropics and established a thermal comfort model for sleeping environments.
Jaafar and Croxford [22] and Jaafar [23] studied the effect of different covers (blanket
and comforter) on the thermal neutrality of occupants in Malaysia. The study found that
occupants who slept with a comforter had thermal neutrality of 2.3 °C lower compared to
the blanket users. Shin et al. [24] conducted a study on different sleepwear fabrics under
different ambient temperatures during a sleep period. Okamoto-Mizuno et al. [25] studied
the effects of different materials used as a bedsheet and a bed pad in Japan; they found
that the cotton bedsheet and the polyester bed pad improve the sleep quality significantly
compared to the linen bedsheet and bed pad.

Although the study of thermal comfort and sleep quality is still limited, the available
previous studies are beneficial in selecting the suitable and practical methodology for the
present study. An easy (and the oldest) approach in evaluating both thermal comfort
and sleep quality is using a questionnaire survey. The questionnaire survey such as the
ASHRAE 7-point scale [26] is widely used in studies of thermal comfort, especially in
waking up state. Sleep quality evaluation using a questionnaire survey is also widely
used in the form of Pittsburgh Sleep Quality Index (PSQI) and its variations. Both of these
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questionnaires are adopted in a study by Zhang et al. [27] which also found that the most
satisfactory operative temperature was at 24.2 °C, with subjects having a lower neutral
temperature and a broader accepted temperature range during sleep. In addition, Imagawa
and Rijal [28] also adopt the questionnaire surveys in investigating the thermal comfort,
sleep quality, and behaviour of occupants in the bedrooms of Japanese houses during the
hot and humid season. The study found that the mean comfort temperature during the hot
and humid season is between 26.4 and 27.1 °C. Questionnaire surveys are also used in a
study by Kim and Kum [29], who investigated the thermal comfort during sleep during
summer in Korea. The study concludes that the sleep quality is the best at 26 °C and worst
at 30 °C. The same approach is also adopted in studies by Liu et al. [30] and Wang et al. [31]
which found that the best sleep quality is at the indoor operative temperature of 15.8 °C.

The use of a subjective questionnaire survey, especially in evaluating sleep quality have
its own limitations, as pointed out by Lan and Lian [32]. Thus, some studies have adopted
the use of an objective sleep quality measurement device, such as an electroencephalogram
(EEG) device to capture vital signs. For example, Lan et al. [33] conducted experiments on
the thermal comfort of occupants during sleep periods at three air temperatures, i.e., 23 °C,
26 °C, and 30 °C, using an EEG device to evaluate sleep quality. The study found that the
air temperature greatly effects sleep quality, with a large difference in neutral temperature
between the waking up state and sleeping state. Pan et al. [34] conducted experiments
with a similar evaluation method for three different air temperatures, i.e., 17 °C, 20 °C,
and 23 °C, and found that the temperature of 23 °C provides the best sleep quality of all
three temperatures. While the EEG is a very accurate device in capturing vital signs related
to the sleep stages, it is also a very expensive and sophisticated device. Apart from the
use of EEG, a simpler device in measuring sleep quality in the form of a wrist wearable
device could also be used. A study by Tsuzuki and Mori [35] adopted the use of a wrist
actigraphy device in evaluating sleep quality of occupants in 22 Malaysian houses. The
study found that the sleep quality decreases with increased air temperature and air velocity.
Commercially available wrist wearable devices such as a Garmin or Polar activity tracker
are also found accurately measure sleep data, as pointed out in studies by Brooke et al. [36],
Lee et al. [37] and Spielmanns et al. [38]. Therefore, the combined use of a questionnaire
survey and a wrist wearable device in evaluating both thermal comfort and sleep quality
could be explored.

With this background, this study intends to find an effective alternative to prevent
excessive use of AC during the respondents’ sleep period without impairing their sleep
quality. Specifically, the authors focused on a special type of bed linen which was developed
to alleviate the difficulty of sleeping in the hot summer of Japan and examined whether
the use of this product could contribute to the increase in the cooling setpoint temperature
without deteriorating the sleep quality of the respondents in Malaysia. To the authors’
knowledge, these study combinations have not been conducted by other researchers prior
to this study. For these purposes, experiments of thermal comfort and sleep qualities
of 20 respondents were conducted in air-conditioned bedrooms in Kuala Lumpur under
two conditions: the first is the condition wherein respondents freely adjusted the cooling
setpoint temperature; the second is the condition in which the cool bed linen was placed
on the top of the bedsheet and the setpoint temperature was 3 °C higher than that of the
previous case. The thermal comfort is evaluated using a questionnaire survey and the
sleep quality is evaluated using both questionnaire survey and sleep data recorded from a
Garmin activity tracker.

2. Materials and Methods
2.1. Field Survey

The field survey was conducted at the Business and Advanced Technology Centre
(BATC) building located in the Universiti Teknologi Malaysia Kuala Lumpur (UTMKL)
campus, from 10 November 2017 until 9 January 2018. The BATC is a two-storey building,
as shown in Figure 1a,b. It offers accommodation for the public or students and has a
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floor area of 2461.3 m2. Two guest rooms at the BATC with split system AC units were
utilised to conduct the field study. The guest rooms were designated as rooms A and B, as
shown in Figure 1a, and both are located on the second floor of the BATC. The layouts of
rooms A and B with floor areas of 10.1 m? and 10.6 m? are provided in Figure 1c,d, and e
respectively. Figure le shows the example of the setup of the room wherein the sensors
were placed near the head pillow on the bed. The placement of the sensors is based on the
study by Crawshaw et al. [39] which showed that a human head has a high concentration
of thermoreceptors. The instrument rig was placed within 0.5 m from the edge of the bed.

.7 Instruments

3.5m

a
-
”

o
@
VAR S A

Bv oo

v o ow ou on oz
n v ou

nw o oo o ow

”
7
”

= 3.5m

Figure 1. Details of the measurement site: (a) the floor plan of the second floor of the BATC building with the locations
of the investigated rooms; (b) the BATC building; (c) an example of the sensor setup in the room; (d,e) the layouts of the
investigated rooms A and B, respectively, and (e).
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Two cases, Case A and Case B, were adopted in this study, as depicted in Figure 2. Case
A refers to the usual situation, in which a respondent was allowed to freely decide the AC
setpoint temperature based on his/her preference. An ordinary bedspread made of 100%
cotton was used by all respondents throughout the duration of measurement. Blankets
were also provided if needed by the respondents. Other additional bedding material
including a simple sheet, a light duvet, and a cooling sheet were not provided nor worn by
the respondents in this study. In the second case (Case B), the AC temperature was set 3 °C
higher than the respective setpoint set by the respondent in Case A. Respondents were
reminded not to alter the temperature settings throughout the night. The 3 °C difference
of the setting temperatures between the two cases was determined from our preliminary
study as the thermal perception was found to be affected after at least a 3 °C change in the
setpoint temperature. Furthermore, Lan et al. [33] and Pan et al. [34] also incorporated the
3 °C temperature difference, although their studies were conducted in different climate
conditions. To compensate for this higher setting temperature, the bedding was replaced
with a special “cool” bed linen composed of 70% polyethylene, 20% polyester and 10%
nylon on the outer fabric, 95% back polyester and 5% nylon mesh in the lining, and 100%
polyester in core padding, produced by a Japanese company. The “cool” bed linen covered
the bed without covering the pillow.

oA e T ——
(b) Bedding setting with cool
. bedlinen

"
Ordinary bedding setting
Jwithout cool bedlinen

Figure 2. Bedding used in the adaptive cooling cases investigated in this study: (a) ordinary bedding employed in Case A
and (b) cool bed linen used in Case B.

The indoor thermal conditions were measured continuously during the measurement
period, and the questionnaire was distributed simultaneously. The respondents were
required to sleep in the same room for three consecutive nights with each case while
the field survey was conducted. The selected number of nights (i.e., three) was based
on the study by Shin et al. [24]; one adjustment night was considered and followed by
consecutive nights for measurement. A study by Tsukuzi et al. [40] also used two nights as
measurement nights while a study by Lan et al. [41] only used one night as measurement
night for each case. On the first night, the respondents could adjust and adapt to the room
conditions. During the adjustment night, the respondents were free to set the AC tempera-
ture as they desired. Subsequently, on the second and third nights, the measurement was
performed and the measured data obtained were utilised for the sleep quality analysis.
The respondents wore similar types of clothing for all nights with a CLO value of 0.29.
The type of beddings was similar for all nights throughout the study, except the use of
the “cool” bed linen in Case B. No socks were allowed to be worn by the respondents.
However, the respondents were free to cover their bodies using the provided blanket.
The percentage of covering and the corresponding insulation value were evaluated using
the respondents’ information in the questionnaire for which they were asked to make a
selection, as shown in Figure 3; the respondents were instructed to fill up this information
after waking up. This type of evaluation on blanket coverage was also used in the study by
Tsuzuki et al. [42]. The total insulation values were determined according to the American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Fundamental
Handbook Chapter 9, representing the added insulation values of sleepwear and blanket
within a 25% margin of error [43]. The effect of hand covering was not evaluated in this
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study. For the thermal comfort analysis, the data from all three nights were used since the
data did not show large variations. A total of 20 respondents, comprising 10 males and
10 females aged between 23 and 35 years (mean 24.7 &+ 2.7 years) with mean body mass
index (BMI) of 23.5 £ 5.7, participated in this study. In total, 120 votes were collected from
the 20 respondents in both cases. The breakdown of the measurement nights is shown in
Table 1. The selected number of respondents are comparable with other thermal comfort
studies such as the study by Lan et al. [33], Pan et al. [34] and Okamoto-Mizuno et al. [25],
which ranged between 8 and 20 respondents. All respondents who participated in this
study were ensured to be healthy and free from sleeping disorders, chronic diseases and

long-term medication.
5 6 7 8
88 94.1

233 48 59.1 67 799 . 100  [%]
oo : ,
Percentage of body covered by the Percentage of body covered by the bedding sys-

bedding system without a blanket tem with a blanket

Figure 3. Percentage of the body surface covered by the bedding system. Adapted from ref. [20].

Table 1. Description of each case by night in this study.

Case Night Description Temperature Setpoint Remarks
Case A 1 Adjustment Night for Case A As desired
gase 2 ; gase ﬁ Elgiz ; si {?s dtes;e.dht ’ All respondents completed
ase ase '® rar to g Case A nights before
Case B 4 Adjustment Night for Case B 3 °C higher than Night 2 starting Case B
Case B 5 Case B Night 1 3 °C higher than Night 2
Case B 6 Case B Night 2 3 °C higher than Night 2

2.2. Indoor Thermal Variables

Four indoor environmental variables were measured: air temperature (1), globe
temperature (Ty), relative humidity (RH), and air velocity (V). All of these variables were
measured in 1 min intervals at 0.7 m above the floor, which was the same as the height of
the bed. In addition, T, was measured at 0.4 m (near the floor) and 2 m (near the ceiling).
The additional sensors at the heights of 0.4 m and 2 m were to measure the T, profiles to
observe the temperature variation by height in the investigated rooms. Each instrument
was installed on a stand, as depicted in Figure 4a,b. In addition, each respondent wore a
sleep quality device, as shown in Figure 4c. The sleep monitoring device measured the total
duration of sleep and total time awake in minutes based on the movement of the arms. The
AC power consumption was also measured using the electricity consumption measurement
device, shown in Figure 4d. All of the instruments were calibrated, and all of the sensors
were tested before data collection. The specifications of the instruments are summarised in
Table 2. Both the mean radiant temperature (Ty,t) and operative temperature (T,,) were
calculated using the expression provided in ASHRAE Standard 55 Handbook [43]. The
outdoor air temperature (T,) was obtained from the weather station located on the roof of
the Malaysia-Japan International Institute of Technology building in the UTMKL campus.
The information about this weather station can be found in Swarno et al. [44,45].
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(a)

Relative humidity

NS

Garmin wristwatc!

AC electricify consumption

Figure 4. Setup of instruments in the investigated rooms: (a) sensor-holding stand, (b) sensors used to measure the indoor
thermal conditions at the level of the bed, (c) a respondent’s hand with a Garmin wristwatch, and (d) configuration used to

measure the AC electricity consumption.

Table 2. Specifications of the instruments used in this study.

Instrument (Model) Parameter Sensor Type Resolution Accuracy and Tolerance
External sensor
onseriiono it MLl agsecomoco o
= ’ 00 o0 00
(U12-013) Relative humidity black sphere +2.5% RH (from 10% to 90%)
Internal sensor
KANOMAX +2% of reading +
Climomaster Hot-Wire Air velocity Needle probe 6542-2G 0.03% RH 0.0125 m/s (from 0.10 to
Anemometer 30.0 m/s)
+0.3%rdg + 0.2%f.s. +
accuracy of clamp sensor
(power factor 1, sine wave,
. . 40-70 Hz)
Power Quality AC electricity o o
Analyser (KE6315-03) consumption Load current clamp sensor 0.01m/s +0.2%rdg £ 0.2%f.s.+

accuracy of clamp sensor
(sine wave, 40-70 Hz)
£0.2%rdg £ 0.2%f.s. (sine
wave, 40-70 Hz)

Garmin Wristwatch

Sleep monitoring

Pulse oximeter (pulse OX)

2.3. Objective Sleep Assessment

Each respondent wore a Garmin watch activity tracker for the objective sleep quality
assessment which includes Sleep Period Time (SPT) and Wake After Sleep Onset (WASO)
that are needed to estimate Sleep Efficiency Index (SEI). The Garmin watch was selected
due to its wide availability in retail shops. The study by Brooke et al. [36] also found that
the Garmin watch is one of the most accurate devices for SPT measurement compared to
other wearable activity trackers.
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2.4. Subjective Sleep Assessment through Questionnaire

Each respondent answered the questionnaire twice each night. The questionnaire,
which was printed on paper, was filled out manually by the respondent. The first and sec-
ond surveys were conducted 10 min before the participant went to sleep and immediately
after he or she woke up, respectively. The respondents were also reminded and clarified on
the procedures before the start of the study. All of the respondents were in good health and
took no medications during the field survey. The questionnaire consisted of two types of
surveys: thermal comfort and sleep quality surveys. The thermal comfort survey included
the thermal sensation, preference, and acceptability; air movement sensation and accept-
ability; skin moisture sensation and preference; and overall comfort of the respondents.
The thermal comfort survey was designed based on the work by Damiati et al. [46], Zaki
et al. [47], Mustapa et al. [48], Khalid et al. [49], and Imagawa and Rijal [28]. The thermal
sensation was assessed by using the ASHRAE 7-point scale [26]. Meanwhile, the thermal
acceptance, thermal preference, and overall comfort were assessed on 2-, 5-, and 6-point
scales, respectively. The air movement sensation was evaluated by using a 4-point skin
moisture sensation scale. The details of all of the scales used in the thermal comfort survey
are provided in Table 3.

Table 3. Scales used in the thermal comfort survey.

Scale ocC TSV TA TP AMS AMA SMS SMP
6 Very
comfortable
5 Comfortable
4 Slightly Strong
comfortable airflow
Slightly Moderate
3 uncomfortable Hot airflow
2 Uncomfortable Warm Prefer much Weak Very sticky Prefer.much
cooler airflow drier
1 Very Slightly Yes Prefer slightly No airflow Yes Sticky Prefer glightly
uncomfortable warm cooler drier
0 Neutral No No change No Neutral Neutral
1 Slightly Prefer slightly Dry Prefer slightly
cool warmer moister
9 Cool Prefer much Very dry Prefer‘ much
warmer moister
-3 Cold

OC: overall comfort; TSV: thermal sensation vote; TA: thermal acceptability; TP: thermal preference; AMS: air movement sensation; AMA:
air movement acceptability; SMS: skin moisture sensation; SMP: skin moisture preference.

The sleep quality survey addressed the subjective perceptions of the respondents
regarding their sleep quality. The survey consisted of five questions addressing sleep
calmness, sleep satisfaction, sufficiency of sleep, total number of times waking up during
the night, and reason for waking up, as presented in Table 4. The sleep calmness scale,
ranging from “very calm” to “very restless”, is based on the study by Akerstedt et al. [50].
For the other four questions, the scales in the sleep quality survey were based on a previous
study [51]. The insulation values of clothes were estimated based on ASHRAE Standard
55 [26]. Meanwhile, the insulation of the bedding system was estimated based on observa-
tions of the investigated bedrooms. In general, a bedding system consists of a single bed, a
conventional mattress, a 100% cotton bedspread, and a blanket. However, it is necessary to
consider the percentage of the body surface covered by the bedding, since it could affect
human comfort. Therefore, the insulation value of the bedding system and the percentage
of the body surface of each respondent covered by the bedding system were determined
based on the study by Lin and Deng [20]. As mentioned, the percentage of covering was
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evaluated using the respondents’ information from the questionnaire after waking up. The
different percentages of the body surface area covered by the bedding system are shown
in Figure 3. The figure illustrates the different bedding placements on the body of the
respondent, each corresponding to the percentage of the body surface area covered by the
bedding and the bed, obtained from McCullough et al. [52]. For example, picture 1 depicts
23.3% of the body surface area being in contact with the bedding system and without being
covered by a blanket; picture 3 depicts 59.1% of the body surface area being in contact with
the bedding system, with the blanket covering half of the body. The respondent’s adaptive
action of adjusting the blanket coverage was evaluated in this study. Thus, for Case B, since
the insulation value of the “cool” bed linen could not be determined from the available
documents, the insulation value from the “cool” bed linen was neglected for simplicity and
the similar bedding insulation value of Case A was assumed.

Table 4. Scales used in the sleep quality survey.

. . Total Number of .
Scale Sleep Calmness Sleep Satisfaction Sufficiency of Times Waking Up Reason for Waking
Sleep . Up
at Night
0 No Never
1 Very restless Not at all Yes Once Feeling hot
2 Quite restless Not much Twice Feeling cold
3 INEither calmnor Moderately Three times Noises
restless
4 Fairly calm Fairly More ’Fhan three Urgent urination
times
The bed was
5 Very calm Fully uncomfortable
6 Other
3. Results

3.1. Outdoor and Indoor Thermal Conditions

This section presents the outdoor and indoor thermal conditions obtained from the
field measurements. Table 5a,b show the temperature settings for each case for all respon-
dents. On average, male respondents have lower setpoint temperature compared to female
respondents. Figures 5 and 6 show the variations of indoor air temperature (T;) and the
mean T, during the period of sleeping by gender in both cases during the field survey.
The mean T, during the sleeping period from 22:00 to 10:00 in Case A ranged from 24
to 29 °C, and the averages of mean T, were 22.0 °C and 23.3 °C for the male and female
respondents, respectively. This wide range of indoor temperature clearly indicates the
diverse preference of respondents toward the AC setpoint temperature. In contrast, the
averages of mean T, during the sleeping period in Case B were 24.2 °C and 25.3 °C for the
male and female respondents, respectively; this is higher by about 2 °C than that of Case
A for both genders. In other words, the realised indoor air temperature was not equal to
the AC setpoint temperature. The difference between the setpoint temperature and the
realised indoor air temperature could be due to a few factors. First, the AC units in both
rooms are not equipped with heating elements or heat pump mode. Thus, the AC-supplied
air temperature would be limited to its outdoor air temperature. Secondly, the AC units
installed could be undersized for the rooms. For the given room size, the suggested cooling
requirement according to Energy Star [53] is around 6000 BTU or 1.8 kW. Moreover, the
performance of the AC units in the rooms might be affected by wear and tear since both
AC units are quite aged. Furthermore, the AC units might not be very well maintained
throughout their lifetimes, resulting in decreased performance.
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Sustainability 2021, 13, 9099

11 of 25

Table 5. (a) Temperature settings for each case for female respondents. (b) Temperature settings for each case for male

respondents.

(a)

Respondent ID

F1 F2 E3 F4 F5 F6 F7 F8 F9 F10 Average

Case A Setting Temperature (°C) 26.00  25.00 21.00  26.00 25.00  24.00 23.00 20.00 27.00  21.00 23.80

Case B Setting Temperature (°C)

29.00 28.00 24.00 29.00 28.00 27.00 26.00 23.00 30.00 24.00 26.80

(b)

Respondent ID

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 Average

Case A Setting Temperature (°C) 19.00  21.00 20.00  26.00 26.00 16.00 21.00 23.00 22.00  23.00 21.70

Case B Setting Temperature (°C)

22.00  24.00 23.00 29.00  29.00 19.00  24.00 26.00 25.00  26.00 24.70

In Figure 7, the average air temperature measure for Case B was compared with the
ideal air temperature of Case B, which is 3 °C higher than the average air temperature mea-
sured for Case A. This comparison was intended to observe a 3 °C difference in the indoor
air temperature. However, the measured air temperature was not 3 °C higher as intended.
The difference in the measured air temperature is discussed earlier. This difference was
most visible for respondents that had initially set a relatively high temperature in Case
A. This shows the limits of the typical AC units equipped without a heating element as
the maximum air temperature that could be provided by a typical AC unit is limited to
the outdoor air temperature. For example, a typical AC set at 30 °C would not be able to
supply air temperature at 30 °C if the outdoor air temperature is 28 °C.

32

3 Ideal Case B (Temperature Case A + 3 °C)
1

30
29
28
27
26 @ Case B (R2=0.9061)

25

Temperature ( °C)

24

23
22 ® Mb

21

18 19 20 21 22 23 24 25 26 27 28 29
Case A Indoor Air Temperature ( °C)

Figure 7. Comparison between the measured temperature of Case B and the ideal temperature of
Case B for each respondent.

The mean outdoor and indoor thermal measurements during the sleeping period are
presented in Tables 6 and 7. For both cases, the data obtained were averaged from 10 min
before each respondent went to sleep until he or she woke up in the morning. The results
show that T, at 2 m was approximately 1 °C higher than those at 0.7 m and 0.4 m. The
illustration of the mean air temperature distribution according to the floor height for both
cases is in the Figure 8. This was due to the presence of warmer air, which tends to rise as it
is less dense than colder air. Meanwhile, T, is identical at 0.7 m and 0.4 m. Since 0.7 m was
the height of the bed, T, at 0.7 m is considered for the subsequent analysis and comparison.
The mean T, at 0.7 m was 1.7 °C higher in Case B than in Case A.
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Table 6. Mean values of outdoor and indoor thermal conditions during the survey.
. Indoor Air Temperature, T, (°C) Globe
C N V. Outdoor Air Temperature
ase ar. Temperature, T, °C)  EL: EL. FL. T (°IZ:) ’
20m 0.7 m, Bed Height 0.4 m 4
Case A 40 Mean 25.8 24.5 23.0 23.0 23.2
ase S.D. 1.0 22 3.0 3.0 29
Case B 40 Mean 25.6 253 247 247 24.7
ase S.D. 0.7 2.0 25 2.6 24
Table 7. Mean values of outdoor and indoor thermal conditions during the survey.
Relative Absolute Air Velocit Mean Radiant Operative
Case N Var. Humidity, Humidity, V. (m/s) Y Temperature, Temperature,
RH (%) AH (g/kg (DA)) . Tinrt (°C) Top (°C)
Case A 40 Mean 68 12.5 0.10 233 23.1
ase S.D. 11 4.0 0.03 2.7 2.9
Case B 40 Mean 74 14.8 0.11 24.8 24.7
ase S.D. 9 3.5 0.04 2.3 24
25
2 24.5°C
25.3°C
E
% 15
g
24.7°C
0.5
24.7°C
0
225 23 235 2 245 25 255

Mean Indoor Air Temperature, T, (°C)

—8—Case A Case B

Figure 8. Illustration of mean air temperature distribution according to the floor height.

The correlations of T, with the globe temperature (T¢) and operative temperature
(Top) were also determined and found to be highly statistically significant for both cases, as
shown in Figure 9. It was necessary to analyse the correlations of these thermal indices
with T, since Ty was affected by heat radiation, whereas T,, was estimated by using T.
According to the correlation analysis results, no radiation existed in the investigated rooms
during the field survey, since Tg is similar to the measured T,. In this study, Top is used for
the subsequent analysis and discussion.
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Figure 9. Correlation between (a) T, and T,y and (b) T, and Tg.

In Table 7, the highest RH was 74% for Case B and 68% for Case A. Meanwhile, the
mean absolute humidity (AH) was 14.8 g/kgpa for Case B and 12.5 g/kgpa for Case
A. These values are higher than the upper AH limit of 12 g/kgpa specified in ASHRAE
Standard 55 [26]. Figure 10 shows the Relative Humidity (RH) for one of the respondents
(F1). The graph shows that there is a very similar pattern of RH between each case.
As there are no relative humidity control mechanisms, this study is unable to further
evaluate the effect of relative humidity to the respondents. This approach was also seen in
other combined thermal comfort and sleep quality studies that did not use a controlled
climate chamber, such as Zhang et al. [27] and Tsang et al. [54]. A study by Rijal et al. [55]
also concludes that the humidity has very little effect on the comfort temperatures of
respondents.

100 Day 1 Day 2 Day 3
90
80
70
60
50
40
30
20
10

Relative Humidity (%)
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5:00
6:00
7:00
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9:00

10:00

23:00
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1:00
2:00
3:00
4:00
5:00
6:00
7:00

8:00
9:00
10:00
23:00
0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00

——Case A —Case B
Figure 10. Evolution of relative humidity, RH (%) for each night for respondent F1.

In Table 7, the mean air velocity (V) is almost low and almost the same with both cases.
These V, values are normal for an indoor setting [46]. The very similar air velocity between
both cases eliminates the effect of air velocity to the sleep quality of the respondents. This
is also supported by studies by Morito et al. [51] and Akiyama et al. [56], who reported that
small air velocity difference resulted in no effects in amount of time during each sleep stage
and Total Wake After Sleep Onset (WASO), respectively. However, it is acknowledged that
a higher airflow difference between each set of data could result in more visible effects on

the sleep quality and thermal comfort of a room occupant, as mentioned in the study by
Lan et al. [57].
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3.2. Correlation between AC Power Consumption and T,

The mean AC power consumption was compared with the temperature difference (AT)
between T, and T, for each respondent and both cases, as shown in Figure 11. The figure
shows that a low value of T, resulted in increased AC power consumption. As expected,
the AC power consumption was found to be increasing as the difference between indoor
and outdoor temperatures increases. In addition, the overall AC power consumption was
decreased with Case B. The difference between the mean AC power consumption results
obtained for the two cases is 0.16 kW or a 39% reduction in energy consumption in Case
B. According to Ranjbar et al. [6], the average AC electricity consumption constitutes a
significant portion of the total electricity consumption, and the peak AC demand occurs
during the sleep period at night.

__100 1.0
2 (9 First cooling strategy (Case A)
© _ _
£ L 80 4Mean=041kW SD =0.16kW _N=60 O] 08 2
o d e
a4 Second cooling strategy (Case B) c
3L 60 + 06 2
g 3 Mean=0.25kW S5.D.=0.12 kW =]
o ® £
£ 38 40 - 04 3
@ £ 8
o 9 o
§ ‘% 2.0 r 0.2 2
25 .
£ 3 00 ; - 0.0
8 £ F9 F4 F1 M5 M4 F5 F2 F6 F7 M10 M8 M9 F3 M2 M7 F8 F10 M3 M1 M6

Respondent
mmm Mean AC consumption Case A Mean AC consumption Case B =©-AT Case A =3¢AT Case B

Figure 11. Comparison of the mean AC power consumption with the mean AT of each respondent for both cases. F and M
indicate female and male respondents, respectively.

3.3. Subjective Evaluations
3.3.1. Distribution of Votes

This section discusses the subjective evaluations of the respondents according to the
questionnaire. Table 8 summarises the subjective evaluations for both cases. It indicates
that the mean thermal sensation vote (TSV) ranges from —1 to 1 with both cases and
that the respondents could accept the present conditions of both cases. This conclusion
is confirmed by the thermal acceptance (TA), which has a mean of 1.0 for both cases.
Meanwhile, the mean thermal preference (TP) in both cases is close to “0—no change” with
the value at exactly 0 in Case B. This shows that the cool bed linen provided adequate
thermal conditions even with the higher air temperature in Case B. In addition, it was
essential to determine the overall comfort of the respondents to assess whether they were
satisfied with the indoor thermal environment. The mean overall comfort (OC) values
are near “5—comfortable” for both cases. Thus, it can be said that the majority of the
participants were comfortable overall. The air movement sensation (AMS) shows that most
of the respondents voted “2—weak airflow” inside the rooms for both cases. Generally,
the respondents could accept the air movement in the rooms, as shown by the fact that the
air movement acceptability (AMA) has a mean value of approximately 1.0 in both cases
where AMA values of 1 and 0 are “acceptable” and “not acceptable”, respectively. This
indicates that the respondents were satisfied with the air movement in the rooms for both
cases. The skin moisture sensation (SMS) was also investigated. The corresponding survey
question was initially intended to identify the sensations of the participants regarding the
humidity of the room. However, our preliminary study revealed that the respondents did
not understand the meaning of “humidity”. Thus, the question was modified by changing
it to skin moisture sensation. Based on our findings, the mean SMS values for Cases A and
B were —0.3 and —0.1, respectively, while the skin moisture preference (SMP) was almost
“0—no change”, indicating a neutral feeling in all cases.
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Table 8. Mean and standard deviation of each subjective variable in each case.

Case N Var. TSV ocC TA TP AMS AMA  SMS SMP

Mean —08 48 10 02 21 09 -03 —02
CaseA 40 gp g 0.7 0.2 0.6 0.6 0.3 05 05
Mean —02 50 10 00 23 09 -01 -01
CaseB 40 op  0p 0.6 0.2 0.6 0.7 0.2 03 0.4

N: number of samples; Var.: variable; TSV: thermal sensation vote; OC: overall comfort; TA: thermal acceptability;
TP: thermal preference; AMS: air movement sensation; AMA: air movement acceptability; SMS: skin moisture
sensation; SMP: skin moisture preference; S.D.: standard deviation.

3.3.2. TSV and TP

Table 9 shows the percentages of the TP scores corresponding to each TSV for both
cases. Logically, when the respondents selected “3—cold”, “2—cool”, and “1—slightly
cool”, they preferred “1—slightly warmer” or “2—much warmer” conditions. In Case A,
81.6% of the respondents reported being comfortable (voted TP of —1 to +1) and 94.9%
of respondents reported being comfortable in Case B. In addition, the percentage of the
respondents who preferred the ideal vote combination, which is “0—mno change” of TP
when describing their thermal sensation as “0—neutral”, was higher with Case B than
with Case A (57.5% versus 30.8%, respectively). It seems that the respondents were more
comfortable with Case B in this case. When only comparing the TP vote of “0—no change”
regardless of the thermal sensation, the total vote for Case B was 75%, which was higher
compared to 64.1% for Case A. This suggests that most people prefer the condition of Case
B, although for some of them, the temperature was not at neutral. This finding follows
the study by Shahzad and Rijal [58], which suggests that some people prefer staying in
a climate with non-neutral temperature while also feeling thermally comfortable. These
findings demonstrate that the respondents were satisfied with the thermal conditions in
the room and did not want to change the conditions.

Table 9. Percentages of TSV corresponding to each TP value for each case.

Thermal Thermal Sensation Vote, TSV (%)

Case
Preference, TP —3 _2 -1 0 1 2
-1 1.7 3.3 2.5
0 5.8 25.8 30.8 1.7

CaseA 4 17 8.3 15.0 0.8 17
2 1.7 0.8 1.7
-2 0.8 0.8 0.8
-1 3.3 3.3 5.0

Case B 0 16.7 57.5 0.8
1 0.8 75 0.8
2 1.7

3.4. Comfort Temperature Using Griffiths” Method

The comfort temperature (T;) was estimated using the Griffiths” method [59,60]. On
the other hand, applying linear regression for adaptive behaviour can be misleading when
estimating T, [59,61]. Therefore, the Griffiths’ method was selected to predict T, for each
individual based on the TSV, using the following equation:

(0—TSV) @

Tc=T+
where T can be T,, Tg or Top (°C), TSV is the thermal sensation vote, 0 indicates the neutral
condition, and « is the constant rate at which the thermal sensation changes with the
room temperature. When TSV = 0 in Equation (1), the comfort temperature is equal to the
substituted T.
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In applying the Griffiths” method, a values of 0.25, 0.33, and 0.50 were previously
employed by Mustapa et al. [48] and Humphreys et al. [61] for the 7-point TSV. Here,
the comfort temperature was estimated by using these « values to validate the Griffiths’
comfort temperature. Table 10 presents the descriptive statistics of the mean comfort
temperatures corresponding to each constant, using T, Teg, and Teop. Humphreys et al. [61]
suggested that a values greater than 0.40 are more reliable. Consequently, « = 0.50 was
used to estimate the comfort temperature based on T,,, which is consistent with other
studies [48,62,63]. The comfort temperatures estimated using the Griffiths” method for
both cases (24.7 °C and 25.2 °C for Cases A and B, respectively) are close to the mean Ty,
as shown in Table 5. Thus, a = 0.50 was adopted to estimate the comfort temperature.
Considering the thermal adaptation in each climate, the comfort temperature is related to
the indoor temperature [64,65]; therefore, T, was used to validate the Griffiths” comfort
temperature in this study.

Table 10. Comfort temperatures obtained using the Griffiths” method.

Tea °C) Teg (°C) Tegp (°C)

Case & Mean S.D. Mean S.D. Mean S.D.
Case A 0.25 26.1 4.2 26.3 4.1 26.2 4.1
(N = 40) 0.33 25.3 3.7 25.5 3.6 255 3.5

0.50 245 3.2 24.7 3.1 247 3.1
Case B 0.25 25.6 3.5 25.7 3.4 25.7 3.4
(N = 40) 0.33 25.3 3.1 25.5 3.0 25.4 3.0
0.50 25.1 2.8 25.2 2.7 25.2 2.7

N: number of samples; a: Griffiths” constant; S.D.: standard deviation; T,: comfort air temperature; Tee: comfort
globe temperature; Tcp: comfort operative temperature.

The estimated mean comfort operative temperature (Tc,) was compared with the
mean temperature when TSV was “0—neutral” and OC was “5—comfortable” or “6—
very comfortable”, as shown in Table 11. The values of T,y determined by using the
Griffiths” method are comparable to the mean Ty, values obtained earlier for both cases as
shown in Table 7. In this study, the estimated comfort temperature was within the range
recommended by the Malaysian government, which is 24-26 °C [13].

Table 11. Mean and standard deviation of T, for given votes.

Teop (°O) Top (CO)
Case Griffiths’ Method TSV =0 OC=50r6

N Mean S.D. N Mean S.D. N Mean S.D. Mean
Case A 40 24.7 3.1 42 23.8 2.8 99 24.5 29 23.1
Case B 40 25.2 2.7 75 24.7 2.6 101 25.0 2.7 24.7

Teop: comfort operative temperature; N: number of samples; S.D.: standard deviation; TSV: thermal sensation vote; OC: overall comfort.

Figure 12 shows the estimated mean comfort ranges of the three thermal indices, T,
Teg, and Teop, along with the error bars for each case. The error bars represent the mean =+ 2
standard error. The estimated values of T¢s, Teg, and Teop Obtained by the Griffiths” method
are about 1 °C higher for Case B than for Case A. The cool bed linen used in Case B could
have influenced the respondents in adapting to the indoor thermal conditions even though
the AC temperature was set 3 °C higher than in Case A. Furthermore, the obtained values
of Tea, Teg, and Teop imply that the comfort level was almost similar in both conditions.
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Figure 12. Mean comfort temperatures and 95% confidence intervals (mean =+ 2 S.E.) for both cases
based on the Griffiths” method.

3.5. Clothing and Bedding Insulation

The insulation provided by clothing helps reduce body heat loss and assists the body
in maintaining a proper heat balance in hot conditions. Clothing can be classified according
to its insulation value, which affects thermal sensation while sleeping. Figure 13 shows the
values of mean and standard deviation of the clothing, bedding, and total insulation for
both genders and both cases. The mean bedding insulation of the female respondents is
1.9 CLO for Case A and 1.8 for Case B, which is higher than the male respondents. The
standard deviation for bedding insulation of the female respondents is 0.3 CLO for Case A
and 0.4 CLO for Case B while for the male respondents, the standard deviation is 0.5 CLO
for both cases. Consequently, the total insulation value is higher for the female respondents
than for the male respondents, since the mean clothing insulation values are similar for
both genders. The mean total insulation values of the male and female respondents were
found to be significantly different between the two cases (Case A: t=2.38, N =30, p = 0.021;
Case B: t = 3.06, N = 30, p = 0.003); this could be because the female respondents are
more sensitive to indoor thermal conditions than the male respondents. This finding is
in agreement with that of Pan et al. [66], who observed that the mean skin temperature
of the female respondents could change more rapidly than that of the male respondents,
indicating that the former is more sensitive to the ambient temperature than the latter.
Thus, a higher ambient temperature is needed for the female respondents so as to balance
heat transfer. In addition, the total insulation values for the male and female respondents
were lower in Case B than in Case A. The respondents might feel more comfortable with
the thermal conditions of the rooms and altered the percentages of their bodies covered by
the bedding in response to the current room temperature although the AC temperature
was set according to their preferences (in Case A) without accounting for the suitability of
the setting for thermal comfort throughout the night.
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Figure 13. Mean and standard deviation of the insulation values for the male and female respondents in each case.

One of the factors that influenced the clothing insulation during sleeping was the
indoor thermal environment. The mean total insulation values of the respondents for
each day and T, are shown in Figure 14; the figure shows that the total insulation value
decreases with increasing T,,. Based on this result, it was determined that the weighted
least squares regression for both cases was statistically significant.
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Figure 14. Correlation between the total insulation value and T, (°C).

The weighted least squares regressions for Cases A and B, respectively, are as follows:

Case A, I, = —0.05 T, + 3.24 (R2 = 0.60; N = 60; S.E. = 0.014; p = 0.009) )

Case B, I; = —0.10 T, + 4.34 (R2 =0.69; N =60; SE. = 0022 p = 0.001) 3)

where I is the total insulation value (clo), R? is the coefficient of determination, N is the
number of samples, S.E. is the standard error of the regression coefficient, and p is the
significance level of the regression coefficient.

The respondents tended to wear less clothing to insulate their bodies during the
sleeping period as they noticed that the indoor temperature was high. This behaviour
agrees well with the clothing insulation value, which significantly influences the indoor
temperature for sleeping [21]. People may try to attain comfort by wearing minimal clothes
while sleeping. Clothing insulation is influenced by human sensitivity to indoor thermal
conditions and thus can be predicted based on the indoor temperature [59]. However,
besides clothing, it is necessary to consider the variation in the percentage of the body
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surface covered by bedding, such as a blanket, which could affect the sensitivity to indoor
thermal conditions during the sleeping period.

3.6. Sleep Quality

This section describes the sleep quality of the respondents. To analyse sleep quality,
the second and third nights of measurements were only considered, since the first night
was intended for adjustment so that the respondents could adapt to the room conditions.

3.6.1. Sleep Quality Evaluations

Table 12 shows the distribution of sleep quality based on the questionnaire surveys
for both cases. The mean values of the variables are quite similar. For both cases, the
respondents generally voted “4—fairly calm” for sleep calmness and “4—fairly” for sleep
satisfaction. The votes for sleep calmness were found to be statistically insignificant, which
indicates that the votes are independent between both cases. Meanwhile, the respondents
woke up once on average and tended to select “4—urgent urination” as the reason for
waking up in both cases. However, it should be noted that our study involved only subjects
who were in good health during the field measurements. In addition, Table 13 shows the
percentages of votes of each value for each sleep quality parameter. Based on this table,
the highest percentages of votes for the total number of times waking up during the night,
which was “1—once”, are 32.5% and 42.5% for Cases A and B, respectively. Similarly,
“6—other” received the highest percentages of votes as the reason for waking up in both
cases. Based on the justifications of the respondents, their reasons for waking up included
presence of mosquitos, sudden awakening from sleep, having nightmares, and performing
night prayers for the Muslim respondents. The votes for the reason of waking up and the
number of times of waking up at night were found to be statistically insignificant, which
means that most subjects would probably be waking up at least once regardless of the
environment.

Table 12. Mean and standard deviation of each sleep quality parameter based on the questionnaire for both cases.

Total Number of Times

C Sleep Calmness Sleep Satisfaction Sufficiency of Sleep Waking Up during the Reason for Waking Up
ase N Night
Mean S.D.  p-Value Mean S.D. p-Value Mean S.D. p-Value Mean S.D. p-Value Mean S.D. p-Value
Case A 40 41 0.6 4.0 0.8 0.9 0.3 1.2 1.2 3.9 1.7
CaseB 40 42 07 027 41 o7 0825 09 03 0754 12 085 4p g7 0863
Table 13. Percentages of votes of each value for each sleep quality parameter for both cases.
Case N Scal Sleep Sleep Sufficiency of $?r:isl\i)l;l\r/1\ziriz; Reason for
Calmness (%)  Satisfaction (%)  Sleep (%) Up at Night (%) Waking Up (%)
40 0 7.6 32.5

1 92.5 32.5 2.5

2 2.5 7.5 22.5 17.5
Case A 3 10.0 10.0 5.0 7.5

4 67.5 55.0 7.5 17.5

5 20.0 27.5 25

6 20.0

40 0 10.0

1 90.0 425 2.5

2 20.0 5.0
Case B 3 15.0 25.0 25.0 17.5

4 52.5 45.0 10.0 7.5

5 325 30.0 25 2.5

6 225

N: number of samples.
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Thus, it is more accurate to validate the mean values of the sleep quality parameters
using the percentages of votes for each sleep quality value since the considerations could be
different. In addition, “2—feeling cold” was the second most common reason for waking
up in Case A. This finding seems compatible with the results of a survey conducted in
Hong Kong during summer; in the survey, up to 25% of the respondents reported waking
up because of low indoor air temperature [15]. However, the cooling strategy adopted in
Case B, namely the installation of cool bed linen and increasing the AC temperature setting
by 3 °C can reduce the likelihood of waking up due to feeling cold.

Based on the sleep calmness and sleep satisfaction results obtained in this study, the
respondents seemed calmer and more satisfied with their sleep in such indoor thermal
conditions as opposed to the findings of Lan et al. [33] for which the intended temperature
was 23 °C. For the sleep satisfaction results, no vote was obtained for “2—not much
satisfaction” in Case B, whereas 3 votes of a total of 40 votes (7.5%) were obtained in Case
A. It can be concluded that the respondents in this study were satisfied with their sleep
in the given thermal environment and obtained enough sleep during the measurement
period, although the votes were found to be statistically insignificant from the p-value.

3.6.2. Sleep Efficiency Index (SEI)

The mean values of the sleep quality variables for each case are shown in Table 13.
The SEI (%) was calculated by using Equation (4) [35]:

SEI = (SPT — WASO)/SPT ()

where SPT is the total duration of sleep and WASO is total time awake, as recorded by
the Garmin wristwatch. Meanwhile, the time in bed (TIB) refers to the duration from the
primary sleep period during which each participant was trying to sleep in bed until he or
she woke up, according to our manual record. The mean TIB was 6 h 57 min for Case A
and 6 h 29 min for Case B. The TIB was found to be statistically significant, as presented
in Table 14, indicating that the added cool bed linen affected the duration of the primary
sleep. Meanwhile, the mean SPT values with Cases A and B were 6 h 35 min and 6 h 7 min,
respectively. Table 14 also shows that the SPT was found to be statistically significant,
reflecting that the addition of cool bed linen affected the duration of sleep. These results
reflect the respondent’s sleep duration of Cases A and B when referring to TIB and SPT,
while the WASO values of the respondents decrease with Case B. The WASO was found to
be statistically significant, as presented in Table 14.

Table 14. Mean and standard deviation of each sleep variable for both cases.

Case N Var TIB (h:min) SPT (h:min) WASO (min) SEI (%)
: (p = 0.032) (p = 0.05) (p < 0.001) (p = 0.002)
Mean 6:57 6:35 12 9
Case A 40 S.D. 1:25 1:27 12 4
Mean 6:29 6:07 7 98
Case B 40 S.D. 1:15 1:12 6 2

N:number of samples; S.D.: standard deviation; TIB: time in bed; SPT: total duration of sleep recorded by the Garmin wristwatch; WASO:
total duration of waking up recorded by the Garmin wristwatch.

Figure 15 illustrates the mean values of SPT and SEI with both cases for the individual
respondents. The mean SEI is higher with Case B than with Case A. Thus, the values of
the sleep variables improved with the use of cool bed linen in Case B even though the AC
temperature setting was increased by 3 °C from that in Case A which was without the
cool bed linen. A sample t-test was conducted to compare the SEI between the two cases
(Table 13), and it was found that the two strategies were statistically significant. Specifically,
the mean for SEI of Case B was 2% higher than that of Case A. This could imply that the
sleep quality in both cases is comparable with slightly better sleep quality in Case B. Thus,
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Figure 15. Mean values of SPT and SEI of both cases for each respondent.

3.7. Study Limitations

The limitations of this study should be noted. To begin, the study was conducted
in guest rooms and not the respondents’” own rooms. While one adjustment night was
already considered for the study, some people might still need more nights to adjust
to the new sleeping environment. Furthermore, the respondents might be subjected to
sequence effects since the study was conducted for three consecutive nights for each case;
this was not considered in the present study. In addition, while the study focused on
the setpoint temperature as the reference temperature, the reading and the results of the
study were based on the observed indoor air temperature, which might be different from
the setpoint temperature. Thus, in some cases where the outdoor temperature was lower
than the setpoint temperature, the AC compressor would have difficulty in achieving the
setpoint temperature. This is because the AC units in both rooms were not equipped with
heating elements. Moreover, since the measurement took place in two rooms with the total
number of 20 respondents each at different times, the outdoor condition tended to vary
between each set of data. In addition, as the study was fully conducted in the field, the
study does not consider the simulation of the indoor environmental condition as a method
in predicting comfort. Moreover, this study did not specify balancing between thermal
resistance and heat storage as it was not the main objective of the study; such parameters
will be considered in future studies.

Since the study was performed in Kuala Lumpur, Malaysia, where the climate is
hot and humid, the behavioural regulation mode may only be suitable in areas with the
similar climate. This study also did not focus on the thermal insulation value as the output.
However, the insulation values estimated in the study were used as reference in the results
of the corresponding thermal comfort and sleep quality, as shown in Figures 13 and 14.
The estimation of the total thermal insulation value was based on ASHRAE Standard 55
Handbook [43] and this could be different from the actual insulation value experienced by
the respondents.

4. Conclusions

In this study, the possibility of preventing excessive AC use during sleeping hours
was examined for 20 respondents under two conditions, namely Case A (freely adjusted
setpoint temperature) and Case B (a setpoint temperature of 3 °C higher than that of Case
A with cool bed linen). The conclusions of the field study can be summarised as follows:

1.  The average of observed indoor temperature during the sleep period in Case B was
about 2 °C higher than that in Case A. On the other hand, the subjective evaluations
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by respondents showed that 94.9% of the respondents provided votes within the
comfortable range in Case B, while 81.6% did so in Case A, indicating that they were
satisfied with the thermal conditions in the rooms.

2. By installing the cool bed linen and setting the AC temperature at 3 °C higher, the
electricity consumption of the air conditioning unit was reduced, leading to energy
savings of up to 39%. The cool bed linen usage compensates the higher setpoint
temperature while maintaining the similar comfort level as in Case A (the original
setpoint temperature).

3. The estimated comfort temperature in Case B was about 1 °C higher than in Case A.
This result implies that in both cases, the comfort level was maintained, demonstrating
that the cool bed linen installed in Case B compensated the increase in the setpoint
temperature from that of Case A.

4.  Based on the clothing insulation during sleeping hours, the respondents could tolerate
the indoor thermal conditions in Case B. Thus, the use of the cool bed linen in Case B
provided comfortable sleeping conditions to the respondents.

5. From the sleep quality survey, most of the respondents experienced calmness while
sleeping and were satisfied with their sleep; this was evidenced by the collected
data of sleep calmness ratings of “4—fairly calm” and “5—very calm” and sleep
satisfaction ratings of “4—fairly” and “5—fully”, both of which received the highest
percentages of votes for Cases A and B. Furthermore, the respondents were found
to wake up at least once at night regardless of the sleep conditions. In fact, the
respondents’ reasons for waking up were unrelated to the ambient temperature. In
addition, the Sleep Efficiency Index of each respondent was higher for Case B than
that for Case A. This result indicates that the settings of Case B led to a slightly better
sleep quality of the respondents. Thus, the higher temperature settings in Case B with
the added cool bed linen maintained the sleep quality of the respondents relative to
Case A.

In summary, the use of the cool bed linen with the increased AC setpoint temperature
by 3 °C maintained the sleep quality of the respondents, and they were satisfied with the
thermal conditions in the rooms. This cooling strategy also produced significant energy
savings by reducing the dependency on AC usage. This strategy can be easily applied in
residential settings since it does not require any additional technology to be implemented.
More field studies should be conducted, especially in regions of tropical climate, because
the number of available studies on thermal comfort in sleeping environments is limited.
The present study only considered 20 respondents; therefore, it is recommended that future
studies increase the number and diversity of respondents and that the studies be conducted
in respondents” dwellings so that the results will capture the thermal comfort requirements
for a wider variety of respondents and thermal adaptations.
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