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Abstract

On March 11, 2020, the World Health Organization declared the novel coronavirus (€OYID
outbreak a globgdandemic. Following this announcement, school closures around the United
States begarand starting idune 2020, many schools decided to reopen for the next academic
year or were planning to reopen. Guidance from ASHRAE and other organizations for
reoccupying school buildings include wearing masks, increasing ventilation, increasing filtration,
and usingportable air cleaners (PAC).This repdéescribes a simulation study thélt) compares

the relative reduction in aerosol exposure in education spaces as a result of changes to the
operation of heating, ventilating, and air conditioning (HVAC) systemsraxhasion of non

HVAC controls (e.g., wearing of masks and operating PAC) and (2) esdithatencertainties

in effectiveness associated with these controls and combinations of controls.

This analysis useBate and Transport of Indoor Microbial Aeros(#aTIMA), a tool developed

by the National Institute of Standards and Technology (NIST), to evaluate aerosol exposure in
ventilated spaces. FaTIMA was used to model the release of biological aerosols in two
classrooms andnaassembly room with four diffene types of HVAC systems, including central

air handling systems (CAHS), dedicated outdoor air systems (DOAS), terminal unit systems
(TUS), and wall unit systems ( WUS(praeroSolspby s ur e
which viruses are transpoddn the classrooms, exposure was evaluated for 6 h of continuous
exposure to a continuous source. In the assembly room, exposure was evaluated for 1 h of
continuous exposure, where the source was present for the 5 h phieretposure period

For allthe spaces and HVAC systems, the wearing of masks @eseming protection

efficiency of 25% for both intake and exhalatipreduced exposure by 44 relative to the base
casesvithout masksMasks with higher protection efficiencies (85 % to 90 %umed exposure

99 %, and masks with lower protection efficiencies reduced exposure ¥&a8kswith

inhalation and exhalatioprotection efficienesof 25% combined with MERV 13 filtratiomn

the HVAC systemseduced exposure by an average 71 % for thEl&; DOAS, and TUS. For

the CAHS thesemasks combined with 100 % outdoor air (OA) intake reduced exposure by an
average of0%. Using either a 297 clean alir deliver
( 1 cnf éxhaust fan witthesemasks, exposure wasiteced by an average of 68 %.
Combining all these controls, exposwasreduced by an average of 85 % assuming all controls
were performing as intendethe results of this analysis may be usefuhia selection ofontrol
options in educational facilitie
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Executive Summary

This report describes a simulation study that: (1) compares the relative reduction in aerosol
exposure in education spaces as a result of changes to the operation of heating, ventilating, and
air conditioning (HVAC) systems and inclusion of AANWAC contrds (e.g., wearing of masks

and operating PAC) and (2) estimates the uncertainties in effectiveness associated with these
controls and combinations of controls.

This analysis used Fate and Transport of Indoor Microbial Aerosols (FaTIMA), a tool developed
by the National Institute of Standards and Technology (NIST), to evaluate aerosol exposure in
ventilated spaces. FaTIMA was used to model the release of biological aerosols in two
classrooms andnaassembly room with four different types of HVAC systemsluding central

air handling systems (CAHS), dedicated outdoor air systems (DOAS), terminal unit systems
(TUS), and wal l unit systems (WUS). Exposur e
associated with the transportwfuses. In the classroomsxposure was evaluated for 6 h of
continuous exposure to a continuous source. In the assembly room, exposure was evaluated for
1 h of continuous exposure, where the source was present for the 5 h prior to the exposure
period. Controls such as masks fotlbthe contagious person and receptor, increasing

mechanical outdoor air intake, and upgrading recirculation filters were simulated. FaTIMA was
used to generate CONTAM project files for this analysis, which are available for download on
theNIST Multizone Modeling Website

The simulated reductions in exposure achieved by each level of control are provided at the end of
this reportA summary of results is as follows:

1 For the base cases, i.e., no controls implemented, the CAHS had the lowest aerosol
exposure, and the WUS had the highest.

1 For all the spaces and HVAC systems, the wearing of masks(alithe protection
efficiency of 25% for bothinhalationandexhalation reduced exposure taycombined
44 % relative to the base casesghout masksHowever,due totheuncertainty in
protection efficiency of maskselatedto material, fit and actual usagleprotection
efficiency of themaskss simulatedver arange from 15 % to 9%.

1 Maskswith 25% inhalation and exhalatigorotection efficieneescombined with MERV
13 filtration rediced exposurby an average 71 % for the CAHS, DOAS, and TUS in all
space types simulatednd by an averag®® % reductioror less efficient masks and
filters.

1 For the CAHS, maskwith 25 % inhalation and exhalation protection efficiencies
combined with100% outdoor air (OA) intakeeduced exposure by an average of 70 %
in all space types simulategind by an average 4# % reductiorfor less efficient masks
and80 %OA.

This publication is free of charge fromttps://doi.org/10.6028/NIST.TN.2156d
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f Using eithera 297 clean air delivery rate (CADR PAC orl(al B8O L As
exhaust fan with masksith 25 % inhalation and exhalation protection efficiencies
exposure was reduced by an average of 68 % for all HVYAC systems and space types
simulated 40 % reducion with less efficient masks, amdth PAC and exhaust fars
lower airflow rates).

1 Combining allsimulatedcontrols, exposure could be reduced by an average of 85 %
assuming all controls were performingiatended and by an average 68 % reduction
for less effective contrgberformance

Multiple levels of controls were also simulateccombinationwith masks For the CAHS,

DOAS, and TUS, the reduction in exposure using various controls were compared with the
reduction from MERYV 13 filtrationThis level of filtration has been recommended by ASHRAE
andotherorganizations for reoccupying school buildinlyetethat the base filtration in the
CAHS was MERYV 8, and in the DOAS and TUS was MERV 6.

In the classrooms, to achieve the saméétie) reduction compared with the reduction from
MERYV 13 filtration, the following controls would be needed

93 % O&in theCAHS.

f PAC capacities between 4 and 5 ht, depending on the HVAC systetype.

Y Exhaust fansapacitied et we e n1 (238 46 OLOAsc f m)( 6a 0,06 &4 m) As
depending on the HVAC systetype

In the assembly room, to achieve the samdétte) reduction compared with the reduction
from MERV 13 filtration the following controls would be needed

1 83 % OAin the CAHS

f The largest exhaust fan flow simulated (882' ¢8 4 0 )) for¢he @AHS. Br the
other systems (DOAS and TU®)e equivalenteductionto MERV 13 filtrationwas not
achievedor the exhaust fan flow capacities simulated.

1 The largest PAC capacity simulated (6x297 CADR umviagnot able to reduce the
exposure as much as MER filtration in the assembly room

It should be noted that while reductions in exposure were compared with MERV 13 filtration, it
is used for comparison purposes oaihd itis not the intent of this analysis pooposethat

MERYV 13 is optimal for exposure reductiorhis analysis shows that there are controls that
couldobtain potentially reductions in exposure equivalent to MERV 13 filtratidmch couldbe
useful for HYAC systems that may not be able to accommodBf\WL3 filtration.

1 Portable air cleaners are often ratedtmsy Clean Air Delivery Rate (CADRjsoutlined in ANSI/AHAM Standard

AC-1. CADRrepresentshe airflowthrough the aircleandr n uni t s of cubiccfhdpet of air
multiplied by the removal efficiency associated wattype ofparticle In this report, the CADR used is for smoke

particles 0 . 0 9to 1e.nD ) pertie AFAM standard

293 % OA means 9% of the total supply air is outdoor air.
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Abbreviations

ACRinfiItration
ACRoa

CADR

CAHS
CONTAM
COVID-19

Cu

DOAS
EAC Rcontrol

Equivalent Clean ACR

FaTIMA
HVAC
IE

MERV
NASEM
NIE
NIEcans

NIEpoas
NIEnvac

NIETus
NIEwus

OA

OAF

OAU

PAC

PCO
SARSCoV-2
TUS

UVGI

WHO

WUS

Air change rate of OA provided by infiltrationth

Air change rate of OAlelivered by mechanical ventilation
system ()

Clean air delivery rate (cubic feet per minute, cfm)

Central Air Handling Systems

Multizone indoor air quality and ventilation analysis program
Coronavirus disease 2019

Conditioning unit of DOAS

Dedicated Outdoor Air Systems
Equivalent air change rate delivered by a contrd) (h

Equivalent Clean Air Change Rateljh

Fate and Transport of Indoor Microbiological Aerosols
Heating, ventilation, and air conditioning
Integrated exposureigt A3m

Minimum Efficiency Reporting Value

National Academies of Sciences, Engineering, and Medicine
Normalized integrated exposurg (

NIE, normalized to results of @AHS system with no controls

NIE, normalized to results af DOASsystem with no controls

NIE, normalized to results @in HVAC systen(s) with no
controls
NIE, normalized to results of HJS system with no controls

NIE, normalized to results of a WUS systaiith no controls

Outdoorair

OutdoorAir Intake Fraction
Outdoorair unit of DOAS
Portable air cleaner(s)
Photocatalytic oxidation

Virus that causes COVH29
Terminal Unit Systems
Ultraviolet germicidal irradiation
World Health Organization
Wall Unit Systems
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Nomenclature

A
N
Q
Ra
Rp
u*

\%

Floor Area

Full occupancy
Volumetric airflow rate
OA perfloor area rate
OA perperson rate
Friction velocity

Volume
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Equivalent Clean ACR

The term fAequivalent c¢clean air change rateo
describe the Acleano airflow provided to a
delivered by the mechanical ventilation system (Ar)Routdoor air delivered through

infiltration (ACRinfiration), and the equivalent air change rates delivered by a control (RAGR

(Eq. @)).

EqUivalent CleaIACR (h-l) = ACROA + ACRinfiItration + EACR’;ontrol (1)

where EACRontrolincludes enhanced filtration, the addition of a portable air cleaner (PAC), or
the addition of an exhaufan. TheEquivalent ClearACR does noaiccount forany deposition
onto surfaces.

The ter m ifsesgdtoinciudeeamttold thatincreased outdoor airflow through the
mechanical ventilation system, removed particles without increasing outdibmw de.g.,
enhanced filtration), and removed particles
particlefree airflow through building envelope leakage (e.g., exhaust fans).

In practice, a control may not be equally effective everywhere inside @ apdaepends on the
location of the source, receptor, and control. THagiivalent Cleai\CR in this report is an
idealized air change rate that does not reflect spatial variations in aerosol concentrations in the
space. In other words, it assumes a uniform aerosol concentration in the zone.

At the end of this report in Setl, results ar@resented usingquivalent Clean ACR and per
person outdoor air ventilation rates.

This publication is free of charge fromttps://doi.org/10.6028/NIST.TN.2154pd
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1. Introduction

On March 11, 2020, the World Health Organiaat(WHO) declared the novel coronavirus
(COVID-19) outbreak a global pandenfi&/HO 2020) Following this announcement, school

closures around the United States bedacording to the National Academies of Sciences,
Engineering, and Medicine (NASEM), there arprapximately 50 million students and 6 million
adults in 100 000 school bui P@.5bmijosfdafdleooss t he
area(NASEM 2020) The United States Government Accountability Office estimated that prior

to the pandemic, 41 % of districts needed to update or replace heating, ventilation, and air
conditioning (HVAC) systems in at | east half
nationwide(USGAO 2020) Due to the mounting evidence that COVID can be transmitted

through airborneexosols, in addition to droplet and fomite (or contact) transmislorawska

and Milton (2020yecommended increasing outdoor air ventilaod enhanced filtration

For school districts considering-openng, guidance was produced tmultiple organizations

including recommendations related to ventila@snsummarized bigersily and Ng (2020)'he

ASHRAE Epidemic Task Force recommended increasing outdoor ventilation, disabling demand
controlled systems, and flushing buildings prior to occupancy at least two hours daily (or three

Acl eano air changes), and upgr @poitimyalueo f il ter
(MERV) of 13 ifthe existingequipmenhas the capacitfASHRAE 2020) Both ASHRAE and

the Harvard School of Public Healtfones et al. 2020gcommended supplementitigese

measuresvith portable air cleaners (PAC) as needed.

There have been several outbreaks of CO¥Y®Dnindoor environments reported in the

|l iterature. A cal/l center in South Korea repo
residents, and visitors to the building during the time of intéResk et al. 2020)The first
confirmed case was on th& foor of the 19floor building, then two moreasesn the 18

floor and the remaining cases on thé flbor (call center)Park et al. (20203oncluded that

these cases were due to close contact and not primarily through the ventilagam $ykile

Park et al. (2020did note thathe ventilation system wasspecte¢dno details were given on

that inspetion or about théuilding ventilation system. Anotheelevanttransmission event was
the outbreak in a restaurant in Guangzhou, Cfiinaet al. 220). At this restaurant, it was
assumed that a patron at a middle table transmitted CQ9I those at their table and to those
at two adjacent tablébatwere within thesupplyairstream of a room air conditioner. There was
little information on whether mechanical ventilation was provided to this space and if any
filtration was present in the room air conditiondiller et al. (2020)oncluded that a
superspreader event occurred at a Skagit Valley Chorale rehearsal due possilyutdoor
ventilation rates, greater aerosol generation from singing whilenatswearing masks, and an
occupancy time of 2.5 h. The authors recommended increasing the aerosol loss rate (or total
equivalent outdoor air change rates) to'sand reducing the rehearsal time to 1 h to reduce the
probability of infection by 8@%.

CDPH (2020)erformed a simulation analysis in a classroom and estimated that masks reduced
risk by more than half. When combined with a PAC having a clean air delivery rate (CADR) that
was at least 2/3 of the floor area (as recwmnded by the Association of Home Appliance
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Manufacturers (AHAM) ifAHAM 2006)), exposure was reduced by more than 70 %. Using

this 2/3factor, the HarvardJniversity of Colorado (UC) Boulder Air Cleaner Calculator for

Schools v1.ZAllen et al. 2020} alculated that a classroonith a floor area oft6.4 nf (500 ff)

with fAtypi c antilationaedalB3EmMiDRa lc owd d achilew el eawnelii afe
air changes. Though the tool is not ablestmatereduction in exposure, danbe helpful in

selecting PAC capacity for a space.

Jimenez (2020)eveloped the COVIEL9 Aerosol Transmission Estimator. Inputting the same
spaceas above (46.4 A(500 f£)) with a 333 CADR PAC (and everyone wearing a mask), the
tool estimates a 5% reduction in the probability that one person would become infected in a
classroom with 16 people and one infecfamenez (20203tates that the development of the
tool was based on available knowledge at the tirme major assumpticswerethe infectious
dose (or fAguant aogreexhaled dunng variomsactikiti€Buonamad e al.
2020a; Buonanno et al. 2020b; Milleratt 2020)

While SARSCoV-2 (the virus that causes COVID) itselfissma& r  t h iatypicdlly i m,

present in respiratory aerosols that also contain water, salts and proteiodiAgto Liu et al.

(2020) the peak carentratios of SARSCoV-2 occurin aerosols in two size ranges. One range

was between0.26m and 1. 0 em, and t he(Inthedmaysis was | ar ge
described inthisreport a s i ngl e p aepresertiiga tymcal zespiratofy @stil €& m

that may contain SARE0V-2 was simulated based on the findingd.in et al. (2020)as well

as the limitation to simulate only one particle siz&aTIMA at the time of publicatiohn.

It has been shown that activities such as breathing, speakith@inging may generate different
amounts and sizes of aeros@sved et al. 2020; Asadi et al. 201%ome studies have shown
that increasing the relative humidity indoors can reduce the transmission of inf{dexipaet

al. 2019; Noti et al. 2013While higher relative humidity outdoors was correlated to a reduction
in the spread of COVIEL9 indoorgMecenas et al. 2020; Wardadt 2020) there was limited
evidence that low relative humidity indoors (< 40 %) increases the airborne transmissions of
SARSCoV-2 (Ahlawat et al. 2020Horve et al. (2020jound the presare of SARSCoV-2
ribonucleic acid (RNA) in approximately 25 of the samples taken from nine different filters in
air handlers throughout a hospital building. However, the infectivity of the samples was not
analyzed.

While the relative contribution of agsols, droplets, and fomites to SAR®V-2 transmission is
still being studiedimproving ventilation performance in buildings has been a key strategy in
minimizing outbreaks of other airborne diseade®t al. 2007)andis a common
recommendation for opening buildings during the CO\IDpandemi¢ASHRAE 2020)

2. Objective

The objective of this analysis wasdomparethe relative reduction in aerosol exposure in
educational spaces as a result of changes to the operation of HYAC systems and the inclusion of
nonHVAC controls (e.g., wearing of masks and PAGIgFaTIMA (Fate and Transport of

Indoor Microbiological Aerosolsand to estimate the uncertainties in the effectiveness of these
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controls This analysisisedthe ventilationrelatedrecommendationgublished by organizations
such as ASHRAHo guide the selection gfmulationinputs

This analysiexamined the impact of tle®ntrolsin redudng airborne exposure to aerosols of a
single siz 1 ,asrdescribed belowhe analysis di not explore the effects of relative
humidity on airborne transmissiptihe impacts ofechnologies such as ultraviolet germicidal
irradiation (UVGI) or photocatalytic oxidation (PCO other nontairborneroutes of exposure

3. Modeling Tooli FaTIMA

FaTIMA is a free, online tool that allows for thealysisof the indoor fate of aerosols

accounting for ventilation, filtration, depositicenddeactivation mechanisms. FaTIMésesa
modelof a single zonevith a uniform aerosol concentratitimat is served by a mechanical
ventilation system and incorporates aerosol source and removal mechanisms. The mechanical
ventilation system model implemented within FaTIMA allows specification of supglyin

and outdoor air intakFactionto represent either a positive, negatimebalanced ventilation
system. An exhaust fan catsobeincludedindependently of the mechanical ventilation system.
Particle sources are provided to enable a combinafioantinuous, e.g., breathirglated
emissions, or intermittent, e.g., coughirdated, emissions. Particle removal mechanisms
include filters within the ventilation system, a PAC, surface deposition, and virus deactivation.
Simulations are run for a 24 period, with the results provided as the time history of the airborne
concentration and surface loading as well as integrated exposure that an occupant would
experience within the zor{®ols et al. 2020)

Inputs to FaTIMAiIncluderoom dimensions, infiltration rate, HVAC airflow rates, exhaust fan
flow rates, PAC specifications, aerosol characteristics, deactivation rate, sources, surface
deposition rates, and room occupancy schedule. Numerical and graphical malpdis

airborre aerosol concentration, surface loading, filter loading, and occupant exposure. Example
of the input screen and graphical outputs are showigimrel.

FaTIMA is a simplified, wekbased front end to CONTANDols and Polidoro 2020)
CONTAM is a multizone indoor air quality and ventilation analysis progtawelopedo
estimateairflows, contaminant concentrations, awtupanexposuren buildings. For some of
the analyses described below, the FaTHy#nerated CONTAM project file (.prj) was
manipulated in CONTAM prior to simulation. When CONTAM was usethis way it is noted
in the report.
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Fate and Transpert of Indoor Microbiological Aerosols (FaTIMA)
See TN 2005 - A Tool to Model the Fate and Transoor of Indoor Agrosols (FaTIMA) for of this tool.
Instructions: Set Inputs then click the RUN SIMULATION button.
Inputs
Volume: Floor Area Wall Area Cailing Area
Zone Geometry [100 [~ 0 v v 225 w [0
Other Surtace Area Surface to Volume Ratio
4 m 5
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Ventilation System F3%0 [srom ~ 0 300 e 0 sm¥h
Fi
P— FrEamae Reciculation Alr Filter |
Total Outdoar Air Ch: Ral Air Intake Rate R lation Airfl e
Calculated Airflows _f]kfa Dutdowr "|c| e = ‘(““"“0' e ok ke ‘ eoilalion A ::7: o ‘
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@ E:ited Zone
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@ Deactivated

@ Remain Airborne

(©)
Figure 1. Example FaTIMA inputs and outputs: (a) input screen, (b) output showing time
series of occupancy, average hourly exposure, and integrated exposure and (c) output
showing fate of aerosols (or fApart
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4. StudyLimitations

This analysis characterized the relative reduction in aerosol exposure as a result of applying
various controlsisingFaTIMA. The analysis was performed assuming a single contagious
occupant within a zonand auniform aerosol concentration tughout the zond hepredicted
impact of these controls witle differentfor otherbuildings, occupanes, HVAC systens and
otherinput parameterdNevertheless, theesults of tis analysis could help decision makers

when considering the applicationsich controls, including changes to HVAC system
operation.This analysis did not define levels of exposure considered to be safe or healthy
consider the impacts of these controls as part of a broader risk reduction strategy that might be
pursued by duilding owner or operatoAs noted byASHRAE, the controlonsidered her

should be part of a larger risk reduction strategy that includes hand washing, surface cleaning,
social distancing, and reduced occupant degdiBHRAE 2021)

5. StudyMethodology

This analysis was conducted for three educational space types describedbid &=t four
HVAC system types described in SB2 The base HVAC operation witht controlsis
presented in Seb.2 The FaTIMA inputs for the base cam®presented in Se6. Methods
used to model controls are described in 3emtegrated exposure (an outmi FaTIMA) was
used tocalculatea metric to compare results as described in &deostprocessingand
normalizationwas performed to account ftire exposure of a receptor wearing a magk
25 % inhalation and exhalation protection efficieroserthe same timéentervalas the
contagious occupant is also wearing one, as described iB8.F@cassess the uncertainty in
exposure reduction associated with the controls, daéwal factorial test is presented in S@c.

Results are presented in S&0.1for the classrooms and Sd€.2for the assembly room. Note
that the base case results (Sdc1.1and10.2.]) are presented without masks. The results by
HVAC system type (Sed.0.1.2to Sec.10.1.5 and Secl0.2.2to Sec1.1.]) are presented with
maskshaving a25 % inhalation and exhalation protection efficien@e results of the factorial
analyses are presented for individual controls at selected levels with and without masks (Sec.
10.1.6and Secl.1.]).

5.1. Educational Space Types

This analysis was conducted for three educational space types: classroom, portable classroom
and a assembly room. ASHRAE261-2019(ASHRAE 2019)lists a default occupanag units

of occupants divided by floor aréar classrooms andraassembly room butoesnot provide

ceiling height values needed to fully describe rabmensions. Dimensions for the three space
types used in this study were determined using a combination of sources.

The fAstandar dom(saagedistinaian) irathe erhissienstastmg method for
California Specification 0135(CDPH 2017was 12.2 m (40 ft) x 7.32 m (24 ft) x 2.59 m
(8.5 ft) with an occupancy of 27 people. This equates to 30 peoplefd (@B peple/1000 ff).

The room area and occup anCalforniafSpetifitaion®iB3%@¢asn d ar d
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scaled to match the def@adées o cupadyy odt e¢dher
ASHRAE 62.12019 (25 people/100 for 25 people/10004L Thus, the classroom in this

analysis was assumedhave asquardloor area with dimension8.6m (28 ft) x 8.6m (28 ft) x

2.6 m (8.5 ft).

The size of the portable classrotwas based ofihomasRees et al. (2009\vhich reported that

most portable classrooms are one of two sizes. The larger one was selected for this analysis:

12.2m (40 ft) x 7.3 m (24 ft)with anassumedeiling heightof 2.6 m (8.5 ft). The portable
classroom used the default occupancy of the 0
62.1-2019

No guidance was found on the size nfadsembly room. Therefore, it was assumed that the area
of the assmbly room was four times the area of the classroo@DPH (2017)and two times its
height: 18.9m (62 ft) x 18.9 m (62 ft) x 5.2 m (##). The assembly room used the default

0 C C U p a n clgcture dlassrobeateory listed in ASHRAE 62-2019.

The areak), volume {), default occupancgyand full occupancyl) of each space type in this
analysis are listed ifablel. The full occupancy was used to determine the total mechanical
outdoor air (OA) ventilation required for each space fypeASHRAE 62.12019

Table 1. Size, occupancy, defauliand full occupancies for simulated space types

Default
Floor Area occupancy
(A), Volume (V), | ( # A1900 | Full occupancy
Space type m? (ft2) m3 (ft3) #A1090 (N) 2
Classroom 74 (793) 191 (6 25 18
Portable classroom 89 (960) 231( 8 1 35 31
Assemblyroom 357 (11848 ( 65 232

1. Default occupancy is from ASHRAE2.1-2019 T h e i Iclassroomdr espace type
in thestandardvas usedor the assembly room.
2. Full occupancy is the default occupancy multiplied by the floea.a

The supply airflow rates for each space type were based on Informative Appendix F in

ASHRAE 62.1-2019(ASHRAE 2019)and are listed iTable2 in units of L-s'm?and cfm-ft?,

where Acfmd i s a c¢ommo n Iforcubicsfeetder amimuteoAirffom i n t he
rates expressed intifor air changeper hou) were calculatetly dividing thevolumetric airflow

rate by the space volume.

3 Portable classrooms are typically trailers and other temporary facilities used for schools in the U. S. and possibly
elsewhere.
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The total mechanical OA ventilation requirementASHRAE 62.122019 are given in two
parts: OA peiperson ratesRp) and OA petfloor area ratesRz), which are combined to
determinetie total mechanical OA wélation raterequirementising Eq. 2):

Total mechanical OA ventilationrateRs N+Ra A 2

whereA s the floor area anl is full occupancy The total OA rates simulated are listed'able
2 for each space type.

The portable classroom had the highest required total mechanical OA ventilation rate per volume
(hh), and the assembly room had the lowest. However, on-pgrson basi, the classroom had

the highest total mechanical OA ventilation rate. It should be noteti#ivarineaShaughnessy

et al. (2011 have shown that schools in the U. S. are often uneletilated compared to the

version of ASHRAE Standard 62.1 to which they weragleed. They showed that 80 of the

schools in their analysis were ventilating below the rate required at the timér afrnthlysis
(7.1L-st.persont) with a median ventilation rate 8f6L-s*-persont. This median value was

16 % to 51 % lower thamé totalmechanicaDA ventilationrate required in the space types
simulated in this study using the rates required8HRAE Standard 62-2019 (and shown in
Table2).

Table 2. Simulated supply airflow rates and total mechanical OA ventilation rate

Total Mechanical OA
Total Mechanical OA| Ventilation Rate per
Supply Airflow Rate 2 | Ventilation Rate person
Space Type L-stm? cfmft2 h'!|Ls! cfm ht L-s? cfm
Classroom 5.60 110 7.8| 136 289 2.6 7.4 15.7
Portable classroom 7.05 1.39 98| 210 444 33 6.7 14.2
Assembly Room 12.25 241 491988 2 0 19 4.3 9.0

& Supply airflow rates fronnformative Appendix F ilASHRAE 62.1-2019for classrooms
(ages 5 to 8), classrooms (ages 9 plus), and multiuse assembly respectively.

The infiltration rate was assumed to be 0.30rhall space types simulated, which was the
average infiltration ratéor the primary and secondary schools prototype models simulated
previously by the authoi®Ng et al. 2019; Ng et al. 2018; Shrestha et al. 2019)

For the classrooms, the occupancy interval for exposure was selected to be froro 3qm.
For the assembly room, it was as®d that 1 h classes rotated throughout the day be@veen
a.m. to 3 p.mand a singl@erosokource was always present. The occupancy interval for
exposure in the assembly room was selected to be ffmm.20 3 pm., whichwas assumed to
bethe last clas of the dayWhile in reality students in classrooms may leave their classrooms
for activities, such as lunch, FaTIMAonly able to simulate continuous and intermittent
schedules at regular intervals. Thus, FaTIMA was unable to simulate expatsuasingle 1 h
break in the middle of the daf the time othis analysis
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5.2. HVAC System Types

Four types of HVAC systems were simulated: Central Air Handling Systems (CAHS), Dedicated
Outdoor Air Systems (DOAS), Terminal Unit Systems (TUS), and Wall Uniegs{WUS).

The systems differ in how and if outdoor air was mechanically provided. Schematics of the four
HVAC systems are shown Figure2, with airflow rates shown for the classroom only. Values

for the airflow rates for the other space types are provided ir6Sgc.

CAHS in this study were assumed to be rooftop units that supplied the required OA and returned
90 % of the supply airflow rate. A portion of the return air was exhausted, and the required OA
was mixed with the remaining return air (recirculated air) befereg supplied to the space. For
the DOAS, an outdoor air unit (OAU) delivered the required OA directly to the space, and a
thermalconditioning system (CU) recirculated, conditioned, and filtered the air in the space.
TUS in this study were assumed tofée coil units or unit ventilators. It was assumed that they
delivered the required OA mixed with return air. Unlike the CAHS, the TUS did not
mechanically exhaust any of the return air. WUS in this study were assumed to be-theough
wall room air condioners that provided no mechanical OAHigure2, the WUS had no

heating coil because in these spaces, heasismed to berovided by separate egment such

as baseboard heaters or radiators. TH&g& typically rely on convection for moving air, and
convective airflow is neither modeled in FaTIMA nor affects the outdoor ventilation rate.

Figure2 also shows the base filtration level of recirculation filters. The base filters were
MERYV 8 for the CAHS, MERV 6 for the DOAS and TUS, and none for WUS. More detailed
discussion on how filters were model@ FaTIMA is provided in Se@.2

In FaTIMA, infiltration was modeled as@o nst ant Vol ume Fl ow fan (il
(Figure2) . An fAair balanceo el Eigne2) toaceocardfori ncl uded i
imbalances betweeheair entering and leaving the zone through the HVAC system, exhaust

fan, and the infiltration fan. Details of the infiltration and air balance tammgresented in

Sec.6.2and Sec6.3, respectively.
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& Cooling coil

llll Heating coil OAU
| | Filter (n/a)
7 MERV 6 filter ¢ OA: 2.6 -1 (136 L's) e 0 6 11
B MERV 8 filter (136 L's™)
| f—— Exhaust: 1.8 h' (94 L-s) CS
Supply:  Return: ; 2.6 bt ;
78h1  7.0h" 0.3 h! et el | 2.9 h'
Infiltration: ~ [|(413 L's")(371 L's™) Air balance: (16 L's) (152 L's)
0.3 ht T  1.1h" 52h7 52h
(16 L's") (58 L's") (276 L-s)(276 L's™)
(a) CAHS (b) DOAS
2.6 h'
(136 L-s™)
03ht Il l ' 1. 29n 03ht ., ¥ I _ ,0.3ht
(16 L-s-1) (154 L's’)  (16Ls7) 4:-38[‘ g i | aeLs
78h7  52h" ( ) s7)
(413 L-s") (276 L-s™)

(c) TUS

(d) WUS

Figure 2. Schematics of HVAC system types simulated (a) CAHS (b) DOAS
(c) TUS and (d) WUS. Airflow rates shown are fothe classroom.
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6. Simulation Base Cases

This section provides a description of the simulation inputs and how they were implemented in
FaTIMA for the base cases. Séclto Sec6.10follow the order of inputs in the FaTIMA
interface Figure3).

MNJIST MuLTIZONE MODELING

Fate and Transport of Indoor Microbiological Aerosols (FaTIMA)

See T 5 - A Tool to Model the Fate and Transport of Indoor Microbiological Aerosols (FaTIMA) for documentation of this tool.
Instructions: Set Inputs then click the RUN SIMULATION button.

Inputs
Volume - FloorArea WallArea Ceiling Area
Zone Geometry o m ~ 7 [ ~ [80 |m? 74 m?
Other Surface Area Surface to Volume Ratio
0 | m? 12
. Infitration Particle Penetration Coefficient
Infiltration o3  |1/h —
Ventilation S Supply Airflow Rate Outdoor Air Intake Fraction Return Airflow Rate Local Exhaust Airflow Rate
entilation System 413 |[sus v 033 | [371 |sUs [0 sUs
" Qutdoor Air Filter Recirculation Air Filter
System Filters None  v| MERVS |
: Total Outdoor Air Change Rate Outdoor Air Intake Rate Recirculation Airflow Rate
Calculated Airflows 28668 [[1m ] 136.20 |sLis [27671 B
- Maximum Airflow Rate Fan Flow Fraction Filter Efficiency CADR
Room Air Cleaner 300 |[sem 0 \ [0.99 \ o scfm
Particle P . Name Diameter Densil Particle Deactivation
article Properties (1 1 (i ] 1 [Lgem® ~ (o ~]
Half-life ) Decay Rate - .
11 hoo~ |0.63014 Th v
. Source :G;aneraticm Rate § Generation Time Period §
Continuous Source [on v 500 ]| #min - v Start | p9:00 1:‘ End | 15:00
B s Source Burst Type Amaount per Burst : Generation Time Period
urst Source [orr v ! v [ (= ~ Start [00.01 |/ End|24.00 |
Burst Interval
Floor Walls Ceiling Other Surface
| 3.406-03 comis v 3 38E-05 cm/s ‘ 0 cm/s 0 cm/s
Effective Deposition Rate
[U 047989 ] h v
e . Qutdoor Air Zone Air
Initial Concentrations 0 [ew ~ o |#m
Oceupancy Time Period Qccupancy Type Intermittent Occupancy Interval Intermittent Occupancy Duration
Occupant Exposure Start| og-00 JEnd Constant v 60 min 10 min

|
Figure 3. Screenshot of FaTIMA inputs (values are for classroom CAHS)
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6.1. Zone Geometry

The Zone Geometry section of FaTIMA includes fields for Volume, FloeaAWall Area,

Ceiling Area, and Other Surface Area. The assumed volume and floor areas of each space were
defined in Sec5.1 The Wall Area for edtspace type was calculated using the dimensions
presented in Seb.1 The Ceiling Area was assumed to be equal to the Floor Area. It was
assumed tht no other surfaces were presaotthe Other Surface Area wa®t tozero. The zone
geometry inputs for the space types are listelhinle 3.

Table 3. Zone geometry inputs

Volume, > o | Wall area, | Ceiling Area,
Space type m3(ft3) Area, m(ft°) m?2 (ft?) m?2 (ft?)
Classroom 191 (6 74(793) | 89(958) 74(793)
Portable classroom 231 (8 89(960) |101(1087) 89 (960)
Assembly room 1 848 357 (1391(4209) 357 (3
6.2. Infiltration

The Infiltration section of FaTIMAasfields for Infiltration and Particle Penetration Coefficient.
Particle Penetration Coefficient is the fraction of particles in the outdoor air that will penetrate
the building envelope through infiltration. SBels et al. (2020jor more information.

Infiltration was set to 0.3 and the Particle Penetration Coefficient was asdumbe 1.

If auserwantsto account for weather impacts in a simulation, tteayadjust the infiltration
rate. However, weathand infiltration are botllynamic. Therefore, even if infiltration was
changed to a differembnstantwalue, the impacts afeathemwould not befully captured.

6.3. Ventilation System

The Ventilation System section of FaTIMA had fields for Supply Airflow Rate, Return Airflow
Rate and Outdoor Air Intake Fraction (OAF). The Local Exhaust Airflow Rate input was used to
define exhaudfans as control measures (Se&). For the base case, the Local Exhaust Airflow
Rate was input as zero. Note that the Local Exhaust Airflow iRa&parate from the exhausted

air in the CAHS Figure2in Sec.5.2). The Ventilation Systermould only be simulateds

always on for the 24 h simulati@t the time othis analysis

The values for each HVAC system and space type are givieable4 in S| units andrable5 in
IP units. This table also stvs the air balance, whidgh the sum othe Supply Airflow Rate and
Infiltration Rateminusthe Return Airflow RateThe DOAS and TUS had the same air balance.

For the DOAS, which was composed of an OAU and CU, the Total OA Rate from the OAU was
added tahe assumed infiltration ragtand the sum was input into the Infiltration field of
FaTIMA. For the DOAS, the OAF was zero.
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Table 4. Ventilation system inputs and air balance for the base case of each HVAC system type(Bits)

Outdoor
HVAC Supply Return Air Total Mechanical Air
System Airflow Airflow Fraction OA Ventilation Recirculation Balance
Type Rat el)(Rat e?)( (OAF,-) Rat e )Y L| Infiltration (L As Filter (-) ( L s
Classroom
CAHS 413 371 0.33 136 16 MERV 8 58
DOAS 276 276 0 0 152 (16+136) MERV 6 152
TUS 413 276 0.33 136 16 MERV 6 152
WUS 413 413 0 0 16 None 16
Portable classroom
CAHS 629 566 0.33 210 19 MERV 8 82
DOAS 419 419 0 0 229 (210+19 MERV 6 229
TUS 629 419 0.33 210 19 MERV 6 229
WUS 629 629 0 0 19 None 19
Assemblyroom
CAHS 4 37 3 93 0.23 088 154 MERV 8 591
DOAS 3 88 3 38 0 0 1 142 (9§ MERVG6 1 14
TUS 4 37 3 38 0.23 088 154 MERV 6 1 14
WUS 4 37 4 37 0 0 154 None 154

aSupply Airflow Rate foDOAS is smallerthan for the other HVAC systems because the airflow rate applied to only the CU. The
remainder of the supply air was delivered by the OAU and input as infiltration (see note c).
bTotal Mechanical OA Ventilation Rate and Air Balance wereRadtIMA inputs they are presented to clarify the difference between
the simulated HVAC systems.
‘FATIMA infiltration input values for DOAS include total outdoor mechanical airflow rate and infiltration.
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Table 5. Ventilation system inputs and air balance for the base case of each HVAC system type (IP units)

Outdoor
HVAC Supply Return Air Total Mechanical Air
System Airflow Airflow Fraction OA Ventilation Recirculation Balance
Type Rate (cfm) | Rate (cfm) | (OAF, -) Rate (cfm) Infiltration (cfm ) Filter (-) (cfm)
Classroom
CAHS 888 799 0.33 279 34 MERV 8 123
DOAS 752 752 0 0 313 (279+34) MERV 6 313
TUS 888 595 0.33 279 34 MERV 6 327
WUS 888 888 0 0 34 None 34
Portable classroom
CAHS 1 35 1 21 0.33 427 40 MERV 8 176
DOAS 1 14 1 14 0 0 467 (427+40) MERV 6 467
TUS 1 35 902 0.33 427 40 MERYV 6 492
WUS 1 35 1 35 0 0 40 None 40
Assemblyroom
CAHS 9 40 8 46 0.23 1 970 326 MERV 8 1 26
DOAS 8 42 8 42 0 0 2 296 (1 MERV 6 2 29
TUS 9 40 7 28 0.23 1 970 326 MERV 6 2 45
WUS 9 40 9 40 0 0 326 None 326
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6.4. System Filters

ASHRAE 52.22017(ASHRAE 2017)defines a MERYV 13 filter as having an average efficiency

of50% f or particles between 0. 3 ¢ nfarpatclds e m and
bet ween 1 em and 3 caonlymdde avsingleparticle BiamEztheA

than a range. Thiequiresgreater resolution filter models than the requirements presented in

ASHRAE 52.22017(ASHRAE 2017) Thefilter models utilized by FaTIMA were based on the

work of Kowalski et al. (1999)who developed models of MERYV filters as recreatefignre4.

In their work, a MERV 13 filter was predicted to remove?®@fle m di amet er aer oso
use of these filter models mgield different results compared with using the minimum

requirements in ASHRAE 52-2017. However, thenodels were validated against experimental

data inKowalski et al. (1999)Reported filter performanaependon many factors including

face velocity andhe media length. As installed, filter performance will atigpendon

installation, filter loadingand other factors.
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Figure 4. Filter efficiencies of different MERYV filters at different particle diameters.
Recreated byDols et al. (2020pased on work byKowalski et al. (1999)
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The System Filters section of FaTIMA has dropdown menus for Outdoor Air Filter and

Recirculation Air Filter. For this analysis, no Outdoor Air Filter was used because it was

assumed that the outdoor concentration ob®sol of interest was zero. For the CAHS, the
Recirculation Air Filter field of FaTIMA was set as MERV 8, and that of the DOAS and TUS

was set as MERV 6. For the WUS, the Recirculation Air Filter field was set as None.

Figure4, at 1 em, the fil tr atisapproximdtelyiO.t6iaedifocyy f or a
MERYV 8 filter is approximately 0.32.

6.5. Room Air Cleaner

The Room Air Cleaner section of FaTIMA has fields for Maximum Airflow Rate, Fan Flow
Fraction, and Filter Efficiency. In this study, the room air cle@aferred to as a PAC. The
base cases did not include a PAGe Maximum Airflow Rate must be greatBan zero in order
for FaTIMAtorunandss et t o!(3D04cfn). EoAthe base cases, the Fan Flow Fraction
was set to O (indicating the PAC was not operatifigg Filter Efficiencywasset to 0.99.

6.6. Particle Properties

The Particle Properties samti of FaTIMA has fields for Name, Diameter, Density, and Half

Life (i f Particle Deactivation i s,anctheect ed as
density was e%hThe Padice Destivdtion@vasgek to @Fen thouglviruses

coulddecay in aerosols ithe timeframe (e.g., 6 h) analyzed in this refNrazi et al. 202Q)

6.7. Continuous Source

The Continuous Source section of FaTIMA has fields for Generation Rate and Generation Time
Peiod Start/End, if the Source is selected as On. For this analysis, the Continuous Source was
set to Orandwas assumed to be a single contagious occupant continuously emitting aerosols
without wearing a mask for the base cases. The Generation Rate utaasi®00 particles per

mi nut e?).(tdoAsmot assume that afltheseparticles contain virus or that aspecific
concentration of particles in a space causes CGMDThis particle generation rate also does
nottake into account differences in breathing rates between adults and children, or between
different peopleor activities For all space types, the Generatiome Period Start Time was set

to 09:00 and the End Time was set to 15:00. The Burst Source feature of FaTIMA (e.g.,
coughing) was not used for this analysis.

Although the literature does identify aerosol generation rates related to viruses in humash exhale
breath(Duguid 1946; Leconte et al. 2011; Milton et al. 2Q1B& aerosol generation rate in this
study was arbitrary because all reported results were normalized as describe®@.iM®en a

mask was worn by the contagious occupant, the aerosol source in FaTIMA was reduced by the
assumegbrotectionefficiency of the mask (Set.1).
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6.8. Particle Deposition Velocities

The Particle Deposition Velocities section of FaTIMA has fields for Floor, Walls, Ceiling, and
Other Surface. Pcle sizedependent deposition rates are a function of the friction velocity (u*)
asreviewed inDols et al. (2020)In this analysistiwas assumed that deposition rates were
correlated to HVAC supply airflow ratemeaning the space type with the highest supply airflow
rate had the highest deposition rates as reportBdimet al. (2020)Conversely, the space type
with the lowest supply airflow rate had the lowest deposition.rates

Theclassroomhad the lowest supply airflow rates, and the portable classroom had the highest.
Based orthe u*valuesreported inDols et al. (202Q)it was assumed thédr the classroonu* =

0 . 0 0 3(thendwsst reported u* iDols et al. (2020Q) theassembly roomn * = 0, addB mAs
the portabl e c |téms highesoreporied u* Bols kt.al0 2080\ Assuming

these u*valuesand the deposition data Dols et al. (202Q)the deposition rates used in this
analysisarelisted inTable6.

The total deposition rate in the space (the last colunfiable6) was calculated bagen the
combination of all deposition velocities and surfaces (Dols et al. 202Q)The rags are given

in it andarealmost an order of magnitude lower than the outdoor ventilation rates. Thus, in this
analysis thedeposition was not likely to be a significant removal mechanism of airbarne 1
particles. The deposition onto Other Surfaceg.(elesks and shelves) was input as zero.

Table 6. Aerosol deposition rates used in this analysis

_ Deposition §el Totl
Supply airflow deposition rate
Space rate (h') Floors Walls Ceiling (h?)
Classroom 7.8 3.40E03 | 3.38E06 0 0.048
Portable classroom 9.8 3.40E03 | 1.13E03 | 1.75E04 0.067
Assemblyroom 8.5 3.40E03 | 3.38E05 0 0.024

6.9. Initial Concentrations

The Initial Concentrations section of FaTIMA has fields for Outdoor Air and Zone Air
concentrations. The initial concentration of the aerosol was assumed to be zero in both the
outdoor air and inside the zone.

6.10. Occupant Exposure

The Occupant Exposure section of FaTIMA has fields for Occupancy Type and Occupancy Time
Period. For this analysi the Occupancy Type was set to Constant. For the analyses of the
classrooms, the Occupancy Time Period Start Time was set to 09:00 and the End Time was set to
15:00. For the analyses of the assembly room, the Occupancy Time Period Start Time was set to
14:00 and the End Time was set to 15:00.
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6.11. Other Simulation Assumptions

FaTIMA assumes thdahe indoor temperatuiie held constant at 20 °C (68 °foy the entire
simulation Also, outdoorweather data couldot beemployedo FaTIMA at the time of
analyss. To account for weatheffects on infiltration and ventilation system operatite user
should download the CONTAM project file associated with the user inputs and sitholste
impactsin CONTAM using.

All of the CONTAM project files used in thisialysis are available for download on thEST
Multizone Modeling Website

7. Simulation Cases with Controls

Five controls were simulatefor each HVAC systeras summarized ifable7. The icons in
Table7 represent each control aatkused throughout this documeihe controls under
filtration (Sec.7.2) and OAF (Secr.3) varied depending on the HVAC system. PAC (Sed).
andexhaust fans (Se€.5) were simulated with every HVAC system.

Table 7. Controls implemented by HVAC system type

Exhaust fan

O

Masks Filtration

HVAC system ®
type

OAF PAC
o

CAHS Yes Yes Yes Yes Yes
DOAS Yes Yes No Yes Yes
TUS Yes Yes No Yes Yes
WUS Yes No No Yes Yes

Table8 summarizes how the controls were simulated at various levels by HVAC system. Mask
efficiency was held constant while the other controls were individually varied{SgcThe
incremental levels simulated for the other controls are described iii.8&x Sec.7.5. After
evaluating the reduction in exposure at various levels of controls9 8escribes how the

controls were simulated using a tlavel factorial analysis in order assesghe uncertainty
associated with the controls.

FaTIMA outputs several metrics for exposure. The main criteria used in this analysis to evaluate
simulation results was the Integrated Exposure (#35 (i) (Sec.8), which were normalizetb

yield an NIE valueasdescribed in Se®. The reduction in IE with controls was plotted against

the Equivalent Clean ACRchieved with each conttol
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Table 8. Controls varied incrementally by HVAC system type with masks

All HVAC CAHS DOAS/TUS CAHS All HVAC All HVAC
O O O X
Maximum PAC
Space Maskefficiency MERV MERY rating OAF Airflow Rate, Exhaust Fan,
Type | Level () rating (-) (-) (-) L A's(cfm)aP L Aécfm)®
0 (base operation) 25 % 8 6 0.33 0 0
1 25 % 9 7 0.43 53 (112) 95 (200)
% 2 25 % 10 8 0.53 106 (225) 284 (600)
g 3 25 % 11 9 0.63 159(337) 474 (1
@ 4 25 % 12 10 0.73 212 (449) 664 (1
O 5 25 % 13 11 0.83 265 (562) 853 (1
6 25 % 14 12 0.93 318 (674) 1 043
7 25 % 15 13 1.00 N/A N/A
S 0 (base operation) 25 % 8 6 0.33 0 0
g 1 25 % 9 7 0.43 64 (136) 95 (200)
9 2 25 % 10 8 0.53 128 (272) 284 (600)
O 3 25 % 11 9 0.63 192 (408) 474 (1
o 4 25 % 12 10 0.73 257 (544) 664 (1
< 5 25 % 13 11 0.83 321 (680) 853 (1
05_ 6 25 % 14 12 0.93 385 (816) 1 043
7 25 % 15 13 1.00 N/A N/A
e 0 (base operation) 25 % 8 6 0.23 0 0
S 1 25 % 9 7 0.33 142 (300) 1 138
o 2 25 % 10 8 0.43 284 (600) 1 706
g 3 25 % 11 9 0.53 427 (900) 2 275
S 4 25 % 12 10 0.63 569 (1] 2 844
% 5 25 % 13 11 0.73 711(1 503 413
< 6 25 % 14 12 0.83 853 (1| 3 982
7 25 % 15 13 1.00 N/A N/A

& For CADR, see Se@.4; > Only six levels simulated for PAC and exhaust fans.
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7.1.Masks

In thisanalysisdue to thdimited availability of N95masksthesingle
contagiousoccupantnd single receptavere assumed to be wearing cloth
masksWhile not as effective as N95 masks, cloth masks provide a level of
source control for the infected individual and reduced exposure for other
occupantgPan efl. 2021)

QB

Many factors that impact the efficiency of magkreducing exposure to aeroswisludingthe

pressure difference acradge maskihe direction of flow through a mask (inhalation versus

exhalation), filter efficiencypliability of maskmat er i al , and the fit of t
head(Lindsley et al. 2021; Pan et al. 202Ihe last two factors can influence the amount of

leakage around the maskhalation and exhalation protection efficiegsare metrics thadre

intendedto account for thesall factorsfor a breath drawn in axhaled through a mask,
respectivelyMeasurednhalation and exhalation protectiefficiencyvaluescan be differentor

the samenaskdue to variation in pressure differences and sealing when inhaling and exhaling

Prior to the 2020 pandemic there wasited data on the protection efficiency of cloth masks.

Makison Booth et al. (2013}emonstrated a tefiold reduction inexposure tanfectious

influenza virus fopeople wearingurgical maskéi.e., inhalation protectiorfpr aerosolsthat

averaged 6@ nin diameterMilton et al. (2013demonstrated exhalation protection efficiency

for influenza Vi r uos64db.vantei Saree gt &) 52008)89d aer os ol s
homemade masks made from teacloths on children and &ahdisrosoldetweerD.02¢ mand

1 ¢ minhalation protection efficiency was 60 for the adults and 52 % fahechildren.

More studies have been dameentlyonthe filtration efficiencies of cloth mask materials (not
accounting for fit)Mueller et al. (2018%howed that bandanashirt, handkerchief and shawl
fabrics had filtration efficiencies by mass of 18 % to 43 % for volcanicResigasamy et al.
(2010)examined cloth sweatshirtshirt, towel and scarf materials for filtration efficierfcy

aerosoldvetweerD.02e m dna&d& m. The ¢l oth masks had average
from 10 % to26 %, while the other materiglisshirts, sweatshirts, bandanaashged from 11 %
to 60 %.They also foundthdti | t rati on efficiency wasd!| ower a

Givenl) the limited data for inhalation and exhalation protection effi@es 2) the range of
filtration efficienciesin the literatureand3) thelack of information on maskt for children over
thetime periodsstudied in this analysist was assumed fahis analysis thathe simulateanask
would provideinhalation and exhalation protectiefficiendesof 25% at 1.0e m.

In simulatingmasksthe Generation Rate under f@entinuous Sourceection in FaTIMA

(Sec6.7 was reduced by 25 o% 37 5)tetadcounthorsomeces5 0 0 # A mi
reduction from an infected oggant wearing a mask. To account for an exposed occupant also

wearing a mask, the results from FaTIMA were reducednogher25 % in posfprocessing as

will be described in Seé&.

The effect ofinhalation and exhalation protection efficiegwof cloth mask®n exposure is
examined in the factorial analysis section of this re(®et.9).
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7.2 .Filtration

It was assumed that the recirculation filter in the CAHS, CU of the DOAS,
and in the TUS could be upgraded. Hmhancediltration was simulated

at seven increments above the base case with mgae®). For the

CAHS, the filter was increased from MERYV 8 to MERV 16r he CU of

the DOAS and TUS, the filter was increased from MERV 6 to MERV 13.
Since the base WUS had no recirculation filter, none was added as a
control. The filtration was varied under the Recirculation Air Filter of section in FaTIMA (Sec.
6.4). Table8 summarized the controls and their incretaémalues for each HVAC system type.
The other values ifiable8 will be described in later sections.

The effectiveness of these incremental MERV improvemeasseported using thEquivalent
Clean ACRafter the filtration was improved. THgguivalent Clean ACRor each filtration

upgrade Table9) was determinetdly comparing the NIE of the filtration upgrade and finding the
OAF (and associated Equivalent Clean ACR) that achieved the same (or loweddEhat in
Table9, theEquivalent Clean ACRor the DOAS and TU&relisted in a single column because
the rates were the same.
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Table 9. Filter efficiencies and resultingequivalent Clean ACR

Classroom Portable classroom Assemblyroom
Filter Efficiency | Equivalent Clean ACR (h'!) | Equivalent Clean ACR (hY) | Equivalent Clean ACR (h)
MERYV level at 18 ¢ CAHS DOAS/TUS CAHS DOAS/TUS CAHS DOAS/TUS
6 0.16 N/A © 2.9° N/A © 3.6° N/A © 2.2°
7 0.21 N/A °© 4.7 N/A °© 4.8 N/A °© 3.4
8 0.32 2.9 5.5 3.6 6.8 2.2 5.1
9 0.38 3.9 6.3 4.8 7.8 3.4 5.9
10 0.38 3.9 6.3 5.8 7.8 4.2 5.9
11 0.52 5.5 7.1 6.8 8.8 5.1 7.6
12 0.70 7.1 8.4 8.8 10.4+ 6.8 9.1+
13 0.90 7.8 8.4+¢ 9.7 10.4+ 7.6 9.1+
14 0.98 8.4+ N/A © 10.4+ N/A € 9.1+ N/A ©
15 0.99 8.4+ N/A € 10.4+ N/A © 9.1+ N/A ©

Based on MERYV curves iRigure4.

PMERV 6 is the base filtration for DOAS and TUS.

‘MERYV 8 is the base filtration for the CAHS for there areeguiivalent Clean ACRalues for MERV 6 and MERV 7.

i n d iEquavdled Gleah ACRWas not simulated above this value. A largquivalent Clean ACRvould be needed to
achieve the NIEvac that was equal or less than the NIk achieved by the level of filtration listed.

*Not simulated

96 + 0
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7.3. Outdoor Air Fraction (OAF)

It was assumed that the DOAS and TUS could not increase the base OA
delivered to the simulated spaces. On the other hand, it was assumed that the
CAHS could increase its base OAF to 1.0, meaning the mechanical OA
supplied would be equal to the supply r@eeTable?2).

As mentioned above, the OAF was simulated at seven increments above the base with masks
(Table8). Thus, for the classroom and portable classroom CAHS, the OA intake fraction was
increased from 0.33 to 1.0 in increments of 0.1. For the assembly room CAHS, the OA intake
fraction was increased from 0.23 to 1.0 in increments of 0.1 (0.93ki@®ed in order to keep

the number of incremental changes to seven as it was in the classrooms). The OAF input was
varied under th&entilation Systensection in FaTIMA (Se®.3). TheEquivalent Clean ACR

of each OAF simulaters listed inTable10for the classrooms anthble11 for the assembly

room. The OAF for the DOAS was not incrementalyigd because DOAS typically deliver the
required OA rate with nomodulation The OAF for the TUS was not incrementally varied. The
EACRoar = OAF*QsupplyV, WhereQsupplyfor CAHS is listed inTable4 andTable5.

Table 10. OAF and resulting Equivalent Clean ACRin classrooms for CAHS only

OAF Classroom Portable classroom
classrooms | Equivalent Clean ACR (hY) | Equivalent Clean ACR (h?)
Base: 0.33 2.9 3.6

0.43 3.9 4.8

0.53 4.7 5.8

0.63 5.5 6.8

0.73 6.3 7.8

0.83 7.1 8.8

0.93 7.8 9.7

1.00 8.4 10.4

Table 11. OAF and resulting Equivalent Clean ACRin assembly room for CAHS only

Assemblyroom
OAF assembly room| Equivalent Clean ACR (h-1)
Base: 0.23 2.2
0.33 3.4
0.43 4.2
0.53 5.1
0.63 5.9
0.73 6.8
0.832 7.6
1.00 9.1
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7.4. Portable Air Cleaner (PAC)

It was assumed that each space type could accommodate PACs, which were
Q rated by the Clean Air Delivery Rate (CADR) as outlined in ANSI/AHAM

Standard ACl (AHAM 2006). CADR represents the airflow through the air

cleaner (in units of cubic feet of air per minute or cfm) multiplied by the

removal efficiency associated with three different types of particles: smoke
0.09 em to 1.0 em, dust 0.5 Tre@ADRm@mtin@forsmmkeand po
wasusedin this analysis.

As mentioned above, the PAC was modeled ainstements above the base (no PAC) case with

masks Table8). It was assumed that the simulated PAC contained adfigiency particulate

air (HEPA) ilter with a filter efficiency of 9% f or 1 e m parti cl es. For t
portable classroom, the maximum airflow rate of the PAC was increased frono 6 htin

increments of 1 These air change rates*jtwere converted tthe volumetricflow rate by

multiplying h! by the volume of each space tyfable12 andTable13list the CADR of the

PAC unit(s) needed to achieve the listed air change rates.

For the assembly room, which had a larger voluimere wasio single available PA@ the
Association of Home Appliance Manufacturers (AMAdirectory(AHAM 2020) thathad a
maximum airflow rate equal to an air change rate of £.0rhus, the number of 297 CADR

units were increased from one to six in increments of one unit. A PAC with a maximum airflow
rate of 142 A §300cfm) and filter efficiency of 0.99 has a CADR of 297 in units of cfm.
Because the EAGRc did not depend orhe air balance of the HVAC system, EA&RIs equal

to the CADR (converted to #A™Y divided byV (mq).

The Maximum Airflow Rate of thRoom Air Cleanesection in FaTIMA (Se.5) was set to
the values imMable12 andTable13, and the Fan Flow Fraction was set to 1.0. Efeivalent
Clean ACRof each PAC simulated is listed Trable 12 for the classrooms arithble13 for the
assembly room. Because the CAHS, DOAS, and TUS had the same mechanical OA, the
Equivalent Clean ACRf an added PAC was the same for these systems.
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Table 12. PAC capacities and resultingequivalent Clean ACRin classrooms

PAC in PAC in PAC CADR Classroom PAC CADR Portable classroom
classrooms| classrooms | Classroom | Equivalent Clean ACR (h') | Portable Classroom| Equivalent Clean ACR (h't)
(level) (h?) (cfm) CAHS/DOAS/TUS | WUS (cfm) CAHS/DOAS/TUS | WUS
0 Base: 0 0 2.9 0.3 0 3.6 0.3
1 1 111 3.9 1.3 135 4.6 1.3
2 2 222 4.8 2.3 269 5.5 2.3
3 3 334 5.8 3.3 404 6.5 3.3
4 4 445 6.8 4.3 538 7.5 4.3
5 5 556 7.8 5.2 673 8.5 5.2
6 6 667 8.8 6.2 808 9.5 6.2

Table 13. PAC capacities and resultingequivalent Clean ACRin assembly room

PAC in PAC in PAC CADR in Assemblyroom
assembly room | assembly room assembly Room Equivalent Clean ACR (h-1)
(level) (h?) (cfm) CAHS/DOASI/TUS WUS
0 Base: 0 0 2.2 0.3
1 0.3 297 2.5 0.6
2 0.5 594 2.8 0.8
3 0.8 891 3.0 1.1
4 1.1 1188 3.3 1.4
5 14 1485 3.6 1.7
6 1.6 1782 3.9 1.9
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7.5. Exhaust Fan

Exhaust fans were assumed to be commercially available box fans that can be
installed in window®r doorways in each space. As mentioned above, the

addition of arexhaust fan was simulated at six increments above the base (no
exhaust fan) with mask3 &ble8). Thus, for the classrooms, the exhaust fan

airflow rate was increased from 85A'¢ 200 cf nDA§ D 210 @ 4c3f m)
in increments of 190As (400cfm). For the assembly room, the exhaust fan
airflow rate wad Aigreadroda scd dnAféri8oomd ®B10918B8M) i n i nc
569L A $1200 cfm). The capacity of exhaust fans was varied under the Local Exhaust Airflow

Rate oftheVentilation Systensection in FaTIMA (Se®.3).

The EACR of each exhaust fan simulated is listeBable14 for the classroomlable15for the
portable classroom, arichble16 for the assembly room. The EAGR.ustafor this analysis are
specific to the space types and HVAC systems modeled. There may be cases where
EACRexnausiarequalsthe exhaustan capacitym®Ag divided byV, butfor the cases studied here
it didnot This was de to the air balandactually imbalancegreated by the simulated HVAC
systems and the assumed infiltration rategch would require aexhaust famwith a large

enough capacity tovercome theémbalance to increase the clean ACR of the spadbe

amount specified for the exhaust fan

For each space and HVAC type, the resultiggivalent Clean ACRom the same exhaust fan
capacity would differ. For example, an exhaust fan with a capacity df 284600 cfm) in the
classroom has an air change r&&\j of 5.4 h'. In the CAHS, the air balance was 14 h
meaning the CAHS plus the modeled iméition would result in 1.1hof air leaving space.
Since the 1.1hof air is already leaving the space, a 5X4elkhaust fan would onlgemovean
additional 4.3 1 (5.4 minus 1.1). Thus, the EAGRwiwould be 4.3 H (seeTable14). In the
WUS, where the air balance was 0:5 the EACRontolfor this same 5.4 hexhaust fan would
be 5.1 it (5.4 minus 0.3).

Thus, only when the exhaust fanvl exceeded the air balance of the HVAC system would the
exhaust fan increase tBEguivalent Clean ACRf a space. As an example, for the smallest
capacity exhaust fan for the DOAS and TUS systems, BA&Rrar— 0 because the air balance
was not exceedeand thus, th&quivalent Clean ACHlid not change from the base cablee
DOAS and TUS had the same air balance and were listed in a single column of the tables
because the EAGRausttarand Equivalent Clean ACR were the same.
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Table 14. Exhaust fan capacities and resultingzquivalent Clean ACRin classroom

Exhaust Exhaust Exhaust Classroom Classroom
fan in fanin fanin EACR exhausttan (h 1) Equivalent Clean ACR (h')
classroom | classroom | classroom
( LAs (cfm) (h?) CAHS DOAS/TUS WUS CAHS DOAS/TUS WUS
Base: 0 Base: 0 Base: 0 N/A N/A N/A 2.9 2.9 0.3
95 200 1.8 0.7 0.0 1.5 3.6 2.9 1.8
284 600 5.4 4.3 2.5 5.1 7.2 5.4 5.4
474 1000 8.9 7.9 6.1 8.6 10.7 8.9 8.9
664 1400 12.5 11.4 9.7 12.2 14.3 12.5 12.5
853 1800 16.1 15.0 13.2 15.8 17.9 16.1 16.1
1043 2200 19.7 18.6 16.8 19.4 21.5 19.7 19.7
Table 15. Exhaust fan capacities and resultingequivalent Clean ACRIn
portable classroom

Exhaust | Exhaust Exhaust Portable classroom Portable classroom

fanin fanin fanin EACRexhaustfan (h1) Equivalent Clean ACR (h-1)

portable | portable portable

classroom| classroom | classroom

( LAs |(cfm) (h-1) CAHS | DOAS/TUS | WUS | CAHS | DOAS/TUS | WUS

Base: 0 Base: 0 Base: 0 N/A N/A N/A 3.6 3.6 0.3

95 200 1.5 0.2 0.0 1.2 3.8 3.6 1.5

284 600 4.4 3.2 0.9 4.1 6.7 4.4 4.4

474 1000 7.4 6.1 3.8 7.1 9.7 7.4 7.4

664 1400 10.3 9.1 6.8 10.0 12.6 10.3 10.3

853 1800 13.3 12.0 9.7 13.0 15.6 13.3 13.3

1043 2200 16.3 15.0 12.7 16.0 18.5 16.3 16.3
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Table 16.

Exhaust fan capacities and resultingequivalent Clean ACRIin
assembly room

Exhaust Exhaust Exhaust Assemblyroom Assemblyroom
fanin fan in fanin EACRexhaustfan (h1) Equivalent Clean ACR (h-1)
assembly | assembly | assembly

r o o m )| room (cfm) | room (h?) CAHS | DOAS/TUS | WUS | CAHS | DOAS/TUS | WUS
Base: 0 Base: 0 Base: 0 N/A N/A N/A 2.2 2.2 0.3
1138 2400 2.2 1.1 0.0 1.9 3.3 2.2 2.2
1706 3600 3.3 2.2 1.1 3.0 4.4 3.3 3.3
2275 4800 4.4 3.3 2.2 4.1 5.5 4.4 4.4
2844 6000 5.5 4.4 3.3 5.2 6.6 5.5 55
3413 7200 6.6 5.5 4.4 6.4 7.7 6.6 6.6
3982 8400 7.8 6.6 5.5 7.5 8.8 7.8 7.8
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8. Metrics for Comparing Exposure

Thelntegrated Exposureighlightedin Figure5 was used in this analysis to compare exposure
between cases. |IE was calculated by FaTIMA using trapezoidal integration to perform a
summation of the product of the airborne aerosol concemratid the simulation time step over
the userdefined occupancy interval.

Figure 5. Screenshot of FaTIMA numerical outputs for classroom CAHS
Since the goal of this analysis was to evaluate the relative reduction in agpisaire, a

Normalized I ntegrated Exposmwoewédl E3edvasousep
simulation results normalized to the resultshaf correspondinglVAC system with no controls
(Eq.3) ) . In the results presented, the subscript

type to indicate which results were used for normalization. For example, results presented as
NIEcans were normalized with respect toet CAHS with no controls. As mentioned above, to
account for an exposed occupant also wearing a mask, the IE result from FaTIMA was reduced
by theprotectionefficiency of the mask (Eq3)).

NIEnvac = IEnvac control X (1 - protectionefficiencynaslallEHVAc,no control (3)

In the results, reductions in exposure were compared with MERV 13 filtration. However, it is not
the intent of thisnalysis to conclude that this is a target for optiexglosure reduction. It is

used for comparison purposes only. This analysis shows that there are controls that could
potentiallyobtain reductions in exposure equivalent to MERV 13 filtratiamch coud be

useful for HYAC systems that may not be able to accommodate MERYV 13 filtration.
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