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Disclaimer

• Certain guidance is identified in this presentation. Such identification 
is not intended to imply recommendation or endorsement by the 
National Institute of Standards and Technology, nor is it intended to 
imply that the method identified is necessarily the best available for 
the purpose.



Goal:  Find Poorly (and fix) Ventilated Classrooms

https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html



Using CO2 as a 
Ventilation Clue
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Where does CO2 
come from?
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CO2  =  IAQ

Are we measuring 
Indoor Air Quality?



Consumer Grade CO2 
Monitors

• Non-Dispersive Infrared (NDIR) monitors are calibrated to 
other chemicals (not CO2), accuracy is questionable  

• NDIR monitors accurate to 50 ppm or ± 2% of reading

• A reading of 900 ppmv could be 850 ppmv or 950 ppmv

• Response is typically linear

• Auto-calibrating algorithms used by CO2 monitors

• Must be exposed to air without CO2 source once a week for 
~6 hours



No Other CO2 
Sources

This Photo by Unknown Author is licensed under CC BY-NC-ND
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What can we do with CO2 readings from a 
classroom?

• Relative risk
• Rebreathed Fraction

• Ventilation Assessment
• Maximum Daily Concentration

• Air Change Rate
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Rebreathed 
Fraction

These Photos by Unknown Author is licensed under CC BY-SA-NC

40,000 ppm
 CO2

820 ppm
 CO2

𝑅𝑒𝑏𝑟𝑒𝑎𝑡ℎ𝑒𝑑 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑑𝑜𝑜𝑟 − 𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝐶𝑏𝑟𝑒𝑎𝑡ℎ

Consumer-grade sensors report concentrations in ppmv.  SI units are 
mg m-3.  1000 ppmv CO2 = 929 mg CO2 m-3 at 25 °C and 1 atm. 
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What can we do with CO2 readings from a 
classroom?

• Relative risk
• Rebreathed Fraction

• Ventilation Assessment
• Maximum Daily Concentration

• Normal OCCUPANCY!

• Air Change Rate
• Unoccupied!
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Daily CO2 measurements 

• Outside
• Measure outside at beginning and end of day

• Values should be 400 ppmv to 500 ppmv, if not use indoor-outdoor 
concentration difference.

• Occupied Space
• No other CO2 sources
• No CO2 removal equipment

• Location
• Near center of room
• No breathing on it
• Not directly beneath ventilation vents/open windows

• Log data for full day per room
• At minimum the last hour room is fully occupied in a day

• Measure more than one day/weather event/season

https://luca.co.in/kisspng-child-reading-clip-art-student-5a6c14af04cd62-7956832515170326230197/
https://creativecommons.org/licenses/by-sa/3.0/


Example 
Classroom CO2 
Data

These Photo by Unknown Author is licensed under CC BY-SA

900 ppmv 

https://ru.wiktionary.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Dtjohnnymonkey-Stopwatch-no-shading.svg
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What can we do with occupied classroom 
CO2 data?

• CO2 concentration in room is a 
function of:
• Size of room

• Ventilation rate

• Students/teachers
• Number

• Sex

• Age

• Weight

• Activity level

This Photo by Unknown Author is licensed under CC BY-SA

http://stackoverflow.com/questions/21937538/drawing-an-3d-cube-with-pure-css
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What can we do with occupied classroom 
CO2 data?

• Assumptions
• Parameters assumed to be constant

• Not always true.  Reasonable 
approximation for elementary schools

• High maximum daily readings can 
indicate problem ventilation spaces 
even if not constant

• All air entering room is at outside CO2 
concentrations (not adjacent rooms)
• True for portable classrooms
• Not true for classrooms in buildings, 

which will underpredict/overpredict  
classroom CO2 concentrations.
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What can we do with occupied classroom 
CO2 data?

This Photo by Unknown Author is licensed under CC BY-SA
https://pages.nist.gov/CONTAM-apps/webapps/CO2Tool/#/
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What can we do with occupied classroom 
CO2 data?
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What can we do with occupied classroom 
CO2 data?
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What can we do with occupied classroom 
CO2 data?

This Photo by Unknown Author is licensed under CC BY-SA
https://pages.nist.gov/CONTAM-apps/webapps/CO2Tool/#/

For CO2 at 25 °C and 1 atm:
 1 mg m-3 = 0.53 ppmv
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What can we do with occupied classroom 
CO2 data?
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Lower 
Ventilation 

Rate

Higher 
Ventilation 

Rate

*1-70kg Teacher @ 2.5 met, 24-23 kg Students @ 1.5 met
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What can we do with occupied classroom 
CO2 data?
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What can we do with occupied classroom 
CO2 data?
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Higher 
Ventilation 

Rate
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What can we do with occupied classroom 
CO2 data?

This Photo by Unknown Author is licensed under CC BY-SA

Illustrative Data

*High = Teacher @ 3 met, Students @ 2 met
Low = Teacher @ 2 met, Students @ 1 met
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What can we do with occupied classroom 
CO2 data?
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Low = Teacher 2 met, Students 1 met
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What can we do with occupied classroom 
CO2 data?
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Illustrative Data

*High = Teacher 3 met, Students 2 met
Low = Teacher 2 met, Students 1 met
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CO2 under Normal Ventilation

Space Occupancy
Ventilation Rate 

(L/s/person)

Outdoor 
Air 

Change 
Rate (h-1)

Steady State or Mean Peak 
CO2 Concentration ppmv Reference

Idealized Classroom 
Meeting ASHRAE 
Standards 
(5- to 8-year-olds)

24 students
1 instructor

7.4 ~2.6a 970b

Idealized Classroom 
Meeting ASHRAE 
Standards 
(>9 year-olds)

34 students
1 instructor

6.7 N/A 1320b

10 Actual California 
Classrooms

N/A 2.6 – 7.1 N/A 1,140 - 2,380

aClassroom volume values from Ng et. al. 2020 
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=930986

bAssuming outdoors 420 ppmv

Consumer-grade sensors report concentrations in ppmv.  SI units are 
mg m-3.  1000 ppmv CO2 = 929 mg CO2 m-3 at 25 °C and 1 atm. 



Pandemic Ventilation Guidelines

https://schools.forhealth.org/wp-
content/uploads/sites/19/2020/08/Harvard-Healthy-Buildings-
program-How-to-assess-classroom-ventilation-08-28-2020.pdf

https://www.info-coronavirus.be/en/ventilation/



We found a poorly ventilated classroom, 
now what?

• Check Equipment:  
• Faulty damper, fan, sensor 

• Check Room Use: 
• Room is not being used as 

designed (e.g. 35 students instead 
of 20) 

• Search:
• Other CO2 sources?

https://twitter.com/jeremychrysler/status/1427812197657366535



What can we do with CO2 readings from a 
classroom?

• Relative risk
• Rebreathed Fraction

• Ventilation Assessment
• Maximum Daily Concentration

• Normal OCCUPANCY!

• Air Change Rate Estimate
• Unoccupied!
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Example 
Classroom CO2 
Data
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1200 ppmv 

Empty, 
Windows/Door 
Open

Empty, 
Windows/Door 
Closed
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y = 2x + 0.02
R² = 0.94
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Fun Math & Curve Fit => 
CO2 Decay Rate = ESTIMATED Air Change Rate

−𝐿𝑛
𝐶𝑡−𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝐶𝑡=0,𝑚𝑎𝑥−𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒
 vs. t



• The curve fit will introduce uncertainty. 

• Air change rates can change by up to a factor of 2-10 
depending on the weather and building operation

• CO2 decay rates assumes all air entering the space 
comes from outside, rather than hallways/other 
classrooms. 

• This method assumes the entire building has a uniform 
concentration and all sources are out of the building 
during the decay phase.  This is likely not true in 
schools/classrooms. 

• Some systems may change ventilation when they 
sense the occupant thermal load has left the room

• High air change rates do not guarantee healthy indoor 
air

Fun Math & Curve Fit => 
CO2 Decay Rate = ESTIMATED Air Change Rate



Example 
Classroom CO2 
Data

These Photo by Unknown Author is licensed under CC BY-SA

Empty, 
Windows/Door 
Open

Empty, 
Windows/Door 
Closed

Decay Rate = 1/h

Decay Rate = 0.2/h
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What can we do with occupied classroom 
CO2 data?

This Photo by Unknown Author is licensed under CC BY-SA
Courtesy of Don Blair https://edgecollective.io/airbox/

Ventilation

+ Portable Air Filtration

+ HVAC Filtration

eACH

MERV13

• Effective particle decay rate in classroom (1/h)

• Sometimes called:
• Effective air change rate (eACH) for particles

http://stackoverflow.com/questions/21937538/drawing-an-3d-cube-with-pure-css
https://creativecommons.org/licenses/by-sa/3.0/


What can we do with occupied classroom 
CO2 data?

Ventilation

+ Portable Air Filtration

+ HVAC Filtration

eACH
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• Effective particle decay rate in classroom (1/h)

• Sometimes called:
• Effective air change rate (eACH) for particles



Don’t forget the buses!

• “At minimum fully open the 
front two windows and the 
second to last two windows.” 
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• Varies with
• Occupants
• Time and season

• Actionable data
• High values:

• Implement remedial actions with building operators

• Low values:
• Not a guarantee the space is safe
• Continue to monitor and inspect

• Can build trust between occupants and building operators

• Ancillary benefits of higher classroom ventilation

Bottom Lines of CO2 Concentration 
Measurements in Classrooms:

https://luca.co.in/kisspng-child-reading-clip-art-student-5a6c14af04cd62-7956832515170326230197/
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Thank you

Twitter:  @poppendieckThis Photo by Unknown Author is licensed under CC BY-SA
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