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Healthy Indoor 
Climate in Schools

Q1: How to achieve optimal learning environment and low 

health risk and energy use?

Q2: How to reduce the infection risk from exposure to airborne 

pathogens?
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Main theses from my 2014 presentation

• A good education system constitutes one of the fundaments of a modern society because 

poor learning can have lifelong consequences for a student and for society

• Early childhood experiences impact behaviour later on in a life

• Buildings must promote health, reduce energy and be sustainable, health being a 

sustainability component

• The primary purpose of school building is to provide an optimal conditions for learning and 

then to conserve energy

• IEQ in many schools worldwide is inadequate

• Poor IEQ in schools is linked not only to health problems but also to decreased 

concentration and poor test results

• All children and teachers, independent of the socio-economic status, have the right to 

breathe healthy air (also in schools)
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Health definitions

 WHO: Health is a state of complete physical, mental and social well-being and not merely 

the absence of disease or infirmity

 Merriam Webster’s Dictionary: The condition of being sound in body, mind, or spirit, esp. 

freedom from physical disease or pain

 American Thoracic Society: An adverse health effect of air pollution is constituted by any 

of these: biomarker response, decreased (health-related) quality of life,  permanent 

detectable adverse physiological impact, symptoms associated with diminished quality of 

life or change in clinical status, detectable effects on clinical measures, effects on 

mortality, increased risk of health even in the absence of frank illness 
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Healthy indoor 

climate in schools= 

promoting learning, 

avoiding absence
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  * STI= speech transmission index
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Thermal environment – research based evidence 

and the need for new research

10

• Meta-analysis of all available data shows that children’s performance of tasks 

typical of schoolwork is reduced by 20% as the classroom air temperature is 

increased by 10K

• Raised temperatures have twice the negative effect on schoolwork as on office 

work

• The optimum temperature for schoolwork is 2-3K lower than it is for office work, 

and children in school subjectively prefer lower temperatures than are preferred in 

offices

• In Denmark, the optimum classroom temperature appears to be below 23oC

• What is NOT yet known: The optimum classroom temperature range for each 

climatic zone, whether thermal effects on teachers affect teaching quality (since 

they are known to affect adults performing office work), the mechanism for thermal 

effects on cognition and learning, and whether IEQ factors such as noise or air 

quality interact with thermal effects
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Performance of schoolwork as a function of

classroom temperature

12

realistic 4K

Ca. 10%
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Comparison of the relationships

13

Adults

Office work

Children

Schoolwork
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SD of the score on math and langauge exit exam (US) 

as as function of overheating (ambient temperature)

14

<4        4-10    10-15   15-21   21-27    27-32   32-38     >38

Days in temperature range (oC)

Risk range with 

ambient temp. 

>21oC
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Thermal environment – research based evidence 

and the need for new research

15

• Meta-analysis of all available data shows that children’s performance of tasks 

typical of schoolwork is reduced by 20% as the classroom air temperature is 

increased by 10K

• Raised temperatures have twice the negative effect on schoolwork as on office 

work

• The optimum temperature for schoolwork is 2-3K lower than it is for office work, 

and children in school subjectively prefer lower temperatures than are preferred in 

offices

• In Denmark, the optimum classroom temperature appears to be below 23oC

• What is NOT yet known: The optimum classroom temperature range for each 

climatic zone, whether thermal effects on teachers affect teaching quality (since 

they are known to affect adults performing office work), the mechanism for thermal 

effects on cognition and learning, and whether IEQ factors such as noise or air 

quality interact with thermal effects
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Air quality – research based evidence and the need 

for new research

• Children perform schoolwork 12% faster and 2% more accurately when the outdoor air supply rate is such 

that the resulting CO2 concentration in a typical classroom is 900 ppm instead of 2100 ppm

• School test and examination results are 5% better when the outdoor air supply rate is such that the resulting 

CO2 concentration in a typical classroom is 900 ppm instead of 2400 ppm

• National test results are 5% better with a 7.5 L/s/p than with a 2 L/s/p outdoor air supply rate in classrooms

• Absenteeism is 1.5% higher with a 2 L/s/p outdoor air supply rate than with 7.5 l/s/p

• This suggests an increased outdoor air supply rate can reduce cross-infection between children or mitigate 

pre-existing conditions

• What is NOT yet known: The extent to which classroom occupant density and a low outdoor air supply rate 

affect cross-infection, whether there are any negative indoor air quality effects on teachers that affect 

teaching quality, whether thermal effects interact with the effects of air quality, and the mechanism for the 

negative effects of air quality on cognition: although it has been shown that lung capacity is temporarily 

reduced by exposure to poor indoor air quality, the physiological processes by which this occurs and how 

this affects cognition are not known. If they were known, they might make it possible to identify the airborne 

molecules responsible for these negative effects and somehow eliminate them from indoor air.
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CO2 effects on humans – marker of outdoor air 

supply rate (air quality)
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Performance of schoolwork (speed or reation

time) as a function of classroom CO2 concentration

20

realistic 1,000 ppm

Ca. 7%
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Performance of schoolwork (accuracy) as a 

function of classroom CO2 concentration
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Performance of national and aptitude tests and 

exams as a function of classroom CO2 concentration

22

realistic 1,000 ppm

Ca. 4%
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Pupils’ daily attendance as a function of classroom 

CO2 concentration

23

Realistic

1,000 ppm
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Air quality – research based evidence and the need 

for new research

• Children perform schoolwork 12% faster and 2% more accurately when the outdoor air supply rate is such 

that the resulting CO2 concentration in a typical classroom is 900 ppm instead of 2100 ppm

• School test and examination results are 5% better when the outdoor air supply rate is such that the resulting 

CO2 concentration in a typical classroom is 900 ppm instead of 2400 ppm

• National test results are 5% better with a 7.5 L/s/p than with a 2 L/s/p outdoor air supply rate in classrooms

• Absenteeism is 1.5% higher with a 2 L/s/p outdoor air supply rate than with 7.5 l/s/p

• This suggests an increased outdoor air supply rate can reduce cross-infection between children or mitigate 

pre-existing conditions

• What is NOT yet known: The extent to which classroom occupant density and a low outdoor air supply rate 

affect cross-infection, whether there are any negative indoor air quality effects on teachers that affect 

teaching quality, whether thermal effects interact with the effects of air quality, and the mechanism for the 

negative effects of air quality on cognition: although it has been shown that lung capacity is temporarily 

reduced by exposure to poor indoor air quality, the physiological processes by which this occurs and how 

this affects cognition are not known. If they were known, they might make it possible to identify the airborne 

molecules responsible for these negative effects and somehow eliminate them from indoor air.
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Acoustic environment – research based evidence 

and the need for new research

• Classroom noise negatively affects speech intelligibility, comprehension, and memory, but 

there is little evidence that it affects non-verbal tasks such as reading, writing, or mathematics

• Younger children are more affected than older children or adults 

• Children with hearing or attentional difficulties and children being taught in their second 

language are more negatively affected 

• Longer reverberation times exacerbate the negative effects of classroom noise.

• What is NOT yet known: The negative effects of different kinds and levels of classroom noise 

on non-verbal tasks and educational attainment, how and how much it affects teachers’ health 

and well-being, how noise can best be mitigated by acoustic engineering measures, whether it 

affects teaching quality, whether windows can be opened for ventilation without admitting too 

much external noise, whether installation noise such as fan noise has any negative effects and 

whether thermal or air quality effects interact with the negative effects of noise. The sensitivity 

of different pedagogical methods to noise was beyond the scope of this review.
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Speech intelligibility, adults
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Acoustic environment – research based evidence 

and the need for new research

• Classroom noise negatively affects speech intelligibility, comprehension, and memory, but 

there is little evidence that it affects non-verbal tasks such as reading, writing, or mathematics

• Younger children are more affected than older children or adults 

• Children with hearing or attentional difficulties and children being taught in their second 

language are more negatively affected 

• Longer reverberation times exacerbate the negative effects of classroom noise.

• What is NOT yet known: The negative effects of different kinds and levels of classroom noise 

on non-verbal tasks and educational attainment, how and how much it affects teachers’ health 

and well-being, how noise can best be mitigated by acoustic engineering measures, whether it 

affects teaching quality, whether windows can be opened for ventilation without admitting too 

much external noise, whether installation noise such as fan noise has any negative effects and 

whether thermal or air quality effects interact with the negative effects of noise. The sensitivity 

of different pedagogical methods to noise was beyond the scope of this review.
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• Daylight in itself has beneficial effects on children in classrooms

• A green view-out has measurably beneficial effects on the performance of 

schoolwork

• Bright artificial lighting of good quality can improve concentration (1,000 vs. 300 lux)

• Reading speed is only decreased by extremely dim lighting

• What is NOT yet known: Whether improving the daylight, view-out, or lighting quality 

of classrooms would lead to decreased absence rates, increased learning and 

improved end-of-year examination results, their relative importance in achieving 

these goals, the magnitude of the improvements, whether such effects interact with 

temperature, air quality or noise, how they affect teachers’ health and performance 

and whether learning would be further enhanced if lighting could be changed by 

teachers to be more appropriate for different classroom activities and times of the 

day.

31

Visual environment – research based evidence and 

the need for new research
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• Daylight in itself has beneficial effects on children in classrooms

• A green view-out has measurably beneficial effects on the performance of 

schoolwork

• Bright artificial lighting of good quality can improve concentration (1,000 vs. 300 lux)

• Reading speed is only decreased by extremely dim lighting

• What is NOT yet known: Whether improving the daylight, view-out, or lighting quality 

of classrooms would lead to decreased absence rates, increased learning and 

improved end-of-year examination results, their relative importance in achieving 

these goals, the magnitude of the improvements, whether such effects interact with 

temperature, air quality or noise, how they affect teachers’ health and performance 

and whether learning would be further enhanced if lighting could be changed by 

teachers to be more appropriate for different classroom activities and times of the 

day.
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Visual environment – research based evidence and 

the need for new research
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Energy and cognitive performance

• Gains in energy efficiency increase energy consumption 

• Energy efficiency causes a rebound in energy use

• Thermal convenience can use up half the energy that could have been 

saved

• Classrooms should be cool, not warm, to optimize cognitive performance

• Maintaining temperatures that are optimal for cognitive performance will 

avoid rebound effect in energy
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Classroom conditions securing optimal performance 

of schoolwork (and conservation of energy)
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Future research and development needs
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Necessity for IAQ/IEQ metric

• Lack of IAQ metric or disagreement 

what should constitute IAQ metric is a 

significant barrier holding back 

innovation of IAQ conducive 

technologies, emergence of 

undocumented methods of 

measurements of IAQ claiming their 

high efficiency and authenticity, this all 

resulting in undervaluing the 

importance of IAQ in different credit 

schemes and compliance metrics 

related to built environment
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Development of a new method for IEQ rating using 

TAIL index

Four components:

• Thermal environment

• Acoustic environment

• Indoor air quality

• Light – Luminous (visual) environment

Overall IEQ:

•

41
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Selected parameters defining TAIL components

43

IEQ parameter Measured Modelled Visual 

inspection

T Indoor temperature (oC)  ()

A Noise level (dB(A)) 

I CO2 (ppm)  ()

Ventilation rate (L/s)  ()

Formaldehyde (µg/m3) 

Benzene (µg/m3) 

PM2.5 (µg/m3) 

Radon (Bq/m3) 

Indoor air relative humidity (%)  ()

Visible mold (cm²) 

L Daylight factor (%) 

Illuminance (lux) 
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WHAT ABOUT TEACHERS?

?
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COVID-19 and other respiratory infections with 

airborne pathogens
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Droplets
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Origin of recommendations

• Wells-Riley equation

– Quanta assumption

– Full-mixing (perfect-mixing) assumption

– Number of people with infection assumption

• Virus inactivation

• Droplet deposition
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Current recommendations – non-infectious air 

delivery rate equivalent or outdoor air and CO2

• Ventilate with outdoor air (5-6 ach)

• Use particle air cleaners with the similar effect

• Keep CO2 levels below 800 ppm (900 ppm)

• Reduce the length of the lesson (intermittent occupation)

• Nothing in relation to RH/T
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Impact of RH and air cleaning
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Questions?
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Thank you

Pawel Wargocki

paw@byg.dtu.dk


