
An overview of Ventilation and IAQ 
Standards for sleeping environments

Elements of NATURAL & BUILT Environments  - affecting our HOMES 
….. our BEDROOMS

…..and our





A quality sleep for rejuvenation, good health and well-being to each of us is much 
more than just finding a bed and a place to sleep.  Increasingly, in a fast-paced 
urbanised world, this is not easy to come by.
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1. Why thermal environment

No wake up 
because of 
temperature

(Lin & Deng. 2006, Energy Build)

• Sleep quality should be affected by thermal environment
POAH regulate both heat loss and sleep activity

• Many problems were found in bedrooms
Stuffy air, high CO2 concentration, thermal discomfort…

Preoptic area/anterior 
hypothalamus (POAH)

Thermoregulation

Sleep regulation



2. Indoor temperature and sleep
• Temperatures deviated from thermal neutral decreased sleep quality

2. Indoor temperature and sleep
• A slightly raised indoor temperature reduced sleep quality



2. Indoor temperature and sleep

(26-32oC) (36-88%) (400-2400ppm)

• Air temperature was the dominant factor influencing sleep quality in summer Shanghai

• Conductive cooling on back and head maintained sleep quality at 32oC 
3. Sleeping micro-environment



• Covering heating and mattress heating improved sleep quality at 7oC

3. Sleeping micro-environment

Thermal comfort voting 

• Mean skin temperature increases with air temperature and fluctuates during the 
entire sleep period

23oC 26oC 30oC P

34.2±0.6 34.4±0.6 35.1±0.4 <0.01*

4. The importance of skin temperature



4. The importance of skin temperature

Summary
• Human sleep quality was sensitive to change of air temperature; temperatures 

moderately deviated from thermal neutral impaired sleep quality, while the neutral 
temperature is closely related to thermal insulation

• Sleep quality could be improved while energy saving was achieved when the air 
temperature cycled properly; more studies are needed to identify the optimum cycle

• Control bed micro-environment energy efficiently by using of local heating, cooling 
and/or ventilation system

• Skin temperature is a good index for predicting the thermal state of human body 
while sleeping
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Ventilation and IAQ in 
bedrooms
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CONTENT

̶ What is the IAQ in bedrooms?

̶ Does ventilation work to control IAQ?

̶ What are the relevant metrics for bedroom ventilation?

̶ What is still unknown?
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IAQ IN BEDROOMS
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NO2: 10 ppb (WHO standard)

VOCs: 600 ppb (Portuguese standard)

PM10: 15 μg·m−3 (WHO standard)

PM2.5: 5 μg·m−3 (WHO standard)

Statistical description of mean CO2 and air change rate 

(ACR) during sleep. 

Statistical description of bedroom pollutants during 

sleep. 

CO2: 1000 ppm (Cat. II, Central European Standard)

ACR: 2.0 h−1 (Cat. II, Central European Standard)

A QUESTIONNAIRE SURVEY
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19 compounds: 2 TC + 17 NTC

[258 compounds: 43 TC + 215 NTC]

Sleep quality and 

sleep-related 

ventilation factors:

Targeted and non-

targeted compounds:
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Distribution of CO2 level, mean temperature, and relative humidity before, during, and after sleep. 
The diamond indicates outliers. 
* p-value < 0.05, ** p-value < 0.01.

**
**

**

*
*
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** ** ** **

Distribution of the perception of thermal comfort and air quality before and after sleep.
IEQ, indoor environmental quality. The diamond indicates outliers. ** p-value < 0.01.
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VENTILATION AS 
STRATEGY 
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**

Mean CO2 levels between two “window and 

door status” during sleep. 

** p-value < 0.01. 

Air change rate between two “window and 

door status” during sleep. 
13

Results

**

Mean levels of indoor pollutants during sleep between two “window and door status”. 

A, NO2; B, VOCs; C, PM10; D, PM2.5. 

NO2, nitrogen dioxide; VOCs, volatile organic compounds; PM, particulate matter. 

** p-value < 0.01. 

A. B. C. D.
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A QUESTIONNAIRE SURVEY
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p-value < 0.05 p-value < 0.1

Mechanical ventilation in bedrooms reduced responses 
of being disturbed by stuffy air or “too cool” conditions 
during sleep. 
MV, mechanical ventilation; OV, other ventilation 
including exhaust ventilation and natural ventilation. 

RELEVANT METRICS
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HEALTH

̶ Take into account the increased exposure compared to 

well mixed assumption
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HEALTH & WELLBEING

=> Impact on sleep

̶ Impact of perceived air quality?
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A QUESTIONNAIRE SURVEY
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HEALTH & WELLBEING

=> Impact on sleep

̶ Impact of perceived air quality?

̶ Avoiding disturbances
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A QUESTIONNAIRE SURVEY
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p-value < 0.002, adjusted R2 =
0.9642

PSQI increased with an increased 

number of sleep disturbances. 

Sleep disturbances include stuffy air, 

noise, too warm, and too cool (max four 

min zero). The results were adjusted by 

chronic disease, exercise, age of the 

youngest child living at home, sleep 

habits and BMI. Error bars represent 

95% confidence intervals of the 

estimated marginal means of the PSQI 

scores. 

Sleep quality cost
• Many factors influence sleep quality

• Litterature may have divergent opinions

• Sleep quality is hard to quantify from
environmental parameters only

→ Improving sleep quality only from ventilation
related parameters is complex

→ Detection of bad environment for sleep quality is
possible

all bad conditions gathered → probability of sleep
disturbance is 1

Assumptions

𝑆𝑙𝑒𝑒𝑝 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 = σ1
𝑛 𝑘𝑖𝑤𝑖

𝑛

Sq ≤ 0 →good

0 < Sq ≤ 1 → probably bad

Sq ≥ 1 → bad for sure

• Translation, from sleep disturbance issue to DALY

• Equivalent of DALY lost per issue

• Probability of issue with & without sleep disturbance

• Cost induced/issue

From assessment to health cost



HEALTH & WELLBEING

=> Impact on sleep

̶ Impact of perceived air quality?

̶ Avoiding disturbances

̶ Improving sleep quality in healthy subjects
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The regression line between mean CO2-bs concentration and deep sleep (%, min). 



Item Beta (95% credible interval)a R2 (Q2.5 – Q97.5)

Deep sleep (%)

CO2-bs concentration (/1000 ppm) -2.9 (-5.3 — -0.5) 0.176 (0.006 — 0.376)

Deep sleep (min)

CO2-bs concentration (/1000 ppm) -16.3 (-32.3 — 0.3) 0.201 (0.003 — 0.438)

Deep sleep (min, %) in association with CO2-bs concentration.

a analyzed by the Bayesian linear regression with the prior distribution of N(0,10).

Sleep quality
American National Foundation (2017)

5 %

10 %

Item mean ± std. min 25% 50% 75% max

Sleep efficiency 88.2 ± 2.3 84.3 86.6 88.5 89.5 93.1

Deep sleep (%) 16.9 ± 4.8 6.0 13.7 17.2 20.9 24.8

REM sleep (%) 21.9 ± 5.3 12.6 17.5 23.1 25.3 32.5

Item below|appropriate|above

Sleep efficiency 6 (16%) | 32 (84%) | 0

Deep sleep (%) 16 (42%) | 10 (26%) | 12 (32%)

REM sleep (%) 14 (37%) | 21 (55%) | 3 (8%)

Statistical description of sleep parameters

Fraction of appropriate ranges
Deep sleep



UNKNOWNS
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WHAT WE DON’T HAVE (YET)

̶ Good, conclusive data that supports robust 

assumptions on correlations between environmental 

factors and sleep (both disturbances and quality)

̶ Good conclusive data on the longterm effect of 

moderately reduced/improved sleep quality for healthy 

people

̶ Mechanistic understanding of observed correlations
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ASHRAE Research Project 1837-TRP 
The Effects of Ventilation in Sleeping 
Environments
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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)
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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 CO2, temperature and 
ventilation noise on sleep quality

• Examining bedroom and door opening 
behavior

• Estimation of CO2 generation rate for sleeping 
people (young adults 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)

3
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Review of literature and standards

Summary of studies examining the 
effects of ventilation on sleep quality 

• Scanty information on whether the reported ventilation rates 
would disturb sleep quality

• <750 ppm bedroom CO2 undisturbed sleep quality range
• >2600 ppm bedroom CO2 disturbed sleep quality range with 

possible reduced next-day cognitive performance

5
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Laboratory experiments

Laboratory setup, the sleeping capsule

7
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Estimating the emission rate of CO2

• CO2 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 (CO2

levels below 750 
ppm) will ensure 
undisturbed sleep

9

10



The effects of ventilation and 
temperature on sleep quality
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• Both elevated temperatures and poor air 
quality increase sleep onset latency 
(more time needed to fall asleep)

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

11
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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

13
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Massive online questionnaire survey 

• in the capital region of Denmark. 

• impact of the COVID-19 pandemic on 

bedroom environment and sleep changes 

January to March 2020

Before the 1st lockdown
517 people responded

182 people responded

March to April 2021

After the 2nd lockdown

The effects of the COVID-19 lockdown 
on bedroom use and sleep quality

• More stress and new 
working style

• No changes to sleep 
patterns

• Bedroom converted to 
office

• Around 40% ventilated 
bedrooms more often

• Got up later and went to 
bed later

• Around 33% felt their sleep 
quality decreased

The survey in Chinese bedrooms

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

• Sleep quality was significantly 
correlated with decorations in the 
bedroom; presence of a plant 
increased the risk of poor subjectively 
rated sleep quality

• Outdoor surroundings including 
highway, railway track, active airport 
decreased subjectively assessed sleep 
quality

• The sleep quality of respondents with 
ventilation time longer than 15 min 
was significantly improved

• Sleeping with door opened was 
considered to improve sleep quality

15
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Measurements during field studies

A week-long cross-sectional study, DK

• 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 CO2 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

17
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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 CO2

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 CO2 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%

Window/door opening in bedrooms, 
intervention study, DK

• CO2 decreased with both window and 
door open, but only open window 
improved perceived air quality.

• Objectively measured and 
subjectively rated sleep quality 
improved only when window was 
open

19
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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 CO2 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

21
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