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Outdoor PM, ; monitoring stations in the U.S.

NAAQS monitoring sites

Units: ug/m3

avg = average; PM, s = particulate matter with a nominal mean aerodynamic diameter less than or equal to 2.5 pm.
Source: U.S. EPA analysis of Air Quality System network data 2013-2015, prepared in 2016.

Figure 2-13 Three-year avg PM2.s concentrations 2013-2015.

2019 EPA Integrated Science Assessment on PM
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
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Modeling & remote sensing fill regional PM, - gaps

Di et al., 2017 NEJM
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Modeling & local measurements fill local PM, ; gaps

Low-cost sensors
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Weak correlations between indoor and outdoor PM,

NHAPS - Nation, Percentage Time Spent —Weak I:0 correlations are common
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Nearly all outdoor air pollution epidemiology
studies don’t account for an important point...

We spend most of our time indoors!
Which leads to ‘exposure misclassification’ 5




Indoor sources of outdoor PM and key definitions

Outdoor particles Fresh air

I/O ratio:
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O entry by Infiltration
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inf — :
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See presentation from 2016 NAS Workshop on Indoor PM:
http://built-envi.com/wp-content/uploads/stephens-IOM-presentation-feb-2016.pdf
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Underlying mechanisms that govern F,,,
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Liu and Nazaroff 2001 Atmos Environ
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See presentation from 2016 NAS Workshop on Indoor PM:

In commercial buildings:
P=1-np
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Removal by deposition to surfaces,
phase changes, control by filters or
air cleaners, etc.

http://built-envi.com/wp-content/uploads/stephens-IOM-presentation-feb-2016.pdf
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INFILTRATION FACTORS



Methods to measure PM infiltration factors (F;,)

Chemical surrogate (e.g., sulfur/sulfate) of gravimetric PM samples

Finf oC

Soutdoor

Sarnat et al. 2002 Environ Sci Technol
Wallace and Williams 2005 Environ Sci Technol

Tang et al. 2018 JESEE

Time-resolved monitoring and data processing
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Large surveys of PM infiltration factors (F;,)
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Between-home variability in infiltration factors (F;,)
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Williams et al., 2003 Atmos Environ; Allen et al., 2012 Environ Health Persp; MacNeill et al, 2012 Atmos Environ;

Key drivers of variability in infiltration factors

Pollutant characteristics Al
— Sizes/classes/components of PM -

RECESSED "VENT STACK

LIGHT o

Source of ventilation air @, 4/ v
— Infiltration (envelope leaks) ‘e P

— Mechanical ventilation
— Natural ventilation (open windows)

Human behaviors

— Window opening frequencies
— Portable air cleaners

DRYER VENT

OUTDOOR
FAUCET

Magnitude of the air change rate (ACR/ACH)
— Meteorological driving forces (e.g., /0 temperatures, wind speed/direction)
— Building envelope characteristics (e.g., airtightness)

HVAC system runtime and filtration efficiency
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PENETRATION FACTORS



Methods to indirectly measure penetration factors (P)

« Accuracy challenges w/ integrated gravimetric PM, s samples
— Usually estimated via regression analysis across homes

Table 3. Parameter estimation by NLIN regression.

Meng et al. 2005 JESEE

State N Boundary condition® P 95% CI of P k(Y 95% CI of k (h™ ")
Overall 268 Y 0.91 (0.71, 1.12) 0.79 (0.18, 1.41)

N 0.91 (0.71, 1.12) 0.79 (0.18, 1.41)
California 112 Y 1.00 (1.00, 1.00) 0.90 (0.53, 1.28)

N 1.04 (0.75, 1.33) 0.98 (0.28, 1.69)
New Jersey 80 Y 0.73 (0.42, 1.05) 0.46 (—0.44, 1.36)

N 0.73 (0.42, 1.05) 0.46 (—0.44, 1.36)
Texas 76 Y 1.00 (1.00, 1.00) 0.99 (—1.38, 3.35)

N 1.35 (0.46, 2.23) 1.18 (—-1.57, 3.92)

“means parameters are estimated with boundary condition Pe[0,1]; N means no boundary conditions for parameter estimation.

1.0
Meng et al. 2005 JESEE Table 7
0.8 oo @moo 8 Calculating P’s and k’s for PM, 5 using mixed model slopes
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o k=oan Fiur 0.05 094 045 021 0.71 0.78
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Methods to directly measure penetration factors (P)

Vette et al. 2001 Aerosol Sci Technol
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Summary of size-resolved penetration factors (P)
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Direct measurements of penetration factors (P)
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PM, - penetration factors (P) from size-resolved data

A single
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New directions in assessing F;,-and P for PM, 5

Estimating F,,, with low-cost sensor networks

Bi et al. 2021 Environmental Pollution
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Modeling F,,, with building characteristics and other predictors

Table 5. Comparison of the current study and previous approaches to modeling infiltration and indoor PM, s concentrations.
Current study Allen et al>” Baster et al?” Wallace and Williams®
Study area 102 homes 353 homes 39 homes 37 homes
Boston 7 cities across US Boston North Carolina
Infiltration proxy Sulfur Sulfur GIS and housing characters  Sulfur
Model technique Mixed-effects model ~ Multivariable regression ~ Bayesian model Multivariable regression
Predictive power infiltration proxy =~ CV R*=89.3% CV R?=30-60% — —
Predictive power on PM, 5 CV R*=79.1% — CV R?=0.37 R?=0.74
Abbreviation: CV, cross-validation.

o 20
Tang et al., 2018 JESEE Scale: Building stock



New directions in assessing F;,-and P for PM, 5

Integrating F,,.in exposure assessment & environmental epidemiology

concentration-response
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(C-R) functions
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Microenvironmental PM, 5
exposure contributions

Outdoor origin Outdoor origin
outdoors / inside vehicles: 2%

7%

Indoor origin
inside other buildings
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/ inside homes
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inside homes —__ N

Outdoor origin outdoors
I Outdoor origin inside vehicles
Outdoor origin inside residences
[ Outdoor origin inside other indoor environments
I Indoor origin inside residences
I ndoor origin inside other indoor environments

Azimi and Stephens 2020 JESEE
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New directions in assessing F;,-and P for PM, 5

Exploring the impacts of mechanical ventilation and filtration on I

Scale: Single buildings
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New directions in assessing F;,-and P for PM, 5

Health-relevant metrics (e.g., oxidative potential) of indoor-infiltrated PM,

70
Oxidative potential (OP) of indoor " .
PM in an unoccupied test house: |
« Generate reactive oxygen species
(ROS)
 EPR spectroscopy
« Mass-normalized OPEPR higher
indoors than outdoors

OPEPR of indoor particles
[UM OH/mg particles]
== N w ey N
o o o o o
»

o

Khurshid et al. 2019 Building and Environment

NIST test house
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PM of outdoor origin in an
unoccupied apartment unit: £ = £ %1
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Zeng et al. 2021 under review R S P — % w0 50 %

Indoor-Outdoor Temperature Differences (°C)

Scale: Single buildings

Outdoor-Indoor RH Difference(%)
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Ongoing research needs

Integrate indoor exposure attributions to ambient PM
epidemiology investigations
. . ) Chen et al. 2012 Epidemiology
— Address exposure misclassification Hodas et al. 2013 JESEE
] Sarnat et al. 2013 JESEE
— Improve accuracy of health effect estimates

Differential toxicity of PM of indoor/outdoor origin

Ebelt et al. 2005 Epidemiology; Koenig et al. 2005 EHP; Long et al. 2001 EHP; Monn and Becker 1999 Tox Appl Pharm

Direct measurements of ', - possible, but expensive at scale
— Typically limited to samples of convenience
— Potential to leverage advances in low-cost sensors

Direct measurements of P remain very limited
— Increase sample sizes, incorporate PM chemical composition
— Standardize approaches, explore influencing factors

24
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Direct measurements of penetration factors (P)
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New directions in assessing F;,-and P for PM, 5

Exploring the impacts of mechanical ventilation and filtration on F,,;

HUD HHTS: Impacts of ventilation system retrofits
on IAQ and adult asthma outcomes (2016-2020)
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New directions in assessing F;,-and P for PM, 5

Assessing the impacts of energy efficiency retrofits on F,,.and P
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