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Main research areas — Energy and air quality in buildings www.built-envi.com
« Fate, transport, and control of indoor pollutants
»  Building science measurements and methods ~ Field measurements

« Air cleaning and filtration (in-duct and standalone)

« Air quality exposure and health impact assessment

« Building energy efficiency measures

«  Simulation/optimization for building energy conservation
« Microbiology of the built environment
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Indoor air quality (IAQ) and health

NHAPS - Nation, Percentage Time Spent

Totaln— Americans spend almost 90% of their time indoors
aln=9.196

| TOTAL TIME SPENT — Almost 70% at home
INDOORS (86.9%)

IN A RESIDENCE (68.7%)

There are many indoor & outdoor sources
Of indoor pollutants Logue et al. 2011 Indoor Air

OUTDOORS (7.6%) « Particulate matter (PM, including biological particles)

« Organic gases (e.g., VOCs, aldehydes) <.

IN A VEHICLE (5.5%)

* Inorganic gases (e.g., NO,, CO, O3)

T OTHER INDOOR LOCATION (11%) CDC; lon Science

BAR-RESTAURANT (1.8%) Ormstad, 2000 Toxicol 3
Klepeis et al. 2001 J Exp Anal Environ Epidem Casuccio et al., 2004 Fuel Proc Tech

OFFICE-FACTORY (5.4%)



Indoor air quality (IAQ) and health

Outdoor air pollution is
associated with adverse
health effects...

Hazard Ratio
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. but the majority of human exposure to many outdoor

air pollutants occurs inside buildings

B Inside homes
PM, . W Inside other buildings
84% Inside vehicles
indoors I Outdoors

Azimi and Stephens 2019 J Expo Sci Environ Epidem 4



Indoor air quality (IAQ) and health

Cooking: major source of PM, NO,, CO, ultrafine particles (UFPs), VOCs

» Gas emits more NO, and UFPs
* Vented range hoods can help a lot

: \ . [ 67%
. QY » - i Harm from Residential Indoor Air Contaminants
SRS & — | Morantes et al. 2024 Environ Sci Technol
b "' > ! 17% 6% 6%
- .. _‘02 i -—
: y 2%

http: //home.howstuffworks.com/home-ignprove ment/house hold-safety/tips/hidd eiROM e s picture . : 1%
Association between gas cooking and respiratory disease
in children 1%
Melia et al. 1977 British Medical Journal 10"
Indoor Air Pollution and Asthma i !
Ostro et al. 1994 Am J Respir Crit Care Med - -

Harm (DALYSJ’1O5 persons/year)

1025 Nitrogen dioxide Formaldehyde Radon Ozone Other 39

Respiratory Symptoms in Children and Indoor Exposure contaminants
to Nitrogen Dioxide and Gas Stoves R

Garrett et al. 1998 Am J Respir Crit Care Med GEIS StOVe pOllllthIl CﬂUSBS 12-70/ O @h ¢ maﬁl]ingtﬂu ﬂﬂﬁt
Meta-analysis of the effects of indoor nitrogen . Democracy Dies in Darkness
dioxide and gas cooking on asthma and Of ChlldhOOd aSthma, StUdy ﬁnds
wheeze in children https ://www.washingtonpost.com/politics/2023/01/06/gas-stove-pollution-causes-127-childhood-asthma-study-finds/

Lin et al. 2013 Int J Epidem
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Indoor air quality (IAQ) and health

Volatile organic compound emissions during HOMEChem

VOCs
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Arata et al. 2021 Indoor Air

BASELINE EMISSIONS

acetic acid

furfural __
acetone + propanal _

acetaldehyde _

propanol frag +___
propene

C9 saturated -

carbonyl
v methanol

farmiec acid
rormic acia

Major VOC sources:
 Building materials

» Occupants and personal products
« Activities (cleaning, cooking, etc.)
 Indoor chemistry



Indoor air quality (IAQ) and health

VOCs

Association of domestic exposure to volatile organic
compounds with asthma in young children

Rumchev et al. 2004 Thorax

Cancer Risk Disparities between Hispanic and Non-Hispanic White Populations:

The Role of Exposure to Indoor Air Pollution

Hun et al. 2009 Environ Health Perspect

Associations of Cognitive Function Scores with Carbon Dioxide, Ventilation,
and Volatile Organic Compound Exposures in Office Workers: A Controlled
Exposure Study of Green and Conventional Office Environments

Allen et al. 2016 Environ Health Perspect

Primary & secondary VOCs + ultrafine particles

concentration (ug per cubic m)

1400
e ™\
1200 - emissions: 500 mg/hx 1 h
volume: 300 cubic meters
air-exchange rate: 0.7 per h
1000 ozone: 20 ppb
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400 Nazaroff and Weschler 2008 Atmos Environ
200 {1/ LT e
0 bl e aiapan

time (h)

Frequent use of chemical household products is associated
with persistent wheezing in pre-school age children

Sherriff et al. 2005 Thorax

The Use of Household Cleaning Sprays and
Adult Asthma

Zock et al. 2007 Am J Respir Crit Care Med
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Indoor air quality (IAQ) and health
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We shed our entire outer layer of
skin every 2-4 weeks

Epidermal desquamation
Milstone 2004 J Dermatol Sci

Ozone + skin oils > VOCs + ultrafine particles (UFPs)
Reactions of ozone with human skin lipids:
Sources of carbonyls, dicarbonyls,

and hydroxycarbonyls in indoor air

Wisthaler and Weschler 2010 Proc Nat Acad Sci

Ozone Reaction Products Associated with
Biomarkers of Cardiorespiratory Pathophysiology

He et al. 2023 Am J Resp Crit Care Med 3



Indoor air quality (IAQ) and health

Dampness and mold

« Causal connection with exacerbation of asthma in children and “dampness” in buildings
—  “Do you see or smell mold or water damage?”

* No causality, but sufficient epidemiological evidence of increased:
— Upper respiratory tract symptoms (coughing, wheezing, etc.)
— Respiratory infections

Microbiome
and metabolome

ALITYND HIY HOOANI 404 SANITIAIND OHM

— Development of asthma O?fg

—  Bronchiti Bt ey AR
o < S

— Allergic rhinitis o0

* Interestingly, no associations between quantifiable microbial measures and respiratory
health effects (some suggestive associations)

— Moisture damage - Toxin release (e.g., microbial VOCs) from fungi (mold)?

WHO Dampness & Mold Guidelines 2009, Mendell et al. 2011 EHP, Kanchongkittiphon et al. 2015 EHP,; Gilbert and Stephens 2018 Nature Reviews Microbio



Indoor air quality (IAQ) and health

Indoor microbiome o —___Gut-associated bacteria S

N e g

Prussin and Marr 2015 Microbiome Flores et al. 2011 PLoS ONE

(a) 150 - e (b) 150
Exposure to microbial > - P=004
diversity (i.e., the ‘right 3 100 5 100 :
microbes and the 5 Fo j
‘right’ time) may be § 0 § %0
beneficial for health? E .

T e 0 :
0 150 300 450 Controls Asthma cases

Number of sequences
Dannemiller et al. 2014 Indoor Air
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Indoor air quality (IAQ) and health

Infectious disease transmission

In China, Students in Crowded Dormitories with a Low
Ventilation Rate Have More Common Colds: Evidence for

Airborne Transmission Sun et al. 2011 PLoS ONE
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Yu et al. 2004 New Engl J Med
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Liu et al., 2020 Nature 582:557-560

Evidence of Airborne Transmission
of the Severe Acute Respiratory Syndrome Virus

A paradigm shift to combat
indoor respiratory infection

Building ventilation systems must get much better
Morawska et al., 2021 Science 372:689-691
Demand controlled

Ventilation is adjusted according
to the number of occupants and their

activities to save energy. |
r |1
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| J
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Indoor air quality (IAQ) and health

Health benefits of particle filtration

Fisk 2013 /ndoor Air

Photo from M.S. Waring and J.A. Siegel
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EPA Guidance on air cleaners in the home:

https://www.epa.gov/indoor-air-quality-iag/air-cleaners-and-air-filters-home

Air cleaners typically reduce indoor
PM concentrations by ~50%

« Usually PM, 5

« Sometimes PM,, or total number

counts (TNC)(e.g. <1 um)

Documented health improvements

with (mostly portable) air cleaners

include:

* Modest improvements in lung function
in asthmatics

* Fewer asthma-related doctor visits

* Modest improvements in markers of
cardiovascular/pulmonary function

* Few studies on in-duct air cleaning

12
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Indoor air quality (IAQ) and health

Residential indoor air pollution is estimated to result in $-14% of the annual

non-communicable, non-psychiatric disease burden in the U.S.
- Excludes SHS and radon
- Descending order: PM, 5, formaldehyde, acrolein, ozone, NO,

Logue et al., Environ. Health Perspect. 2012, 120, 216-222

Cumulative lifetime cancer risks of 1-10 excess cases per 10,000 people

Wallace et al., Environ. Health Perspect. 1991, 95, 7-13
Sax et al., Environ. Health Perspect. 2006, 114, 1558-1566
Hun et al., Environ. Health Perspect. 2009, 117, 1925-1931

Indoor air is a dominant environmental exposure

13



The costs of poor IAQ are probably high

Health and productivity gains from better indoor environments in the U.S.

— Fisk (2000) Annual Reviews of Energy and Environment

— $6-14 billion from reduced respiratory disease

— $1-4 billion from reduced allergies and asthma

— $10-30 billion from reduced sick building syndrome

— $20-160 billion from direct improvements in worker performance

$37-208 billion annual savings possible
—  Fisk (2002) ASHRAE Journal

Improved ventilation in a manufacturing facility led to reduced sick days
— Milton et al. (2000) Indoor Air

Increased ventilation led to slight increase (5%) in productivity
— Wargocki et al. (2000) Indoor Air



Adapted from Nazaroff 2013 /ndoor Air

“Four principles for achieving good indoor air quality”

Minimize indoor emissions

GREENGUARD ;
§ CERTIFICATION §.

| Sater et al. 2024 Behavioral Public Policy

‘&‘F | Treatment

. @ Information
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Product standards, behavioral interventions
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~50% of homes and offices have visible dampness or mold %

Keep bUl IdlngS dry ~30% of schools had plumbing or roof water problems

https://iagscience.Ibl.gov/dampness-and-mold

Ventilate well

https://iagscience.lbl.gov/building-ventilation-topics

Photo: Insung Kang Photo: Brett Singer

Protect against outdoor pollution

Factors: Building envelopes, window opening, mechanical ventilation

| also suggest a 5 principle:
Utilize efficient air cleaning

@

E Outdoor 1
S 30

2 -
c |
]

©

£ 201

5]

<]

c

o

Indoor

12AM 4AM  8AM 12PM 4PM  8PM 12AMN 12AM 4AM  8AM 12PM 4PM 8PM 12AM

15


https://iaqscience.lbl.gov/dampness-and-mold
https://iaqscience.lbl.gov/dampness-and-mold
https://iaqscience.lbl.gov/dampness-and-mold
https://iaqscience.lbl.gov/dampness-and-mold
https://iaqscience.lbl.gov/dampness-and-mold
https://iaqscience.lbl.gov/building-ventilation-topics
https://iaqscience.lbl.gov/building-ventilation-topics
https://iaqscience.lbl.gov/building-ventilation-topics
https://iaqscience.lbl.gov/building-ventilation-topics
https://iaqscience.lbl.gov/building-ventilation-topics

Practical challenges to improving IAQ

« Building stock is old, and turns over slowly
— Investments in physical infrastructure challenging, expensive, or impossible

Kang et al. 2021 Sci Tot Environ

16



Practical challenges to improving IAQ

* QOccupants don’t always use the systems/devices they have

Peffer et al. 2011 Building and Environment

“The majority of occupants operated thermostats manually,
rather than relying on their programmable features”

Meier et al. 2011 Building and Environment

Percentage of time at fan speed setting

Runtime of portable HEPA air cleaners in
homes of US military Veterans in Chicago

100%
80%
60%
40%

20%

00/0 DAUONURNDN2UNVRNNONDI~NNVONDN-TVNNITINNNDITIOCUNRIITNN2NDNDNDNDNT nnn
- - - ~
CEB8R3F 8858250538758 988 2889 ;8835833888880 R055552888

(=] o (=] oo [=N=] (=] o (=] oo coo [=X=R=] (=] oo [=N=N=] (=N =N=)
m Off Low ™ Medium ® High

Farhoodi et al. 2025 Environ Sci: Processes & Impacts
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Practical challenges to improving IAQ

* Increasing ability to monitor IAQ, but a comprehensive assessment of
IAQ (and health) is not trivial (and expensive)

Y

ﬁ NO2,
PM2.5 formaldehyde

s §
monitor &>

; T, RH sensor

I

<«— passive
samplers

AtmoCube

Plantower PMS5003 Sensirion SPS30

AQ'SPEC Indoor “Exposome”

https://www.agmd.gov/ag-spec Dai et al., 2017 Environ Sci Technol

Chan et al. 2020 CEC-500-2020-023

“ela | Stanfield et al. 2025
R Environ Sci Technol
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Practical challenges to improving IAQ

 Fragmented adoption of standards

ANSHASHRAE Standard 62.1-2022
(Sopersades ANSIASHRAE Standard 62 1.2019)
ncdedes ANSUASHRAE adcends bund in Appendie Q

Ventilation
and Acceptable
Indoor Air Quality

».»." ] sy .. i e b o e
e

' el Sen. o oquon ¥
powele-raniely

T e o e e @
ASHRAE 62.1

https://www.ashrae.org/news/ashraejournal/ashrae-journal-podcast-episode-50

A|S H|R|A|E
JIOIURIN/A'L

Podcast

Recommended listening:

50.

IAQ Paradigms—The Next Generation

ASHRAE Journal Podcast

ANSI/ASHRAE Standard 62.2-2022
(Supersedes ANSI/ASHRAE Standard 62.2-2019)
Includes ANSUASHRAE addenda ksted in Appendix E

Ventilation and
Acceptable

Indoor Air Quality in
Residential Buildings

See Appendix E for

by ASHRAE and by the

This Stndard s under by Project Ci

PC) for which the Standards.

of addenda o1
mﬁdxmnedmmaﬂmwmmu r changstoary par of the S, oucices for koo bk
ASHRAE®

HRAE Rt ik e ASURAL it (s i ) o ks
Sovicn, 190 Tocclogy Paroy, Pecree Coromr. GA 30092, E-vak: crders@strsncry, Fas
phone: 404-636-8400 (workiwide), or toll free 1-800-527-4723 (for orders in US and Canada). F

Sy, mrnmmam/ camvenient navigation. Click on a reference to a section,
' table, igur, or equation to jum to (s locoti jon.
focripu

ASHRAE 62.2

ASHRAE Standard 241-2023

Control
of Infectious
Aerosols

Approved by the ASHRAE Standards Committee on June 24, 2023

ASHRAE 241

241: Equivalent clean airflow (ECA) rates

Litres per Second per Person

Elementary School
25

20

15
10
| I I

ASHRAE 62.1 ASHRAE 241 CcDC Lancet/OSPE WHO

=

n

w

(=]

[

https://itsairborne.com/ashrae-241-control-of-infectious-aerosols-

part-2-equivalent-clean-airflow-rates-76a511769d4d

Air Changes per Hour
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Practical challenges to improving IAQ

« Standards lag the marketplace (e.g., indoor air cleaning)

“Air Cleaner Technology A reduces viable pathogens by
99% in 60 minutes in a test chamber”
Hypothetical microbial inactivation test results

6000
. 3
Z £000 500 ft2 chamber ~ Control
E Test
S 4000 A
=
o
£ 3000 -
c
S
£ 2000 1 .
._‘é' : At 1 h, ~99%
o 1000 1 | reduction in
W] '| E. coli
: |
ﬂ T T T 1
0 20 40 60 80

Time (minutes)
Stephens et al. April 2022 ASHRAE Journal

Also potential for byproduct formation from additive air cleaners:
e ASTM WKS81750 Zeng et al. 2022 Pollutants

Fit data to a 1st-order decay model

D i LT -
-ﬂ.5 _ .‘_...... '-'
: g
y =-0.0145x
A5 4 -
-2
25 -
3
3.5 |
-4 -
4.5

In (CI'ICU)

= Control
Test

0 15 30 45 60 75
Time (minutes)

Determine CADR from loss rates

CADR = Vtest(Lac on — Lac Off)

1
CADR = 500 ft3 x (0.0593 —0.0145—— )
min
f2

CADR = 224 —— = 22 CFM
min
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Practical challenges to improving IAQ

* Increasing desire for evidence-based medicine/interventions
— Robust investigations require interdisciplinary teams + funding

~30 registered air cleaning intervention trials are currently active®
Target enroliment,

Target enroliment, Target enroliment, Target enroliment,

by country by population by setting Cognition by outcome
900 (15%) Cardiometabolic

_ 649 (11%)

OUens Bronchiolitis
2166 Children 228 (4%) Cardiopulmonary
(36%) 1864 80 (1%)
(31%)
Asthma
736 (12%)

Cardiovascular
1482 (25%)

+  ~2/3in US, ~1/3 outside US Vif&éﬂ{ggﬁ)on
* Planned enroliment target: ~6000 participants °

: COPD
e o . National Library of Medicine Hospital outcomes

Farhoodi et al. 2025 Environ Sci: Processes & Impacts
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* Search terms: “air clean™”, “air purif*”, “HEPA filt*”; excludes 1 planned study of box fan
filters and UVGI in classrooms in Bangladesh targeting 20,000 participants



Practical challenges to improving IAQ

The IAQ research and practitioner community is relatively small

\ Locally:
Shaping Tomorrow's Global i .
ASHHAE Built Environment Today Iﬂ IndoorScience

"» Al H A https://indoorscience.com/
- https://www.ashrae.org

Indoor Air Qualit
Y/ IAGA, | S5smimaven

https://www.aiha.org/public-resources/air-quality

https://www.iaga.org/

INTERNATIONAL SOCIETY OF lan cl-,-|»|, Ee, CIH

INDOOR AIR QUALITY Chief Science Officer
AN D CL' MATE Hea I th y H Ou S | ng An internationally-recognized expert in indoor
environmental quality. A sought-after speaker, consulta

. P rl n Clp I eS C ertlfl Cate and author with over 25 years of industry experience
https://www.isiaq.org/ S

https://www.bpi.org/certificates/healthy-housing-principles/

ng,
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https://www.aiha.org/public-resources/air-quality
https://www.aiha.org/public-resources/air-quality
https://www.aiha.org/public-resources/air-quality
https://www.aiha.org/public-resources/air-quality
https://www.aiha.org/public-resources/air-quality
https://www.isiaq.org/
https://www.iaqa.org/
https://www.ashrae.org/
https://indoorscience.com/
https://www.bpi.org/certificates/healthy-housing-principles/
https://www.bpi.org/certificates/healthy-housing-principles/
https://www.bpi.org/certificates/healthy-housing-principles/
https://www.bpi.org/certificates/healthy-housing-principles/
https://www.bpi.org/certificates/healthy-housing-principles/
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