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Indoor Air Sources

• Combustion
• Building materials
• Cooking
• Cleaning
• Outdoor air pollution
• Chemical reactions
• Moisture problems
• Many, many, more



How do we improve indoor air quality?

1. Keep it Dry
2. Source Control
3. Ventilation
4. Air Cleaning

Leviticus 14:33-53 New International Version (NIV)
33 The LORD said to Moses and Aaron, 34 “When you enter the land of 
Canaan, which I am giving you as your possession, and I put a spreading 
mold in a house in that land, 35 the owner of the house must go and tell 
the priest, ‘I have seen something that looks like a defiling mold in my 
house.’ 36 The priest is to order the house to be emptied before he goes in 
to examine the mold, so that nothing in the house will be pronounced 
unclean. After this the priest is to go in and inspect the house. 37 He is to 
examine the mold on the walls, and if it has greenish or reddish 
depressions that appear to be deeper than the surface of the wall, 38 the 
priest shall go out the doorway of the house and close it up for seven 
days. 39 On the seventh day the priest shall return to inspect the house. If 
the mold has spread on the walls, 40 he is to order that the contaminated 
stones be torn out and thrown into an unclean place outside the 
town. 41 He must have all the inside walls of the house scraped and the 
material that is scraped off dumped into an unclean place outside the 
town. 42 Then they are to take other stones to replace these and take new 
clay and plaster the house.
43 “If the defiling mold reappears in the house after the stones have been 
torn out and the house scraped and plastered, 44 the priest is to go and 
examine it and, if the mold has spread in the house, it is a persistent 
defiling mold; the house is unclean. 45 It must be torn down—its stones, 
timbers and all the plaster—and taken out of the town to an unclean 
place.

“If there is a pile of manure in a space, do not try to 
remove the odor by ventilation. Remove the pile of 
manure.” ~ Max von Pettenkofer, 1858



How do we improve indoor air quality?

1. Keep it dry
2. Source Control
3. Ventilation
4. Air Cleaning

“When `the wise women buildeth her 
house,’ the first consideration will be to the 
health of the inmates.  The first and most 
indispensable requisite for health is pure 
air, both by day and by night.”

“A learned physician also thus wrote to the author of this 
chapter: "The subject of the ventilation of our dwelling-houses 
is one of the most important questions of our times. How 
many thousands are victims to a slow suicide and murder, the 
chief instrument of which is want of ventilation!”

Beecher CE, Stowe H B. 1869. The American Woman’s Home. New York: J.B. Ford and Company. 



How do we improve indoor air quality?

1. Keep it Dry
2. Source Control
3. Ventilation
4. Air Cleaning

Data from Burroughs et al. (2020). ASHRAE Transactions, 126, 601-615.
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And then (now) we had COVID

Ref: Tianyuan Li



5 µm 

The 5 µm Elephant in the Room

“The acceleration of interdisciplinary research
inspired by the COVID-19 pandemic has
shown that airborne transmission is a major
mode of transmission for this disease, and is
likely to be significant for many respiratory
infectious diseases.”

Jimenez et al. (2022) "What were the historical reasons 
for the resistance to recognizing airborne transmission 
during the COVID-19 pandemic?” Indoor Air



Ventilation and Filtration

Fresh air from outside Recirculated air that has been filtered to 
remove infectious respiratory particles
Can be central or room-based

Mackay, Ian M. (2020): The Swiss Cheese 
Respiratory Virus Defence. figshare. Figure. 
https://doi.org/10.6084/m9.figshare.13082618.v2
4



HVAC and Infectious Disease: Ventilation

There is strong and sufficient evidence to demonstrate the association between 
ventilation, air movements in buildings and the transmission/spread of infectious 
diseases such as measles, tuberculosis, chickenpox, influenza, smallpox and 
SARS. There is insufficient data to specify and quantify the minimum ventilation 
requirements in hospitals, schools, offices, homes and isolation rooms in relation 
to spread of infectious diseases via the airborne route. Li et al. (2007) Indoor Air



Ventilation and air cleaning reduce COVID risk

1Ventilation only = open doors, open windows or fans
2Air filtration only = using HEPA filters with or without UVGI and no ventilation
3Ventilation and air filtration = both 1 and 2

1 2
3

www.cbsnews.com/news/covid-school-masks-ventilation/

Adapted from Gettings et al. 2021

Source: Gettings et al. 2021, CDC MMWR Vol. 70, May 21, 2021 Slide: Elliott Gall

http://www.cbsnews.com/news/covid-school-masks-ventilation/


Ventilation and air cleaning reduce virus in air

More ventilation
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In a controlled chamber study with COVID+ subjects1:

Increasing ventilation reduces virus in air Adding air cleaning reduces virus in air
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1Parkhizar et al. 2022; https://doi.org/10.1093/cid/ciac006



Li et al. (2021a & b) Indoor Air



https://www.fs.utoronto.ca/services/hvac-mechanical-utilities/covid-hvac-strategy/classroom-ventilation/

We have to do filtration and ventilation well



Lab Efficiency is Not In-situ Efficiency
MERV 14 filter, 20 Residences

Li and Siegel (2020) Indoor Air
Image: Courtesy Geoffroy Allard



What We Know

1. Indoor air is important for our health, well-being, and productivity
2. COVID-19 and many other diseases have an airborne component to 

transmission.
3. We need a multilayer model of protection
4. Ventilation and filtration are important layers
5. They have to be done well to reduce risk



Opportunity #1: The R-Word

• Indoor air is resilient to regulation 
• Private indoor environments
• We are (partially) the cause of our own indoor air pollution
• We don’t have good regulatory mechanism for chronic health outcomes

• Low-hanging fruit
• Continuous compliance with ventilation standards
• Standards for public spaces
• New occupational health frameworks
• Regulation of air cleaners

https://www.canada.ca/en/health-canada/services/drugs-health-
products/covid19-industry/disinfectanst-sanitizers-cleaners-soaps/ultra-violet-
radiation-emitting-ozone-generating-devices/interim-order.html



Opportunity #2: A New Acronym HVACAC

• We have systematically 
underinvested in HVAC systems
• We have both a pandemic and a 

climate crisis
• We have a variety of new sensor 

technologies that allow for multi-
objective optimization



Opportunity #3: Constituent Education

https://www.iaq.gov.hk/en/resources-leaflets-or-booklets/



Opportunity #4: Value the Benefits

Figure 1. Graphical summary of the building criteria mapped to related investigations.
Notes: New Construction sections are found in LEED v4 for Building Design and Construction
(USGBC, 2013); Existing Schools sections are found in LEED v4 for Building Operation and
Maintenance (USGBC, 2014). Criteria met by 100% of schools are required, known as “prerequisites”
in the LEED documentation. Outcomes: Each study occupies one shaded gray block. If the study
found a statistically significant association (p< 0.05 or 95% confidence interval >1.00) then it is
placed above the dashed line; whereas if no significant association was found then it is placed
below the dashed line. In this way, the height of blocks above the dashed line is proportional to
the number of statistically significant findings. When one study measured multiple outcomes, e.g.,
speed of reaction and error-rate, then the single gray block is divided into sections, one for each
outcome measured in the study. These are positioned according to statistical significance e.g., if the
same study checked for association with speed of reaction and error-rate and only the first was sig-
nificantly associated, then half the gray block is above the line and half below.

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 11

Alavy and Siegel (2019) Sci Tech Built Environ
Vakalis et al. (2021) Crit Rev Envrion Sci Tech



Motivation

• It is not just COVID-19….
• Healthy indoor environments:

• Improve cognitive performance and learning
• Increase productivity and decision making
• Improve performance on standardized tests
• Reduce absenteeism from school and work
• Reduce asthma frequency and severity
• Cause students to have higher salaries when they graduate
• Lower healthcare costs across the population

e.g., Fisk and Rosenfeld (2004) Indoor Air
Vakalis et al. (2021) Crit Rev Environ Sci Tech



Using Indoor Air to Improve Health Outcomes

https://healthydebate.ca/2021/12/topic/inuit-communities-rsv-outbreak/

• Economic costs: Medical transport, medical treatment & 
pharmaceuticals, housing families, disrupted income for parents
• Social costs: Disrupted schooling and communities
• Housing quality and availability is an important risk factor for a variety 

of health endpoints



Opportunity #5: Improve IAQ to improve 
equity
• Racialized and marginalized populations are disproportionately 

impacted by COVID-19 and a variety of other health outcomes
• Targeting IAQ measures can serve broader equity goals

Wan et al. (2020) ES&T Letters



Opportunity #6: Build Industry Capacity

• Global filtration and air cleaning market: $85B
• Enormous demand for new solutions

• Canada has a unique opportunity to be a global leader
• Examples: Nanofiber filtration market, air sensors and integration with HVAC

• Specific opportunities
• More highly-qualified personnel
• More training/activity in remote and northern communities
• New kinds of training in public health and medicine



Opportunity #7: Building-Aware Epidemiology

http://www.openscar.com/amoygardens.html, http://www.info.gov.hk/info/sars/pdf/amoy_e.pdf Photo: Sandra Dedesko



DOI:https://doi.org/10.1016/j.ijid.2020.12.035

https://doi.org/10.1016/j.ijid.2020.12.035


Opportunity #8: Quantify the Benefits

• Why are we 2.5 years into the pandemic and we don’t have a study 
that quantifies benefits of filtration and ventilation in long-term care?
• Why  can’t we answer basic questions about benefits of investing in 

school HVAC infrastructure?
• Why haven’t we demonstrated impact of indoor air on cognitive 

function?



COVID-19 has solidified importance of indoor air
Many opportunities for health, economic, and equity benefits

They take investment but benefits far exceed costs.

Further Questions: jeffrey.siegel@utoronto.ca
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