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Introduction
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The obvious facts…..

• 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 (in parallel) 

energy use should be minimized
• Indoor environmental quality in many schools worldwide is inadequate
• Poor indoor environmental quality 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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• The OECD new survey of Adults Skills finds that foundation skills in mathematics have a major impact on 
indivividual’s life chances. 

• The survey shows that poor mathematics skills severely limit people’s access to better-paying and more 
rewarding jobs; at the aggregate level, inequality in the distribution of mathematics skills across populations 
is closely related to how wealth is shared within nations. 

• Beyond that, the survey shows that people with strong skills in mathematics are also more likely to 
volunteer, see themselves as actors rather than objects of political processes, and are even more likely to 
trust others. 

OECD: countries with better test school results have higher growth rate

PISA - Program for International Student Assessment by OECD – Organization for Economic Co-operation and Development 



Q1: What is the optimal learning environment?

Q2: How to examine that learning environment is optimal?

Q3: How to advance research and implement present findings?

Objective – answers to thre questions
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Q1: What is the optimal learning 
environment?
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• 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
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SD of the score on math and langauge exit exam (US) as a 
function of overheating (ambient temperature)



Temperature or thermal discomfort?
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Lan et al. (2021)Porras-Salazar et al. (2018)

Office work

Pupils
subtropical climate



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

Thermal environment –the need for new research
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• 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
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CO2 a marker of outdoor air supply rate (air quality)
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" T h e  c o r r u p t i o n  o f  t h e  a i r  i s  n o t  c a u s e d  

s o l e l y  b y  t h e  c a r b o n  d i o x i d e  c o n t e n t ,  w e  

s i m p l y  u s e  t h i s  a s  a  b e n c h m a r k  f r o m  

w h i c h  w e  c a n  t h e n  a l s o  e s t i m a t e  a  h i g h e r  

o r  l o w e r  c o n t e n t  o f  o t h e r  ( p o l l u t a n t )  

s u b s t a n c e s . . . "



Performance of national and aptitude tests and exams and daily 
attendance rates as a function of classroom CO2 concentration
(a marker of ventilation with outdoor air)
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Not a CO2 (a new study from the US)
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Every 1 L/s per person increase in 
ventilation rate was associated 
with a 5.59 decrease in days with 
absences per year. 
This corresponds to a 0.15% 
increase in the annual daily 
attendance rate. 

Every additional 1 μg/m3 of 
indoor PM2.5 was associated 
with a 7.37 increase in days with 
absences per year.
This corresponds to a 0.19% 
decrease in the annual daily 
attendance rate.



Some recommendations re. 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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ASHRAE 241 (2023)
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ca. 5-6 h-1



Air quality – the need for new research

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. 
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• 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.



Speech comprehension
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Peng and Wang (2016)



Non-speech levels and learning performance 
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Math Language

Brill and Wang (2021)

Keep non-speech levels < 40 dB(A)
Confirmation of ANSI S12.60-2010 Part 1 for occupied classrooms recommending RTmax=0.6 – 0.7 sec BNLmax 35 dBA



Acoustic environment –the need for new research

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. 
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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



Daylight and school performance

28

Baloch et al. (2021)



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.

29

Visual environment – the need for new research
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Summary

Classroom conditions securing 
optimal performance of schoolwork

Optimal 
performance 

of 
schoolwork



Q2: How to examine that learning 
environment is optimal?

31



32

Well-being and health

Academic 
achievements 
(attainment)

Cognitive skills

Academic behavior 
(engagement)

Attitudes (mood & 
motivation)

Learning 
performance ?



Wei et al. (2020)

Various IEQ indicators included in the current certification 
schemes and standards



No method for rating IEQ

IEQ
?



The TAIL rating scheme
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Selected parameters defining TAIL components  incl. TAIL for 
schools IEQ parameter Measured Modelled Visual 

inspection
T Indoor temperature (oC) 

A Noise level (dB(A)) 
Reverberation time (s) 

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) 
Nitrogen dioxide (µg/m3) 

L Daylight factor (%) 
Illuminance (lux) 



Ranges of parameters included in TAIL: IAQ



Example of TAIL application: 308 schools in France

Quality of thermal 
environment (T)

IEQ (TAIL)IAQ (I)



• Useful data for all building stakeholders and additional incentives for improvement of IEQ
• Create benchmark, reference, building data-base
• Monitor performance – compliance and maintenance
• Input to sustainable investments, and technological advancements
• Input to control and AI
• Input to energy simulation and reduce performance gap
• Input to economic calculations
• Demonstrate invisible - occupants feel secure (no risks)
• Raising awareness

Monitoring and documentation of IEQ is of an essence



Q3: How to advance research and 
implement present findings?
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• Overdependence on the existing rather 
crude technological solutions and minimum standards.

• Based on population data thus addressing needs for an average 
person and neglecting individual preferences and differences

• Comfort (satisfaction) is the main design criteria, other outcomes not 
addressed sufficiently

• Addressing one aspect of IEQ not a combined effect
• There no tools to secure high IEQ at the design, operation and 

maintence phase
• All may be a factor limiting development and innovation.

Requirements are not sufficiently ambitious



• IEQ/wellness are crucial and should be monetized on a par with other 
costs of running the buildings

• A paradigm shift resulting in advancement of IEQ technical solutions and 
regulations is needed from the ”one-size fit all” concept to all-inclusive 
and from minimum to aspiring

• Future demands should among others address preferences of an 
individual, be health related, adaptive, initiate participatory design and 
innovation

• Monitoring and rating schemes need to be developed and put 
immediately into the use

• Human responses should be used for control of IEQ together with 
environmental measurements

• All responses should be addressed not only comfort

Redefining paradigms for science and practice



Future research and development needs
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• People sleep over 20 years during 
their life time

• High quality sleep is vital for humans

• Sleep improves cognitive performance (memory 
and learning, and creativity), reduce health risks 
(dementia, Alzheimer’s 
disease), regulates hunger and fullness (obesity), 
reduce 
risks for car accidents, improves concentration and 
next-day performance

• People are getting more and more deprived of 
sleep, length 
(<7,5 hrs) and quality

Sleep is essential
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Concluding remarks
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An estimate of socio-economic consequences

• 15% reduced performance (1/8) => 1 school year
• More time for teaching to reach the same educational targets, teacher cost => compare with the renovation 

costs
• Absence rates of pupils (& care takers) and teachers => cost of absenteeism
• Loss of opportunity (salary) as regards future work => socio-economic impact
• Consequences for national economy => GDP and public expenses/incomes

“It is certain that the additional expenses per pupil of the best ventilation 
needed not exceed the price of one or two cheap lunches.”

New Hampshire School District
Ventilation Code, 1893



Chetty et al., 2010

Potential data source for socio-economic consequences



Change the mind set



Thank you and questions

pawar@dtu.dk
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