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Topics

= |AQ before Covid-19

=  What we’ve learned (and re-learned) from the pandemic
= Requirements for IAQ standards that address infection

= Qvercoming the IAQ-energy conflict

= |mportant knowledge gaps
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Before Covid-19

“Indoor air quality has gone from what had
been described as a 'non-issue' to what could
be the most important health concern we will
face for the remainder of the 20t century.”
~Donald Bahnfleth, 1986
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Health and productivity loss — known for decades

c. 2000

paper form without permission of ASHRAE.

| ASHRAE Jourial

The following article was published in ASHRAE Joumal May, 2002, € Copyright 2002 American Society of Heafing, Refrigerating and Ar-
Conitioning Engineers, Inc. It is presented for educational purpases only. This article may not be copied andior distributed electromcally or in

Potential percentage reductions in
health effects from changes in improv-
ing IEQ were estimated from the results
of epidemiological (ie., population
health) studies that identified risk fac-
tors for health effects and quantified the
risks. For example, many studies have

How IEQ Affects
Health, Productivity

By William }. Fisk, PE., Member ASHRAE

i diusted and on

his article, a summary of Fisk, ' estimates the ove-

ments In health and productivity potentially attainable by provid-
Ing better indoor environmental quality (IEQ) in U.S. buildings. Esti-
mates include the potential reductions in three categories of health
effects, the assoclated economic benefits, and the potential direct
Improvements in productivity not mediated through health.

other barriers will sometimes make these
gains difficult.

‘To calculate health benefits, poten-
tial percentage reductions in health ef-
fects were multiplied by the size of the
affected population or by the number
of heallh effects To esti-

the economic output of office workers,
since SBS is most commonly reported
for affice workers.

A similar procedure was used o esti-
mate the potential direct productivity
cains from improved indoor temperature
control and beter lighting quality. Al
estimates were adjusted to 1996 U.S.
dollars and to the size of the LS. popu-
lation in 1996

Acute Respiratory lliness
No high quality studies identified
failed to find a link between bullding

benefits,

found that the p Tespirator
symptoms associated with asthma are in-
creased by 20% to 100% among occu-
pants of houses with moisture problems.
implying that elimination of these mois-
ture problems would diminish symp-
toms by 1% to 50% in these occupants
(2.2, 20% = 120% = 17%).

‘These risk factor reductions through
practical measures were estimated from
published data using engineering judg-
ments. For example, it was considered
technically feasible and practical, but
not necessarily easy or inexpensive, 1o
double ventilation rates in offices or
improve prevention and expedite repair
of water leaks in buildings. Conse-
quently, the “potential” reductions in
risk factors are those considered both
technically feasible and practical, rec-
ognizing that implementation costs and

56

reductions in health effects were multi-
plied by the annual costs of the health
effects. The costs in the US. of acute
respiratory illnasses and of allergies and
usthma were based on published esti-
mates with direct health-care costs and
indirect productivity costs (e.2., value
of lost work).

Estimating the costs of sick building
syndrome (SBS) symptoms was more
difficult and produced more uncertain
estimates. No comprehensive data were
available on the costs of SBS-related in-
vestigations, remediations, or litigation.
However, three studies have measured
small bul statistically significant de-
creases in worker performance linked to
SBS symploms. Therefore, the estimated
cost of SBS symploms was based on
these measured decreases in work per-

May

yill-
nesses (ARIs) such as influenza and
common colds. Fight studies reported
statistically significant 23% to 76% re-
ductions in ARIs among building occu-
pants with higher ventilation rates,
reduced space sharing, reduced occu-
pant density, or irradiation of air with
ultraviolet light. These changes were
considered technically feasible and
practical, given sufficient benefits.
One study found a 35% reduction in
short-term absence, a surrogate for ARI,
in buildings with higher ventilation
rates. Because some studies took place
in buildings such as barracks and a jail,
reductions in ARIs were adjusted down-
wards, and ranged from 9% o 200%. Mul-
About the Author
William ). Fisk, PE., &5 saff sdendst and depart-
mant head, Indoor Envirorment Dapartment, 3t
Lawrenca Barkeley Masional Laboratory, Calff

2002]ASHRAE Journal

Source of

Productivity Gain

Reduced
Respiratory lliness

Reduced Allergies
And Asthma

Reduced Sick
Building Syndrome
Symptoms

Improved Worker
Performance from
Changes in
Thermal
Environment and
Lighting

Potential Annual
Health Benefits

16 Million to 37
Million Avoided
Cases of Common
Cold or Influenza
8% to 25% Decrease
in Symptoms within
53 Million Allergy
Sufferers and 16
Million Asthmatics
20% to 50%
Reduction in SBS
Health Symptoms
Experienced
Frequently at Work
by ~15 Million
Workers

Not Applicable

Potential U.S. Annual
Savings or Productivity
Gain (1996 U.S. $)

$6 Billion to $14 Billion

$1 Billion to $4 Billion

$10 Billion to $30 Billion

$20 Billion to $160 Billion

Table 1: Estimated potential productivity gains.
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Lesser epidemics

Th MEW ENGLAND JOURNAL off MEDICINE

“ ORIGINAL ARTICLE ”

Evidence of Airborne Transmission
of the Severe Acute Respiratory Syndrome Virus
Ignatius T.S. Yu, M.B,, B.S., M.P.H,, Yuguo Li, Ph.D,, Tze Wai Wong, M.B., B.S,,

Wilson Tam, M.Phil., Andy T. Chan, Ph.D., Joseph HW. Lea, Ph.D,
Dennis Y.C. Leung, Ph.D., and Tommy Ho, B.Sc

ABSTRACT

BACKGROUND

There is uncertai the mode of ission ofth ysym-
dmme (SARS) virus, \“:analymdd:cmmpmlandspmaldmnbuumsofcasnsma
]atgtcmmuntymﬂ:makufSARSmHong Kong and examined the corrdation of these
datawith the t i dofavins-laden aerosol phume thatwas modeded
using studies ofairflow dynamics.

METHODS
‘We determined the distibution of the initial 187 cases of SARS in the Amoy Gardens
housing complexin 2003 according to the date of onsetand loction of residence. We
then studied the association between the loction (building, floor, and direcdon the
apartment unit faced) and the probability of infection using logistic regression. The
spread of theairborne, vn'us-]aicu acrosols g:ummdbyd:cmd:x pancutwasnmddod
with the use of aidl ;) studies, incl g studies d with the use of

1 fuid-d

computati icsand multizone modeling,

RESULTS
The cuwves of the epidemic suggested a common source of the outhreak. All but5 pa-
tients lived in seven buildings (A to G), and the index patient and more than half the
other patients with SARS (%9 patients) lived in building E. Residents of the foors atthe
mnddlcmduppﬂkvdsmbmldmgiwmataﬂgufmﬂyh@ﬂnskdunnﬂdcum
on lower floors; dnsﬂnd.lngls- witha rising plume of dwarm air
intheairshaft g d from a middle-l apammutumtrh:nsksfudmd.ﬂ:rmt
umxumrhnidxmusmmuamuspmimnimd:dmuscc{mu}_um:
Thedistribution of risk in buildings B, C, and D corres ponded well with the three-di
sional spread of virus-laden aerasols predicted with the use of computational fuid-
dynamics modeling

COMCLUSIONS
Airborne spread of thevirus appears twexphin this | ity outbreak of SARS,
and futureeffortsat prevention and control must tke intoconsidemtion the potental
forairborne spread ofthis virus.

N ENGL | MED 350017 WWW.NE|M.ORG APEIL 22, 2004

‘The New England Journal of Medicine

From the of Community and
Family Medicine Chinese University of
Hong Kong (LTSY. TWW. WT, TH):
and the Departments of Mechanical Engi.
nesting (Y.L, AT.C., D.¥CL] and Chil En-
gineering (LHMW.L), University of Hong
Kong — beth in Hong Kong, China. Ad-
dress reprint requests to Dr. Yu at the De-
jpartmnent of Community and Family Medi-
cine, #h Fl, Schocl of Public Health
Frince of Wales Haspital, Shatin, Hong
Kong, China, ar at fu@cuhk edu. ik,

N Engl) Med 2004350:1731.9.
COPIERS € 2004 MgRCTUSSS: Medl STy

1731

- influenza, SARS, MERS...

2003 - SARS Epidemic
Amoy Gardens, Hong Kong

Unit 5, coded Dc

c=0.03 B
C=0.11
Unit4, codedCd L
B K L
B T| D
B T| D
B K L
Unit 3, coded Cb
C=0.07 L
C=0.07

Unit 2, coded Bc

Elevators

Stairs
Stairs

Unit 6, coded Da

B c-0.01
C=0.43
L Unit7, coded Ad
L K B
D |T B
Reentrant
area
D |T B
L K B

Unit 8, coded Ab
C=1.00

B C=0.09
Unit 1, coded Ba
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Risk reduction tools were also well-known

ASHRAE Position Document on

= “Many infectious diseases are transmitted through inhalation Airborne Infectious Diseases
of airborne infectious particles...” romoretos A b ot e

June 24, 2009

= “Airborne infectious particles can be disseminated through
buildings including ventilation systems”

= Airborne infectious disease transmission can be reduced
using dilution ventilation, specific in-room flow regimes,...
room pressure differentials, personalized and source capture
ventilation, filtration, and UVGI.

~ AS H R A E ( 2 OO 9 ) American Society of Heating, Refrigerating and Air-Conditioning Engineers

1791 Tullie Cirdle, NE Atlanta, Georgia 30329-2305
Phone: 404-636-2400 Fax 404-321-5478 www.ashrae.org
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Acceptable IAQ today - safe and satisfactory

= (A)ir in which there are no known contaminants at harmful
concentrations, as determined by cognizant authorities, and with

which a substantial majority (80% or more) of the people exposed do STANDARD
not express dissatisfaction. e

= Harmful concentrations Ventilation '
and Acceptable |

= Levels that cause adverse health effects Indoor Air Quality |

= Does not include pathogens

See Appandix O for approval dates by ASHRAE and the American National Standards Institute.

] Satisfa Ction This Standard is under continuous maintsnance by 3 Scanding Standard Project Commirtes (S3PC) for which the Smindards

Commictes has ssablshed 5 documented program far regular publication of addenda o revisions, including procedures for
timely, documented, consensus action on req ests for M\gemalvypanufﬂﬁ&andard Instructions for how to submit a
change can be found on the ASHRAE™ shrae org/conti

The latest edition of an ASHRAE Standard may be purchased from the ASHRAE website (www.ashrae.org) or from

. . . ASHRAE Customer Service, 1791 Tullie Cirdle, NE, Atlanta, GA 30329-2305. E-mail: orders@ashrae.org. Fax. 678-539-

] Pe rCe Ived a I r u a I It 2129. Telephone: 404-636-8400 (worldwide), or toll free |-800-527-4723 (for orders in US and Canada). For reprint per-
y mission, go to www_ashrae. org/permissions.

© 2019 ASHRAE ISSN 1041-2336

= No explicit consideration of wellness =

= Not merely the absence of disease or infirmity (WHO)

ASHRAE REGION XIII CRC 8/19/2022 7




LONG RUNNING DEBATE - VENTILATE FOR DISEASE OR ODOR

CONTROL?

40
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Janssen, J.E., 1999. The history of ventilation and temperature control: The first century of air conditioning. ASHRAE Journal, 41(10),

p.48.
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Current minimum filtration rates protect equipment, not people

MERV
Range 8

1.0 T T rrorrrg ¥ T T rrrreg

TTTTT T T TTTIT

1 N/A 5
3]
&
2 >20% é
g
3 > 70% '2., Airways
E -
(=%
2

e
1l

.
1 1 I B LT e, S T B B BN O OV |

1.0 10 100

Particle diameter, ym

FIGURE 11.3 Predicted total and regional deposition for light exercise (nose breathing)
based on ICRP deposition model. Average data for males and females.
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“Acceptable” IAQ doesn’t include wellness

Healthy Buildings Wellness

- @
THE 9 FOUNDATIONS

OF A HEALTHY BUILDING

forhealth.org

Physical

Spiritual Emotional
Mental

W, Environmental

PR 6 @ ——

Occupational

ASHRAE REGION XIII CRC 8/19/2022 10



“Acceptable” IAQ doesn’t include resilience

Airborne Infectious Diseases Ambient Air Quality Emergencies

ASHRAE REGION XIII CRC

8/19/2022
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Communicable disease transmission modes

= |nhalation - fine respiratory droplets and aerosol
particles

= Deposition - splash or spray of respiratory droplets
onto mucous membranes (mouth, nose, eyes)

=  Touching - with hands directly contaminated or
indirectly by touching contaminated surfaces
(fomites)

Tang, J.W.,, et al., 2021. Dismantling myths on the airborne transmission of severe
acute respiratory syndrome coronavirus (SARS-CoV-2). Journal of Hospital Infection.

ASHRAE REGION XIII CRC 8/19/2022 12



Airborne transmission - complex

Y

Phase 1l Phase 2

|

Generation and exhalation Transport

» Settling velocity and residence time in air

» Size change during transport

« Persistence of viruses in aerosols

= Environmental factors: temperature, humidity,
airflow and ventilation, UV radiation

/—\ + <Gbum #100-5pm

» Generation mechanisms

« Viral load at generation sites

» Size distribution of exhaled aerosols
* Number of virions in aerosol

\\ T LA PN A LR
et B, " T TR e e, . LI L
. (AT TR S L. A R
Oral _— ats Lt e e e e
/ . 3 b ."?. L ..'-.‘_'* + . " .
Laryngeal —————+—1) AR LI T R .
ryg // .. \\ o '.-’. ) ‘,: e '... . 8"
. e @ . .
) gl e P e
Bronchial el W et AP T
. e .-, .
. . . ‘e
) * . . . e .
Bronchiolar. ¢ ,. ‘ e, . .
\ \ / L] - L
. ®
Alveolar k_/ °

Phase 3
Inhalation, deposition and infection

« Size distribution of inhalable aerosols
+ Deposition mechanisms

« Size-dependent deposition sites

+ Deposition site susceptibility

Wang et al., Airborne transmission of respiratory viruses Science 373, 981 (2021)

doi.org/10.1126/science.abd9149
ASHRAE REGION XIIl CRC

8/19/2022
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Airborne transmission - Guangzhou restaurant

= Low ventilation rate increases infectious aerosol
concentration

= Air flow patterns established by ductless split air
conditioners determine who is exposed

= Duration of exposure important - only diners
infected, not servers

Y. Li, et al. 2021.. https://doi.org/10.1016/]j.buildenv.2021.107788

ASHRAE REGION XIII CRC
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Airborne transmission - HVAC systems

= Nursing home in Netherlands
(De Man, et al. 2021. Clinical Infectious Diseases, 73(1), pp.170-171. doi.org/10.1093/cid/ciaal270)

= Seven wards, no infections in six

= 81% resident infections, 50% healthcare worker infections in the seventh

= Healthcare workers did not move between wards

= Residents had private rooms but were mobile, so cannot completely rule out close contact
= Comparison of HVAC systems

= Six wards had the same system - 100% outdoor air

= Seventh ward - recirculating CO2-based demand control (close below 1000 ppm), dust filters

ASHRAE REGION XIII CRC 8/19/2022
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Particle size is important for transmission and risk management

100 pm Spm 1 pm
1000 5 .o o 1.5 m height
; 1.0 m ' : i
= Aerosols - fine particles that can stay in the air = 1004 som
: _ ) ] :
for some period of time 3 —— 30m | |
5 10 = 5§ec 33 _min 1272 hr
=  The smaller a particle is, the longer it is likely to = E | | |
stay airborne E 1
: _ E
= Particles < ~100 ym important for s
intermediate/long range transmission g 01 . : : Ground level
% (or surfaces)
= Smaller particles penetrate more deeply into F: 0.01
: x
the respiratory system
= Most of viral load is in particles smaller < 5 um 182 T
0 20 40 60 80 100

Aerosol diameter (um)

Wang et al., Airborne transmission of respiratory viruses Science 373, 981 (2021)
doi.org/10.1126/science.abd9149
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Respiratory aerosol generation and deposition

==24== Duguid

=== Papineni & Rosenthal -OPC DATA

== Almstrand et al. -OPC DATA (for tidal breathing)
=== Loudon & Roberts

dCn dLog (D) (cm"‘}

1074 === BLO Model (experimental range) COUgh | ng
| AL
0.1 Map, padiiag o -+t
N N sesd e T Nk
R e R
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= e Y ‘d \\
\ P S
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0.00001 +—— . — ———r—rrrr
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g ..\\ TRPETS . ) _---u- V—EI -."f"_h
0.01 \\ 'a‘ "'-..‘\ FARALE
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0.1 1 10 100 1000

Diameter (um)

Johnson, et al. 2011. Modality of human expired aerosol
size distributions. Journal of Aerosol Science 42:839-851.

ASHRAE REGION XIII CRC

1.0

08

0.6

Respiratory Deposition, fraction

Head Airways

04

-/

-/
0.2 74

Lo TS e i
0.0 b= v vl Ll T e
0.001 0.01 0.1 1.0 10 100

Particie diameter, pm

FIGURE 11.3 Predicted total and regional deposition for light exercise (nose breathing)
based on ICRP deposition model. Average data for males and females.
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Infection risk is a function of exposure (dose)

= |nhaled Dose = Concentration x Volume Inhaled

= Factors affecting concentration

=  Number of infectors

= Emission rate per infector

= Removal rate - controls + natural mechanisms
= Factors affecting volume inhaled

= Age

T AVS DEO,PAX VIVIS, REQVIES & TERNA _SEP\_/_I_.TIS

Savia ¥ AW '03d ¥ WA LD 3d WANOO INWO

= Activity level [AVREOLV.S PHILIPPV.S THEOPHRAS V¢

= Duration of exposure ) ) . . . .
All things are poison, and nothing is without poison,

the dosage alone makes it so a thing is not a poison.
~Paracelsus, 1538.

ASHRAE REGION XIII CRC 8/19/2022



Airborne infection risk - Wells-Riley model

P = probability of new infections

P — 1 — eXp —_— = | = number of infectors

g = quanta (infectious dose) emission rate [1/hr]

\»

= p = pulmonary ventilation rate per susceptible [m3/h]

= Steady-state conditions = t=exposure time [hr]

" Time-dependent risk = Q = flow rate of uncontaminated air [m3/h]

=  Quanta determined from data

Given source and occupancy characteristics, can
calculate required uncontaminated air flow rate

ASHRAE REGION XIII CRC 8/19/2022
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EQUIVALENT OUTDOOR AIR - A BASIS FOR COMBINING CONTROLS

= An equivalent ventilation rate can be determined to
each mechanism and summed

= Dilution ventilation
= Mechanical filtration
= |nactivation by air cleaners
= Natural mechanisms
= [|nfiltration
= Deposition

= Natural inactivation of viral aerosols

ASHRAE REGION XIII CRC

Method for Measuring Performance

of Portable Household Electric Room
Air Cleaners

ANSIVAHAM AC-1-2015

ASSOGIATION OF HOME
APPLIANCE MANUFACTURERS

8/19/2022 20



Infection risk management - hierarchy of controls/Swiss cheese

Most
effective

Hierarchy of Controls

Hazard
Physically remove
the hazard 1

Replace
the hazard

Isolate people
from the hazard

=
Controls Vulnerability
L& to Failure
Protect the worker with g |
Personal Protective Equipment
<357 4 Accident

effective

Change the way
people work

ASHRAE REGION XIII CRC 8/19/2022 21




Engineering controls

= Ventilation - dilute contaminants with outdoor air/exhaust contaminated air
= Air Distribution - use airflow to prevent exposure/enhance removal of contaminants
= Mechanical Filtration - capture infectious particles

= Disinfection - inactivate infectious particles

ASHRAE REGION XIII CRC 8/19/2022 22



Ventilation - how much?

= WHO

= 10 L/s-person (~21 cfm/pers) for non-healthcare

= Based on analysis of dilution compared to outdoors
= HSPH and others

= 4-6 ACH for schools

= Based on analogy to healthcare ventilation

= QOthers develop custom rates using Wells-Riley
based models

/725N World Health
- Organization

Roadmap to improve and ensure
good indoor ventilation

in the context of COVID-19

ANSI/ASHRAE/ASHE Standard 170-2017
(Supersedes ANSIASHRAE(ASHE Swndard 170-2013)
Includes ANSHASHRAE/ASHE addenda ksted in Appendix C

Ventilation of
Health Care Facilities

See Appendix C for approval dates by the ASHRAE Standards Commitee, the ASHRAE Bcard of Directors, the ASHE
Board of Directors, and the American National Standards ksttue.

This Standard & under continuous maintenance by a Standeng Stndard Project Commictes (SSFC) for which the Sandards
Comemittes has established a documented program for regular publication of addends or revisions, including procedures for
timely, documented, comsenmua action an requets for changs 19 any part of the Standard, The change mubmattal form,
instructiona, and deadlies may be chtsined in slectronic form from the ASHRAE webite (www xshras org) or in paper
ferm from the Senior Mansger of Standards. The bitest edition of an ASHRAE Standard may be purchased from the
ASHRAE websits (wiww ashras.org) or from ASHRAE Customer Servica, 1791 Tullis Circle, NE, Ackines, GA J0329-2305.
E-mail: onhn@mlm.ot! Fax: 478-539-2129. Takphone: 404.436-8400 (warldwids), or toll free 18005274723 (for

https://www.who.int/publications/i/item/9789240021280

ASHRAE REGION XIII CRC
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Li, Y., Cheng, P. and Jia, W., 2022. Poor ventilation worsens short-range

airborne transmission of respiratory infection. Indoor air, 32(1), p.e12946.
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Air change rate as an infection control metric

0.1

=2
||?'I'I'E|
}Z

9]

o

A1 N
N

e

=

:I

= Healthcare ventilation standards set requirements ] = Ny = 5.05h™
for outdoor air and total supply air in ACH ol | ;
= ASHRAE Standard 170 is the basis of healthcare 0.01 =
ventilation design in most states — ]
= 5 - 6 ACH of clean air supply has been suggested - o | ;
as a Covid risk mitigation target for schools by 0.001 | { | — Scenario A
] —— Scenario B
analogy it —— Scenario C
=  Modeling suggests that 5 ACH can lower risk by 2} - -
~50% compared to 1 ACH R N I SR
0.0 2.5 5.0 7.8 10.0

N [1/h]

Rothamer, et al. 2021.
doi.org/10.1080/23744731.2021.1944665
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Air change rate (ACH) vs. Ventilation rate per person

= Can be confusing - may have both good ventilation

= Used in healthcare ventilation standards and low air change rate
= Relevant to clearance time = Example -ASHRAE Standard62.1 office space
= Ventilation rate per person relevant to steady state = 5 cfm/person + 0.06 cfm/sf
= Has been used to describe air flow requirements = Typical density - 5 persons/1000 sf
for Covid-19

=  For 1000 sf, need 85 ¢fm = 17 cfm/pers
For a space with volume V in cubic feet (LxWxH),
and ventilation rate Q in cubic feet per minute

O|cfin- 60 min/hr] gy Q060 _85-60
V[fﬁ] V9000

ASHRAE REGION XIII CRC 8/19/2022
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Ventilation rate increases have other benefits

=
o
C o~
8 |
E y=exp[(-0.05419801 + 0.0008838x)% +0.452511]
$ o
a
(o
=
L o
= -
E Q
=)
eyl
2 B
E [
E Weighted by sqgrt sample size

-+ | 96% confidence band™

= T T T T T

0 10 20 an 40
Yentilation rate
Lis-person

W. Fisk, A Mirer, M. Mendell. 2009. Quantitative
relationship of sick building syndrome symptoms
with ventilation rates. Indoor Air
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Relative Performance
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Seppanen, 0. and W. Fisk. 2006. Some Quantitative
Relations between Indoor Environmental Quality and
Work Performance or Health. HVAC&R Research.
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Best approach to air distribution?

Overhead Mixing Stratified Personal
- J\:1|b'!:'||l.1lﬂ.' return air
| rm— =4 ARG Sl ox
UPPER f 4 & &, ok
UNOCCUPIE # 1
ZONE M supply air.ligll- LEI%H:

B - Damper device

SHIFT ZON é

i [Lower
{ [occurieD
H | ZONE

=& Air low rale sensor

doi:10.1111/ina.12206 doi: 10.3390/en10020231 doi.org/10.1016/j.buildenv.2015.11.036

Situationally, any of them may be a good choice - or can fail
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Li, Y, et al., 2021. Building and Environment, p.107788.
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Kwon, K.S., et al., 2020. Journal of
Korean medical science, 35(46).
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Concentration (particle/m?)

Fig. 10 Average concentrations (0.8 pm) in planes across the room

at different height levels

Gao, N., He, Q. and Niu, J., 2012, Building
Simulation (Vol. 5, No. 1, pp. 51-60).

Al Assaad, D., Ghali, K. and Ghaddar, N.,

2019. Building and Environment, 160, p.106217.
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Mechanical ventilation works, natural ventilation is uncertain

= |talian schools study

Increasing ventilation reduces SARS-CoV-2 airborne
transmission in schools: a retrospective cohort study in Italy’s
= 316 retrofitted with mechanical ventilation Marche region

= 10,000+ classrooms

*

= Covid infection rates 80% lower in mechanically ventilated Luca Ricolfi™®, Luca Stabile". Lidia Morawska®. Giorgio Buonanno™®
classrooms with 10 - 14 L/s-pers

2 Department of Psychology, University of Turin, Italy
. . . . ? David Home Foundation, Turin, Italy
[ 12-15% reduction per un it of ventilation ¢ Department of Civil and Mechanical Engineering, University of Caseino and Southern Lazio, Cassino, FR._ Italy

4 International Laboratory for Air Quality and Health, Queensland University of Technology, Brisbane, Queensland,

Australia

1.0

08 '\':\‘x\ *Corresponding authar:
~ % 1 8N Prof. Giorgio Buonanno
5 = N Dep. of Civil and Mechanical Engineering — University of Cassino and Southern Lazio
206 F § Via Di Biasio 43, 03043 Cassino (FR) — Italy
-2 5 Email: buonanno/@unicas.it
g 04 I E Theoretical predictive
= g
& 5

0.2 SN& Sub-cohort 1

(14 - 10 L s°! student!) 0 5]‘;":°‘l’°tfl‘]§enrl)
- S Sl H . 1
0.0 Preprint - https://arxiv.org/abs/2207.02678
0 2 4 6 8 10 12 14

Ventilation rate per person (L s-! student!)
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Filter ratings - MERV

Rating size ranges

=  Minimum Efficiency Reporting Value (MERV)

= ASHRAE Standard 52.2

o
(o]
T N W N R |

b
= Filters tested in 3 size ranges 2 ]
[+F] d
= 0.3-1um EO.Bj
Ll d
= 1-3um E ]
= 3-10um '% 0.4 [
4
L

= Rating based on minimum efficiency in each range

o
N
L1 1

= Current requirements

=  MERV 8 non-residential (ASHRAE Standard 62.1) 0- T T T T T ' 1
0.01 0.10 1.00 10.00

=  MERV 6 residential (ASHRAE Standard 62.2) Particle M Di ¢
artcie iean viameter, pum

Kowalski, W.J. and Bahnfleth, W.P., 2002. MERYV filter models
for aerobiological applications. Air Media, Summer, 1.
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MERV-13 OR HIGHER RECOMMENDED FOR INFECTION CONTROL

ss9¢ss Duguid

==& Papineni & Rosenthal -OPC DATA
=== Almstrand et al. -OPC DATA (for tidal breathing)
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1
> 0

(0.3-1um) N/A =90k

2

> 2009 > 859

(13 pm) >20% >8b5%

= >70% =>90%
(3-10 uym) -~ -

Johnson, et al. 2011. Modality of human expired aerosol
size distributions. Journal of Aerosol Science 42:839-851.
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MERV-13 near optimal, lower cost than increased ventilation

1.00
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0.85
0.80
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0.50

Mean relativerisk (RR) of infection
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§ o g MERV 4 Relative influenza risk reduction,
" N filters vs. ventilation cost,

- 500 m? office building

] MERV7

- ME RV 11 MERV 14

- MERV 13 I MERV 16 phoenmo'q

- Cﬁad H, Cf‘lica

] MERV 15 A Meoq  UStongy 00OA
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Azimi, P. and Stephens, B., 2013. HVAC filtration for controlling infectious airborne disease transmission in indoor

environments: predicting risk reductions and operational costs. Building and environment, 70, pp.150-160.
8/19/2022
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Higher performance filtration has significant health and health
cost benefits

a) $800 - ® b) 5180
mae I_____/{ 5160 } London
$700 [ —@-Beijing I o &
1 2 L Mortality

— ——Paris ' I e $140 Benefits
S $600 ) I <
b —&—Zurich | I .?:5120 B
o ) @
,g- $500 F —O—Mexico I | -55100 !
‘-g-' =0 London I 7
v ! & -
D 9400 —0—Sao Paulo I 2 580
& =& Vancouver & $60 F
S $300 LR
]
@ § 540 L
g 001~~~ g -

$100: < $0 Morbidity Benefits

$0 = . | $20
6 7 8,9 10 1 122! 13 14 ;15 16 6 7 8 9 10 11 12 13 14 15 16

SA Filter MERV Ratinlg ______ SA Filter MERV Rating

(Montgomery, J., C. Reynolds, S. Rogak, S. Green. 2015. Financial Implications of
Modifications to Building Filtration Systems. Building and Environment 85:17-28.)
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Disinfection

= Destroy or inactivate or destroy microorganisms

= Many technologies in the marketplace

=  Germicidal ultraviolet light (GUV) - damages microbial
DNA/RNA

= Additive air cleaners - add oxidants to air

Bipolar ionization
Hydrogen peroxide gas
Photocatalytic oxidation

Triethylene glycol

ASHRAE REGION XIII CRC

GUV is well understood, accepted technology,
approved by CDC for tuberculosis control

Additive air cleaners lack strong evidence basis for
effectiveness and safety, do not have consensus
methods of test

Some technologies produce ozone

A number of recent studies have reported
lackluster performance and byproduct generation
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GERMICIDAL ULTRAVIOLET LIGHT

m  Studied and applied for more than 100 years

Before:
= QOperating room air disinfection - 1936
= School classroom air disinfection - 1937
= Approved for tuberculosis prevention by US CDC
= 254 nm UV-C produced by mercury vapor lamps is
most common source - not safe for human Incoming
UV photon

exposure

= LEDs and Kr-Cl lamps are making other
wavelengths, potentially safer, possible

= QOrder of 10 - 100 eACH
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MICROBIAL CHARACTERISTICS INFLUENCE UV-C PERFORMANCE

1.0

= Microbial survival after UVC exposure —o—Anthrax, k = 0.000056 cm?/-w-s

—o—Legionella, k = 0.0016178 cm?/ w-s T

—2—MHYV Coronavirus, k =0.003770 cmZ/Dw—s 1

0.8

S =exp(—kit)

S[]

= S = surviving fraction of initial population 04
= Kk = deactivation rate constant (cm?2/uW-s)
= | =UVfluence (WW/cm?2) ool
= t=duration of exposure (s) i

0.0 0.5 1.0 1.5 2.0
t [s]
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In-Duct/Coil UVGI
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Distance from the floor (feet)

10

UV measurements given in S adiati .
| microwatts per square otigya \iraaiation2ane

- centimeter (LW/cm2) AN 0.2

20 10

Germicidal zone:
UV > 10 uW/cm2

R e e e e
0 1 2 3456 7 8 91011121314 1516 17
Distance from the back of fixture (feet)

Portable
Surface

Treatment
UVGI
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UPPER ROOM PERFORMANCE - PHILADELPHIA SCHOOL STUDY

Weekly new measles cases, control and treated

% %
o e gw - o
Primary Classes, IRRADIATED ROOMS
o - B%
2% 0%
(2% Yy
0%,
;Y 5%
Se—— : * S ? h we W W M W ™
WEEK BECINMING
Ficure 1. Clagsroom, Germantown Friends School, central radiant sources. ‘
Upper Classes, UNIRRADIATED -ROOMS
Wells, W.F., Wells, M.W. and Wilder, T.S., 1942. The environmental control of epidemic contagion. I.
An epidemiologic study of radiant disinfection of air in day schools Am J Hyg, 35, pp.97-121.
8/19/2022
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PROMISING RESULTS FOR GERMICIDAL LIGHT AT MULTIPLE WAVELENGTHS

AMERICAN Applled and Environmental PUBLIC AND ENVIRONMENTAL HEALTH MICROBIOLOGY
‘ SOCIETY FOR
MICROBIOLOGY

Microbiology®

www.nature.com/scientificreports

scientific reports
UV Inactivation of SARS-CoV-2 across the UVC Spectrum:

KrCI* Excimer, Mercury-Vapor, and Light-Emitting-Diode Bacspes]
LE r i
(LED) Sources OPEN Far-UVC (222 nm) efficiently
Ben Ma,” Patricia M. Gundy,b Charles P. Gerba,” Mark D. Sobsey,“ “Karl G. Linden® i n act ivates a n a i rbo rne pat hog e n
4 {Filtered KrCI* excimer (222 nm) H H
iy in a room-sized chamber
24 Ewan Eadie!™’, Waseem Hiwar?, Louise Fletcher?, Emma Tidswell?, Paul O'Mahoney'?,
k=1.42+0.40 Manuela Buonanno*, David Welch*, Catherine S. Adamson®, David J. Brenner*,

;‘ adj. R?=0.80 Catherine Noakes? & Kenneth Wood®
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3 s 20
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https://journals.asm.org/doi/full/10.1128/AEM.01532-21 https://www.nature.com/articles/s41598-022-08462-z
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Portable air cleaners

= Standalone engineering controls

= Can incorporate filtration, disinfection technologies
for microorganisms

= HEPA filters common - recommended, make other
disinfection technologies redundant

= May include other technologies to remove gases
from air

= Activated carbon

= Wide range of costs and capacities
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Portable mechanical filtration reduces exposure

= Conway, et al. 2022 The removal of airborne SARS-CoV-2 and other microbial bioaerosols by air
filtration on COVID-19 surge units. (pre-print) doi.org/10.1101/2021.09.16.21263684

“Airborne SARS-CoV-2 was detected in the ward on all five days before activation of air/UV
filtration, but on none of the five days when the air/UV filter was operational,,,Filtration
significantly reduced the burden of other microbial bioaerosols in both the ward (48 pathogens
detected before filtration, two after, p=0.05) and the ICU. (45 pathogens detected before filtration,

five after p=0.05).”
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Future buildings healthy, resilient, sustainable

= Efficient ventilation
= Energy recovery
= Efficient air distribution
®=  Hybrid ventilation
= Alternatives to ventilation
= Source reduction
= Air cleaning
=  Combine Smart with healthy and resilient
= Re-imagined demand controls

= Energy-optimized emergency operating modes

ASHRAE REGION XIII CRC
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Knowledge gaps...many

= Airborne disease transmission risk assessment - great uncertainty

= Exposure limits and corresponding equivalent clean air delivery requirements

= Application relevant performance characteristics of many technologies - need testing and certification
=  Emerging UV technologies

" |mpact of air distribution in rooms on effectiveness of air cleaners

...However, we know a lot about which technologies are effective, even if difficult to quantify
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Final thoughts

= Built environment has not functioned well to protect us from infection during the pandemic

=  There are other, older IAQ problems - In the long term, I1AQ improvements should address the range of key exposures
= Ability of buildings to adapt will be key to limiting energy use and operating cost

= Much needs to be done - research, standards, education

® Practice should be science-based - requires proactive effort by researchers
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Thank You!

Bill Bahnfleth
wbahnfleth@psu.edu

'~ PennState ARCHITECTURAL \
¥ College of Engineering ENGINEERING ASHRAE
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