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Summary

« ASHRAE research project 1837-RP on "The effects of
ventilation in sleeping environments"

* Launched on October 1, 2019

» Partners: Technical University of Denmark and
JiaoTong University, China

» Duration: 36 months (extension granted)
« Completion: April 30, 2023 (new date)
* Funding: US$ 230,541 (ASHRAE), US$366,541 (total)



Promised activities (in a nutshell)

« Summary of standards defining bedroom conditions
« Summary of literature on ventilation and sleep quality

* Cross-sectional studies in bedrooms to characterize
ventilation conditioms

« Intervention studies in bedrooms

Specific aim
« Amendment to ASHRAE Standard 62.2 ” Ventilation

and Acceptable Indoor Air Quality in Residential
Buildings”

Additional studies (extensions)

« Survey of bedroom conditions (prior to and
after the COVID-19 lockdown)

« Laboratory studies on the effects of
ventilation, pure CO,, temperature and N9
ventilation noise on sleep quality :

« Examining bedroom and door opening
behavior

« Estimation of CO, generation rate for sleeping
people (young acfu ts and elderly)

« Estimation of emission rates of bioeffluents
from sleeping people using PTR-MS-TOF

« Comparison of performance of different sleep
trackers against polysomnograph (PSG)




Review of literature and standards

Summary of studies examining the
effects of ventilation on sleep quality
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Scanty information on whether the reported ventilation rates
would disturb sleep quality

<750 ppm bedroom CO, undisturbed sleep quality range
>2600 ppm bedroom CO, disturbed sleep quality range with
possible reduced next-day cognitive performance

ASHRAE Soumai - Aprd 2021 [56 - 57]

Column

Reviewing How Bedroom
Ventilation Affects IAQ
And Sleep Quality
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Good sleep is essential for our health and daytime functioning; seven to nine hours

on
expected effects on sleep when bedreom ventilation and IAQ are inadequate.



Laboratory experiments

Laboratory setup, the sleeping capsule




Estimating the emission rate of CO,
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Emission rate of carbon dioxide while sleeping
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Abstract

Humans emit carbon dioxide (€0 25 2 product of their metabolism. Its concentra-
tion in buildings is used as a marker of venilation rate (VR) and degree of mixing of
‘supply air, and indoor air quality (IAQ). The CO, emission rate (CER) may be used to
estimate the ventilation rate. Many studies have measured CERs from subjects who
were awake b little data are available from sleeping subjects and the present publi-
i i i L females (29 + 5 years old;
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+ CO, emission rates of sleeping people is
around 11 L/h, 40% lower than the emission
rates when awake. Fairly constant across

studies.

Implications

« Current evidence
suggest the rates
above 10 L/sp (CO,
levels below 750
ppm) will ensure
undisturbed sleep
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BMI: 22.2 + 0.8 kz/m?) and four males (27 + 1 years old; BMI: 20.5 + 1.5 kg/m?) slept
for four consecutive nights in a specially constructed capsule at two temperatures
(24 and 28°C) and two VRs that maintained CO, levels at ca. 800 ppm and 1700 ppm
simulating sleeping conditions reported in the literature. The order of exposure was
balanced, and the first night was for adaptation. Their physiclogical respenses, inchud-
ing heart rate, pNNs,, core body temperature, and skin temperature, were measured
as well as sleep quality, and subjective responses were collected each evening and
morning. Measured steady-state CO; concentrations during sleep were used to es-
fimate CERs with a mass-balance equation. The average CER was 11.0 2 1.4 Lih per
person and was 6% higher for males than for females (P.< 0.05) Increasing the tem-
perature or decreasing IAQ by decreasing VR had no effects on measured CERs and

in physiologi e CERs

for jects using. i ! pe

Respiratory Quetient (RQ), and our measured CERs confinmed both these calculations

and the CERs predicted using the equations provided by ASHRAE Standard 621,

ASHRAE Handbook, and ASTM D6245-18. The present results provide a valuable

and helpful reference for the desizn and control of bedroom ventilation but require
to other age| i

and
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The effects of ventilation and

temperature on
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Experimental conditions

» Both elevated temperatures and poor air
quality increase sleep onset latency

(more time needed to fall asleep)

sleep quality

Building and Eavironment 209 {2022) 109666

Comtents lise svailable a¢ ScienceDirec:

Building and Environment

joumal homepage: www.elsevier. comlocata/bulldeny

FI SEVIER

The effects of ventilation and temperature on sleep quality and next-day H
work performance: pilot measurements in a climate chamber

Xiaojun Fan ™", Huigi Shao®, Mitsuharu Sakamoto °, Kazuki Kuga®, Li Lan®, David P. Wyon®,
Kazuhide Ito”, Mariya P. Bivolarova®, Ghenxi Liao, Pawel Wargocki *
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ARTICLE INFO ABSTRACT

Tem bealthy young adults slept ane by one in a specially designed and constructed sleep capsule located in a

oo were 800 and 1700 and reduced
wentilation, while seep onset latency was longes under these coaditions, Sleep ¢fficiency was lowes al 8 °C.

28 °C. The subjects indicated. that thel

T
pesformance improved after sleeging at 24 °C but oot when
Both objs

g
performance was warse after siceping in

The effects of ventilation and
ventilation noise on sleep quality

Poor ventilation resulted in reduced sleep
quality measured objectively by
polysomnography.

Ventilation noise was perceived as less
acceptable and could be shown objectively
to have disrupted sleep, effectively
cancelling the positive effects of improving
the ventilation

Occupants are expected not to operate
ventilation as intended in bedrooms if
ventilation noise is too high

Any potential sources of noise should be
eliminated

ORIGINAL ARTICLE WILEY
Pilot study of the effects of ventilation and ventilation noise on
sleep quality in the young and elderly

Lilan'® | YuxiangSun! | David P.Wyon?® | Pawel Wargocki®

Onsariment of Architecuee, School of
Do hang 2 Tong vty Abstract
Shanghn Chira r

ventilation /low noise (B); Mechanical ventilation/high nose (C). The int

were achieved by idling a mechanical ventilation system or aperating it in two -
ferent modes. Nine young people and nine older people were all expased to each of
the three conditions for 2 whole night's sleep, but data from only 15 subjects were
analyzed as three young subjects apparently slept with open windows in condition A.
Steep quality was measured objectively with pelysomnography (PG, which monl-

tored signaks of (EEGL (EOG), and
chin g the sleeping period.
were collected i ‘waking i th

trations of cortisol and lysazyme in them were determined. Without mechanical vear-
tilation, the indoor CO, level averaged about 1400 ppm during the night. Operating
the mechanical ventilation decreased the indoor CO, to below 1000 pom, which
Improved cbjectively measured slesp quality: wake time after slesp onset (WASO)
15 niin (s fency (SE) inc
age by about 4% fp < 0.05). Increased ventilation nokse level (S0.8dBIA) vs. 34 7dBIA);
54.9dBIC) vs. 4BAB{CY) did not significantly change SE or WASO but did change the
duration of sleep stages: It decreased the duration of deep sleep by Limin (p < 0.05)
and 17 min (p <0, i ion of light sleep by 17 min
{p < 0.05). The ventilation noise significantly increased the concentration of lysazyme
in the eiderty (p < 0.05) although no significant effects on cortisol could be shown.

= cts on sleep quality
and that ventilation noise at or above S00B(A) may disrupt sleep.

nnnnnnnn
eldery, health, seep quslity, ventiation, ventistion noize
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Field experiments:

surveys, cross-sectional and
interventions

The survey in Danish bedrooms, contd

Mechanical
ventilation in
bedrooms reduce
disturbance to sleep
caused by stuffy
and too cool air; the
more disturbances
to sleep (and the
more objects in
bedrooms being
potential sources of
pollution) the
poorer sleep quality

Sdence of the Total Environment 798 (2021) 149209

Contants lists availabla at ScienceDiract

Science of the Total Environment -

(=
journal homepage: www.slsevier.com/locate/scitoteny s

A survey of bedroom ventilation types and the subjective sleep quality m

associated with them in Danish housing H

Chenxi Liao *®*** Mizuho Akimoto®< Marlya Petrova Bivolarova®, Chandra Sekhar®, Jelle Laverge?,
Xlacuun Fan® Li ].an Pawel WargDckl

roup Building Physics,
e,

i, and Climate Control, Department of Architecnure aral Urban Planning, Ghent University, Belgium
tand Energy, Department of Chvil Engineering, Technical University of Denmark, Denmark
apan

ity of Singapore. Singapore
Depmm t of Architecture, School of Design, Shanghai Jian Tong University, Shanghai, PR China

HIGHLIGHTS GRAPHICAL ABSTRACT

+ Sleep disturbance caused by stuffy air
reduces sleep quality in people’s life.

sleey
* Fish tank, printer, carpet and TV placed
in bedrooms decrease sleep quality.
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The effects of the COVID-19 lockdown

on bedroom use and sleep quality

More stress and new |
working style 7 Massive online questionnaire surve

| q * in the capital region of Denmark.
ggtggr%r;ges to Sleep 3 ' + impact of the COVID-19 pandemic on

bedroom environment and sleep changes

Bedroom converted to | January to March 2020

office _ Before the 15t lockdown
Around 40% Ventllated 517 people responded
bedrooms more often March to April 2021

Got up later and went to
bed later After the 2nd lockdown

Around 33% felt their sleep
quality decreased

182 people responded

The survey in Chinese bedrooms

Building and Environment 205 (2021) 108252

Subjectively assessed sleep quality
was significantly affected by heat in
transitional season, cold, heat and
noise in the summer, cold, heat,

Contents lists available at ScienceDirect

Building and Environment

ELSEVIER journal homepage: www.elsevier.com/locate/buildeny

dryness and noise in winter
Sleep quality was significantly )
correlated with decorations in the Five hypotheses concerned with bedroom environment and sleep quality: A #5580
bedroom; presence of a plant questionnaire survey in Shanghai city, China
increased the risk of poor subjectively o xu*, 1i Lan*, Jingyun shen*, Yuxiang Sun", Zhiwei Lian*"
rated sleep quality * S of D, Shrghl o Tong Unirsty, Shanghc, 200240,
R R R * China instiite of Urban Governance, Shanghal Jiao Tong University, Shanghai, 200030, China
Outdoor surroundings including
highway, railway track, active airport SRS TR
decreased subjectively assessed sleep s Py TR——— =
H Sleep quality sleep quality were proposed. In ler to verif o5 we mndur a questionnaire survey whicl
q ua I Ity ‘E‘;'::"”" "“"i"":"‘“' IMI:dqms ;);arln c:anghm Tl el mf:.ms i e myhnh\m:
. . RSN JurnIagY environment, living habits and sleep quali tal of valid questionnaires males, females) were
The sleep quality of respondents with e mbmiar ol v it bt 420y v s mm‘?ﬁ.m I el season,
. . . . cold, heat and noise in summer, cold, heat, ess and noise in winter, respectively, le living in the
ventilation time Ionger than 15 min he:rmms'wlihnm plants had a 74.5% rh:r:mdznnemng better sleep m'an mos:\:rm: mpz‘;m wi:‘: pl.“:lm
. . - Artificial facilities (objects or areas constructed with certain functions) around houses had a significant negative
was sign ifica ntly m proved effeet on inhabitants” sleep quality, but no significant impact of natural landscape (original landseape of nature)
. . was found. Ventilation was an effective way to improve bedroom environment. The frequency of ventilation in
S | eeping w |th dOO r open ed was the moming was significantly correlated with sleep quality (p < 0.05), and ventilation time longer than 15 min
a ) ; per day helped significantly improve the inhabitants' sleep quality (p < 0.05); during sleep period, compared
considered to improve sleep quality wth the Inhabitants n sealed bedrooms,the average slecp qualiy of Inhabitanis who opend doors ncreased by

26.0%, 4.7% and 13.9% in transitional season, summer and winter, respectively, but opened windows had no
obvious effect. Generally, the five hypotheses were highly or moderately verified, which could play an important
guiding role in future studies.
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Mean CO; (ppm)

Measurements during field studies

A week-long cross-sectional study, DK

f_n_|

5000 14
4000 12
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3000 - M W
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[
2000 6
1000 & 4
2

0
Both closed Either window or ']
door open Both closed Either window or
N=6+26 n=8+34 door apen

(43.2%) (56.8%)
Window and door status

n = 33 (44.0%) n = 42 (56.0%)
Window and door status

Sleeping with either windows or doors open was
associated with improved subjectively rated sleep
quality

Poor perceived air quality was associated with
decreased subjectively rated sleep quality

Higher mean CO, levels were associated with
increased drop in skin temperature during sleep
A higher drop in skin temperature was associated
with increased fraction of deep sleep

Contents lists available at
Building and Environment

journal homepage: www clsevier com Tocate buildeny

»

A cross-sectional field study of bedroom ventilation and sleep quality in =
Denmark during the heating season

Chenxi Liao

, Xiaojun Fan ", Mariya Bivolarova ", Jelle Laverge *, Chandra Sekhar“,

Mizuho Akimoto‘, Anna Mainka“, Li Lan', Pawel Wargocki
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ARTICLE INFO

ABSTRACT

[—
ol

Percerved air quality
Air change rases
=

Sleep racker

Wrist shin tempeeatare.

P quality were meassred overnight for one wrek in 84
randomly selected actual bedrooms in Denmark from September 1o December 2020. The median age of par
ticipants was 26 years (interquartile range (KOR) [24-32] years); 41 were mabes. Carbon dicxide (C0), tom.
perature. amd relatve humidsty were measured continususts. Sleep guality was ssevsed by the Gronmgen Sierp
Quality Scale (GSQS) on fwes mornings and was assessed using,wristworn shecp trackers. Skin temperature was

momitored comtinuesly Bedroom quality (IAQ) was rated by just before.
sleep in the evening and upon waking up in the morning. Measurements from 73 bedrooms were complete. The
medisn [IQR] of mesn CO;, sir temperature and relative humidity measured shoep were 1,120

[741-4,504) ppm, 234 [22.3-24.4]'C. and 48.6 [44.7-55.4]% The median [IOR] of GSOS was 4.0 [1.0-6.0]
sagpesting medium 1o poos subjextively rated sierp qualit: the objectively messured slerp cffcieney. and
percentage of light, deep and REM sioep were in nommal ranges: 8.1 [86.1-89.5%, 59.4 [54.9-64.5%, 18.3
[15.0-21.77%, and Z3.0 [18.4-26.41% The subjectively-assessed sleep quality decreased when perceived 1AQ
s reduced, Opening the bedrom door or windaw, which i a proxy ventilation, also impeoved
subjestively awessed sierp quality and IAQ. The croms sectional nature of the sty prompes the validation of the
present results. with protocols that inchude messurements. of othes pollutants brsides 00; as well as the cxami
nation of underlying mechaniums. Nevertheless, they strongly suggest that heeping high bedroom 1AQ is
evennal
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Sleep length (min.)
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A week-long cross-sectional study, PRC

The sleep quality of females in households was
slightly better than that of males; females had a
slightly higher slow-wave sleep and sleep efficiency
Compared to males, air temperature and CO,
concentration (ventilation) had a greater impact on
the sleep quality of females, whereas noise level
had a lower impact

Slow-wave sleep was negatively correlated with air
temperature and CO, concentration, and sleep
efficiency was significantly negatively correlated
with noise level

During the sleep period, the most comfortable air
temperature and relative humidity were estimated
to be 24.8°C and 64%

Journal of Thermal Biology 99 (2021) 102977

ELSEVIER

Contents lists available at ScienceDirect

Journal of Thermal Biology

journal hitp: i jtherbia

Environmental factors affecting sleep quality in summer: a field study in =

Shanghai, China

2

Xinbo Xu, Zhiwei Lian , Jingyun Shen, Li Lan, Yuxiang Sun

Sehoal of Destn, Shanghal Jkas Tong Universiy, Shanghal, 200240, China

ARTICLEINFO

ABSTRACT

Keywords:
envircement

Gender difterence

Plipsiological paramsters

Sleep sty

Subjective questionnaire

Althaugh the environment can greatly influence an individual's sleep quality, China is yel lo conduct compre-
hensive rescarch on the tapic. This study investigated the bedroom environment and sleep quality of 41
households during summer in Shanghal. Bedroom environments were comprehensively evaluated through
enviroamental perception questionnaires filled by participants after waking up every morning, Parameters, such
as air temperaure, relative humidity, CO» concentration, and noise level were continuously monitored.
Furthermore, participnts’ sleep quality was sbserved using both subjective questiennaires and physiological
measures. Environmental measurements showed that the mest comfortable alr temperature and relative bu-
midity was 24.8°C and 6%, respectively e that the duration of slow
wave sleep (SWS) and sleep efficiency (SE) was 73.8 min and B6.7%, respectively, Additionally, SWS was
negatively correlated with air temperature (¢ = ~D.377, p = 0.015) and D3 concentration (¢ = ~0.362, p =
0.02), and SE was negatively correlated with noise level (1 = ~0,32, p = 0.042). The subjective and objective

dy m;man temperature, € and noise level leads 10 pooe sleep

- I addition, ai te had  greater impact
of male, whle nase level had n greate Ivpact on the eep qualty of femaes.

Window/door opening in bedrooms,
intervention study, DK

Building and Eaviromment 225 (2022) 109630

Contenta lists available at ScienceDirect

so0 Closac) 81 Poar sie i
o £ S T ey o seep sty
8 (Open Open . I .
5'2 Building and Environment
500 - il
%m ey FI SEVIFR Joumal homepage: wwww.elsevier. com/locate/buildeny
T
@
4004 z, )
3 A field intervention study of the effects of window and door opening on R
a B 1 g
§ 9 bedroom IAQ, sleep quality, and next-day cognitive performance
004 H
Frosar @ 5z Xiaojun Fan >, Chenxi Liao®, Mariya P. Bivolarova®, Chandra Sekhar®, Jelle Laverge ®, Li Lan”,
g B Anna Mainka ®, Mizuho Akimoto®, Pawel Wargocki *
200 . . g Good sy quality s oo B s . Do Bt d e B (7. T Uy of Bt
Doors Position Windows Position Doors Positon Windows Position o - e o i i
* Depuamnen of the Bull Erranmens, Nasknal Unirersy of Sigaore, Sbgepare
‘qumqmmemgmmm -
'mmnmmmn Wt Liersiy, Japan :
+ CO, decreased with both window and
door open, but only open window S — -
prey " ™
improved perceived air quality. e e e o D L e e
open the doars or windows if they had been closed or the opposite. A hange in the 95° peroenile af the
- = Tt
» Objectively measured and L e e e e e T e
racoty i the o bowhe windows o doors bt e
rmssipulated. biectvely e 1A &

subjectively rated sleep quality
improved only when window was
open

exceps that the NO concentraticn veas slghtly higher. Sloep was langer under this candition and sleep quality
was subctively asvesre t b beter. Similar effects were not abserved when the doors wee apen although the
95% percentile of O, :

in the 1 bedrooms in which icipants did not change the

Oz camcentration by at east 200 ppm, a5 woukd be expected, The preseatstudy provides evidence that sufficient
difution and/or rermoval of pollutants & nesessary 1o ensure good bedroom 1AQ and god sleep quality
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Summary conclusions

Take-home messages, tentative

Ensure adequate bedroom ventilation; revise ventilation standards to bring the
focus on bedroom ventilation

Keep CO, below 700-800 ppm (best), 1100-1200 ppm (as a minimum)

Use outdoor air (if not polluted and warm); door opening to bedroom brings little
or no benefit for sleep quality

Quiet mechanical ventilation systems are essential in bedrooms as otherwise the
benefits for sleep quality are cancelled; recommended airflow rate is 10 L/s per
person independently of age

Avoid sources of pollution in bedrooms

Avoid elevated temperatures; it is difficult to fall asleep and to stay asleep when
the bedroom is too hot

Sleep quality seems to be enhanced when bedroom temperatures are warm
when falling asleep and when waking but cool in between

There is no single temperature that is ideal at all stages of the night

The quantitative effect on next-day performance still unknown
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