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Abstract

Multizone Modeling of Airborne Quanta Transmission and CQ-based Ventilation
Designs for Assessing Indoor Exposures

Shujie Yan, Ph.D.
Concordia University, 2024

Il n i rechvomr onment s, ventilation is essential
pat hogens, excess heat, and moisture, theret
COVIID® pandemic underscored the <critical ro
respiratory infections indoors. During this
operations i n densely popul ated public spa
superspreading event s, heighteningccédparet s

COVIID® restrictions begin to relax -tgdrobal |y
management strategies for t he Virus. Thi s
understanding of the specific wventiliagi on

i mperative to swiftly and accurately assess
adequate supplhy sofstoualdgard oaiuses on mitigati o
exposure risks apdngempheembabtri tbee pOONTAM n
aerosol transport under different mechanical
prototype buildings. To wutilize field eviden
i ntegrating e aared isatnpgar hiedpsxtriemocdCed s was appl i ed
was used to evalwuate the ventilation condit
Mont Taéal Equi val ent Clean Airfl ow Rate (ECAI)
reveal iufdg ian einns cl ean air supply i n both cl:
addi td.o3nf4 I f clean air del i veclyearnatnegg (dEADR)
recommended. -sRiansl he&y@ s hsotheddddy¥(aGud s @er e establ i

to indicate when ECAI requirements could be
i
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Chaptten rbducti on

1.1 I ntroducti on

The CQAQWlI pbandemic has wunderscored the criti
respiratory infectionk] ilnnsiurdoa@n ernvivreon meé r
i mproper operations in crowded public buildi
event s, raising significant coHtrteConsahowoant |
many countries i mplemented shutdowns of pub
istay a[t8 Ra@dent |l y, as many countries have eas:s
towardst ehm manggeme@tlOof T@EVIcCcDhall enge now |

public spaces while simul tlalnz,ouls3]y reducing

Engineering mitigation strategies can effect
such a€o8AR%\easl es, tuberculosis (TB), chick
[ 246] Vi mden aerosols in the air can be dil u:
di sinfected using ger milgdldlat us trhaen of @eteladcmy
the adequate amount of outdoor ventilation a
in different building types, identify approp
t o manage iensfpeecctiiaolnl yr iispkasth,dth @ nficie,2eé2¢0mt post

Mul ti zone building simulations provide deep
within real buildings and systematically con
across the ent[iaZB&] bBueislidd ensg accocnotuenxtti ng f or bu
simul ations enable the evaluation of average
occupant exposur e, thus helping to assess i
rates imviirnodnonoerntes remains a challenging tas
deterministic approach commonly wused, whi ch

1



[ 26]These uncertainties can stem from model
measur ement noi se[,27andXE&]soi mat hame bbasen mad
uncertainties through stochastic modeling pr

[ 282] The st olxdxasno3dle,lgmdehji ch combines physica

with data from field measur ement s, has shoy
However, its potenti al f oromeatsiumatmemd sv e mt irl
not been extensively explored. Additionally,

CQgeneration rates from occupants are often

It has been hewsgeg epsatreadmett lreats o tt @ lu llwd tBla®y/feesriraend

infererpdemebaur dmgld@bs Jhjus, i ntegr athaged he
grepyx model with Bayesian inference has sigrt
ventilation rate predictions.

Il n summary, this study aims to devel-b®D effe
pandemic and to i mprove | npdeonodre naicr eqguaal iTthye
investigates multizone modelingrofiae&sr @$oldiff
mechani cal mi tigation strategies. This stuc

i ntegrates Bayesixbnsiemdf esrteorbchea swnriotdhe ba ¢ ® O e n h &

prediction accur accoyn doift iionndsoor ventil ati on

1l Reseabjcehct i ves

In light of the ongoing challenges posed by the COYfpandemic, it is essential to develop
comprehensive strategies for reducing airborne transmission riskearious indoor
environments. This research aims to address these challenges by focusing on several key
objectives that will contribute to safer indoor air quality and effective infection control

measures. The main research objectives of this study avtoasst

1 Develop an approach to evaluate aerosol infection risks of SARE2 in multizone

CONTAM buildings: This objective involves creating a robust methodology to assess
2



how SARSCoV-2 aerosols spread and pose infection risks within different zones of a
building modeled in CONTAM. This approach will help in understanding the dynamics
of airborne transmission in complex indoor environments and identifyriaglareas.

1 Evaluate the effectiveness of different engineering mitigation measures on reducing
infection risks in offices, hotels, retail spaces, and schools: By testing various
engineering strategies, such as enhanced ventilation, filtration, and UV disinfection,
this research aims to determine which measures are most effective in different types of
buildings. This evaluation will provide practical recommendations for mitigating
infection risks in diverse public and private spaces.

1 Integrate Bayesian inference with a &léased stochastic grdyox model for a better
estimation of ventilation rate and confirm its validity: This objective focuses on
improving the accuracy of ventilation rate estimates by combining Bayesian inference
techniques with a C&based stochastic grdyox model. This integration will allow for
more precise and reliable predictions of indoor air quality, accounting for uncertainties

and variable conditions.

By addressing these objectives, this study
transmission in indoor environments and deve

thereby contributing to saf erpaandde nhecaletrhai.er
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chapters are organized as foll ows:

Chapter2 reviews theliterature related to multizonal aerosol modelingnd CQ-based
ventilation designs It begins by exploring previous efforts in using CONTAM multizone
modeling for assessing indoor air quality. A comprehensive review is conducted on studies
related to multizonal aerosol transmission, risk assessments, and various mitigation strategies.
To further enhance the CONTAM modeling framework, the chapter examines research that
utilizes CQ as an indicator of indoor ventilation conditions. Additionally, the review includes
studies on Bayesian inference and stochastie @€y-box models, which show promising

potential for predicting ventilation rates througksitu CQ monitoring.

Chapter Presents a novel approach for assessing indoor infectious risks using the CONTAM
guantasimulations This method evaluates the effectiveness of various mitigation strategies,
illustrated through a case study ofLarge Office building. Key strategies include increased

ventilation, MERV filters, portable air cleaners, UV lights, and mask usage. The findings
highlight the most effective measures to reduce infection risks in mechanically ventilated

buildings.

Chapter 4systematically evaluates infection risk mitigation strategies for five prototype
commercial buildings using the CONTANuanta approach. The study analyzes Zormone
guanta transmissig@nd air treatment strategies under different occupancy levels and masking
conditions. Key findings indicate thatduct air treatment alone is insufficient for small spaces,
necessitating additionaldroomair-cleaningdevices. Correlations of infection risk withom
volume, exposure durations, and equivalent air exchargaseveloped to generalize findings

across different building configurations.

Chapter Jpresents a C&based ventilation design and practices for Canadian classrooms. The
proposed approach utilizes Bayesian inference within a stochastiba3@©d greypox model

to realize longterm indoor air quality managementhe study confirms the accuracy and



robustness of the model through £@acer gas experiments and quantifies uncertainties in
reaklife contexts. The approach is then applied to evaluate ventilation conditions in two
primary school classrooms in Montreal, identifying insufficient clean air supply.
Recommendations include fuipmenting akcleaning devices to meet required clean airflow
rates. Various mitigation strategies are assefsetthe classrooms for their equivalent clean

air supply levels

Chapter 6 summarizes the main contributions, limitations and future works of this study.



Chaptene2ature review

I n this section, previous efforts onamlCdNTAM
CQbased ventilaweireneepladbuadi oAscomprehensi ve
mul ti zonal aerosol transmission studies, ri

related to Bayesian gnbdexemoeebsdwerechédsoi d

their promising potentialsittoampCrOetd oct ngenti | a

2.1 Multizone CONTAM modeling of

2.1.1 I ntroduction to the multizone mc
Efforts to model multizone airflow began as early as the 1970s, and it was during this period
that isothermal windiriven airflows and network airflow models were first introduj@t43].

In 1989, an elemerdssembly formulation of muiione contaminant dispersal theory was
proposed, and the processes of assembly element equations as well as the development of the
CONTAM family program were introducdd4, 45] Then the model was further modified to
incorporateduded air handling system in the 1990s in CONTAM93 and CONTAMB647]

Based on the knowledge of fundamental mass conservation and mechanical- energy
conservation rules, semi/fully empirical dissipation relations, assumed boundary conditions,
and zondield assumptions, equations were assembled to control the air flows inaneltiz
buildings [48, 49] Later, realizing the contaminants dispersal was influenced by building
thermal and the need for detailed airflows, methods to couple it with building thermal and
computational fluid dynamics (CFD) models were also propds€d 51] Fi g @-d e

demonstrates the representation of building models in different detailed levels.
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Fi g&kTehe representation of bui[l3d7hg model

Over the years, substantial efforts have been dedicated to assessing the validity of the well
mixed assumptions employed in CONTAM and examining the airflows simulated 38, it

53]. In 2008, Wang et al54] evaluated the welnixed assumptions made for temperature and
contaminants concentration as well as the effects of neglecting air momentum. It was suggested
that when the dimensionless temperature gradient is smaller than 0.03 and the Archimedes
number f@ the source zone is larger than 400, the neglection of temperature and contaminants
concentration gradient would be acceptable with an estimation error of less thawRBéfo.
windows have large openings accompanied by strong air momentum efifeglescting air
momentum can still be acceptable, provided the distance between the upstream and
downstream openings exceeds the maximum jet throw length from the upstream opening.
Consequently, the assumptions made to simplify the CONTAM simulations amede

reasonable and acceptable under most circumstances.

In past decades, empirical validation efforts were devoted to identifying the applicability of
CONTAM models[24, 5558]. Emmerich[24] reviewed the validation efforts on residential
scale CONTAM and COMIS models for the prediction of airflow rates, results suggested that
most of the statistical parameters are within or close to the guidelines of ASTM D5157. In 1996,

Haghighatand Merggepor t ed t he Agoodo agreement -eviden



zone CONTAM mode[57]. In their empirical tests, fan pressure tests were conducted with
blower doors and the flow coefficient C and flow exponent n were estimated with both active
and passive approaches. Verijkazemi e{58] compared the CONTAM particulate matter
(PM) evaluation results with field measurements in an Iran hospital, and results indicate that
the CONTAM can evaluate particle entry into the hospital building effectively under different

weather and building opemag scenarios.

In 2001, Musser et al. conducted a validation and calibration study on CONTAM, affirming

the model 6s accuracy in simulating pressur.i z
precisely defined based on experimental evidgs@l The study underscored the significance

of accurately refining fan flow rates for spaces like bathrooms and kitchens in buildings, as it
directly influences the prediction accura®yerall after decades of rigorous work, CONTAM

has been established as a reliable tool for predicting building air flow rates from a macroscopic

perspective.

2.1.2 Multizone CONTAM modeling of aer

Multizone building simulations provide a comprehensive understanding of aerosol
transmission potential in real buildings, allowing for the systematic evaluation of various
mitigation strategies within the entire building context. In addition to accoufariguilding
leakage, multizone simulations enable the assessment of both average and transient
contaminant concentrations during occupant exposure, thereby facilitating the evaluation of

infection risks.

The multizone modeling was applied to analyze the transmission oflades aerosols
between floors through door and window leakages during a SARS outbreak in Hon@8long

The importance of the building leakage and actual building operations was highlighted in a
multizone contaminant transport simulation for a hospital builfpdg E mme r i c[h6 2]t al
applied the simulation software CONTAMefor
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and operations of di fferent indoor-bgmaaeces

assessments.

Mitigation strategies that have been proposed for buildings include ventilation, filtration, GUV,
and personal protective equipmelthile many studies have concentrated on healthcare
facilities [93, 94] and singlezone building scenarios, there is a scarcity of research on
multizone commercial buildingd95, 96] ASHRAE and REHVA have issued their guidelines

in the COVID-19 pandemic conteXx®7, 98] General recommendations have been provided
for HVAC operations, outdoor air settings, and filtratjéf]. However, these guidelines often
lack the performanebased information needed to inform mitigation strategies tailored to
specific building types. The most effective mitigation strategy can vary significantly depending
on the building type, configuratiomgccupancy schedule, HVAC system, and operational

settingg100, 101]

It wasdemonstratetdy Peng et al[90] that employing multiple layers of protectidrsuch as
reducing occupancy and exposure time, wearing masks, increasing ventilation rates, and using
HEPA filtration and GUV disinfectiad cansignificantly lower COVID19 infection risk. Sun

and Zhai[102] introdued indices for social distancing and ventilation effectiventesthe
Wells-Riley mode] suggestingthat reducing occupancy density by half caduce the
probability of infectionby 20 - 40% within the first 30 minutes of an event. Zhghg3]
estimated that integrating various mitigation strategies, including source control, ventilation,
and air cleaning, can reduce infection risk in schools and offices by afactpng from9 to

500.

Most investigationsnentioned abovlavepaid attention t@valuaé infection exposurasks

in singlezone scenariosnly. Recently, enpirical evidence of zonal aerosol transmission has
been reported in akastern Canadian hosgit[104]. Additionally, Taewon et al[ 1 0 5]
suggested the possibility of SAR®V-2 transmission between different floors of an

apartment building, with five out of nineteen cases reporting no direct contact with other
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residents I n Spain, it was reported that bathroor

have all owed f o[rl OabeJfloesrod f erxe,hamwletsi zone aero
mustcotnesi dered when developing detailed miti.
or zones, especially during theéeéOvéopening st
2.3 Ventilation ratemestiomatnon v

Among the mitigation strategies, outdoor ventilation is crucial for reducing the probability of
infection, particularly in naturally ventilated buildings. Characterizing ventilation rates in
buildings has long been an effective way to understand the ambtresh air delivered to
occupants. This practice gained significant attention during the CQ9Ipandemic, with the
widespread installation of GG&ensors to monitor indoor ventilation conditions. Proper and
accurate interpretation of GQeadings is &sential for assessing indoor air quality and
developing effective mitigation strategies. This section reviews previous efforts to measure
indoor ventilation rates using G@onitoring, the application of Bayesian approaches in the

built environment, and stochastic modeling of indoor air quality.

2.3.1 Ventilation rate measurement apeg
It has been indicated that typically the predominant way to measure the ventilation rate of a
building is using the tracer gas approftb8-112]. Only under specific conditions, such as in

an exceptionally welsealed building where all air inflows and outflows occur exclusively

through ducts, can the ventilation rate be determined directly from duct airflow measurements
[108, 113] The tracetgas technique usually releases a designated amount of tracer gas (a single
release, constant release, or controlled release) and then observes its decay with time. Due to

its simplicity and less dosing volume of tracer, various studies usembtiventration decay

method to evaluate ventilation performance and thereby estimate indoor air chafb®4rate

115]

Selecting tracer gas is important in this method. The desirable propertiasesfgases have

been indicated to be detectability, nonactivatyd a relatively low concentration in the[4109,
12



116-118]. Over the years, a variety of tracer gases have been used in tracer gas measurements
such as carbon dioxide (GQsulfur hexafluoride (S, nitrous oxide(N20), hydrogen (H),

and helium (He)etc[119]. A comparison table is listed iha b21¢120, 121] In terms of

the ventilation rate measurement, Edouard ¢t 22] compared the C&and Sk- based tracer

gas approaches and found similar results in terms of the ventilation rates prediction. The results
predicted by C@mass balance approach were 10%2% lower than those for SFAmong

the tracer gases listed above, Gone of the commonly used tracer gases as it appears to be
safe, and environmentally friendly, and its concentration can be easily measured with

inexpensive sensof80, 123125].

Tab2ll€ompari sons between different tracer gas
Inflammability Molecular Measurability Global warming
potential (GWP)

CO2 Non-flammable 44 COp sensor / gas 1
chromatography
SFe Non-flammable 146 gaschromatography 23500
N2O  Nonflammable but 44 gas chromatography 298
support combustior
H2 Flammable 2 gas chromatography Insignificant
He Non-flammable 4 gas chromatography 0

There are three most commonly used approaches for evaluatitigation conditions using

tracer gas: concentration decay, concentration injeciod constant concentratigh09].

When applying these techniques to measure the air change rate, certain assumptions are
typically madgq109]. For instance, a common assumption is that of anvieked environment,

where the tracer gas concentration in the observed room is represented by a single value.
Simultaneously, it was also assumed that the air change rate remains constant, requ&ing stab

ventilation conditions in the measured chamber throughout the assessment period. The

13



accuracy of different calculation approaches is usually evaluated in a-asamgechamber,

which could provide a weltontrolled environment to measure the tracer gas concentrations
under different mechanical ventilation conditio@sl et al [60] investigated the use of GO
concentration decay approach for determining the ventilation rates in a test chamber. In their
study, they tested the ventilation conditions in a range oAZH to 40.6ACH. The study
suggests minor discrepancies betweesiim CQ sensors at different places. Besides, the
multi-point decay method tends to be more accurate than thpdinbdecay method. Overall,

it has been suggested that £€&»uld serve as an ideal tracer gas for determining indoor

ventilation rates.

2.3.2 Bayesian inference in built envi

In built environment studie®ayesian inference is a powerful tool that can be used to quantify
the uncertainty in estimated model paramdtE26-129]. This approach considers the inferred
parameterswith prior information, then it uses the likelihood functiobaged on the
measurement datdo update prior distribution following Bayes theorg&80, 131] The
updated results are the posterior distributions, which are the new beliefs of the interested
variables. In recent years, with the advancement in computational capabilities and the
development of Markov Chain Monte Carlo (MCMC) algorithms such asodetis-Hastings,

Gibbs sampling, and Hamiltonian Monte Cdil82-134], an increasing number of studies in

the built environment field have begun to utilize this approach to infer parameters in established
models[135-140]. Zhonget al. [141] developed a logistic regression model for predicting
occupant s 0 -candtianing, and fBayesianr inference was used to establish the
relationship between field measurements and model outputs, the unknown model parameters,
model bias, and measurememnrors were inferredZhaoet al[142] attempted to improve the

fault diagnosis of sensors installed in HVAC systems. The distance function for sensor
calibration was established, and the posterior distributions of an offsetting constant and
unknown parameters were inferred accordingly. In02@2anget al.[143] inferred the neutral

temperature based on an assumed linear relationship between the thermal sensation and
14



temperature. The unavoidable regression efrowas also inferred assuming that it follows a
Gaussian distribution with a variance of. A review of Bayesian inference on building energy
models was conducted kyou et al. [144] for clarifying current research progress and
instructing implementation of this approach. Besiddgs) et al. [145, 146]analyzed the
influence of metanodel accuracy and energy data on the Bayesian calibration results for

building energy simulation models.

In the field of indoor air quality, Wang et 4lL47, 148]applied Bayesian approachesao
sourcedetector relationship derived from CFD simulations of airflow in indoor spaces and
underground utility tunnels to estimate source parameters such as leakage rate and location.
Septier et al[149] proposed a Bayesian inference procedure on inverse dispersion modeling
to tackle the challenging source term estimation (STE) problem, using a Gaussian assumption
for source emission rates due to its practical performathae et al.[150] utilized Bayesian
inference on indoor COconcentration models to assess ventilation conditions in primary
schools.Their study identified outdoor ventilation rate, £@eneration rate, and occupancy

level as the most sensitive variables affecting indoorl€@ls. Rahman et 4lL51] developed

a Bayesian inference approach to estimate occupancy distribution in a mechanically ventilated
multi-room office. Using C@concentration data simulated by the CONTAM program, their
study considered scenarios with and without 5% random noise to account for uncertainty. They
found a significant increase in RMSE for occupancy estimation as sensor measurement
uncertainty increask The study suggested that Bayesian inference could be more effective in

solving inverse problems if it can handle reaiskata with noise.

To summarize, Bayesian inference has been widely accepted as a powerful approach for
inferring unknown parameters and quantifying uncertainties. In order to obtain a reasonable
estimation for the interested parameters, firstly the interpreted model, emtore specific,

the inputoutput relationship needs to be clearly defifig2]. Previous studies also suggested

that the fluctuations of measurement data may also play a significant role in the estimation
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accuracy{153]. In the meanwhile, prior knowledge of inferred parameters would also influence
the predicted outcomes. Uniform distributions and Gaussian distributions are the most
frequently used assumptions with acceptable performance in real pfaédgcel55] For the
practices in indoor air quality models, previous researchers have applied it to estimate the
source information, occupancy, and ventilation rate. It was indicated that the Bayesian
inference would have a better performance when thelifeaheasirement noise could be

considered.

2. Bt dchasbox woegling for the i1 ndoor
Over the years, the stochastic nature of indoor air quality (IAQ) modelling has been gradually
realized [156-158] Stochastic greppox models, which are capable of capturing the
uncertainties occurring within the systéi®9], have been identified as highly effective for
modeling IAQ systems. Stochastic models are mathematical representations used to describe
systems or processes that exhibit random behavior or inherent randofhé@ssl61]
Compared with deterministic models, stochastic models will allow for some randomness in
some of the coefficients in the model, therefore putting uncertainties into considgrégpn

To be more specific, parameters will be taken as random variables, and the stochastic models
will generate different outcomes with the same given inputs. The solution will involve
randomness and will be in the form of an approximated probability densityion (PDF).

This distinguishes the stochastic models from the traditional deterministic models that we are

familiar with.

In mathematics, statistics, and computational modeling, algpeymodel[163] integrates
partial theoretical structures with empirical data to complete the model. Unlike-lvaxite
(physically based) models, which rely entirely on theoretical knowledge, andddadkiata
driven) models, which rely solely on data, gteyx models cambine both physical knowledge
and datadriven insightg164-166]. The parameters of a grepx model areestimated using

parameter estimation algorithms and measured data from the $¢6&m68] These models
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often incorporate stochastic components to account for uncertainties and variability, such as
measurement errors and system fluctuations. The choice of parameter estimation algorithm is
crucial in developing a grelyjox model. Common algorithms include nraxim likelihood

estimation (MLE), genetic algorithms (GA), nonlinear least squares, and simplex[d4€&ich

For modeling indoor air quality (IAQ), a deterministic massance equation for contaminants

is often expressed as an ordinary differemtplation (ODE). By allowing randomness in some
coefficients, this equation transforms into a stochastic differential equation (SDE), which more
accurately reflects redife scenarios. Researchers have significantly advanced the predictive
and inferentiatapabilities of SDE models for IAQn 1988, Haghihat et a|169] introduced

a predictive stochastic model for indoor air quality, incorporating inputs as random variables
within the SDE framework. This model effectively captured the variability in predictions of
contaminant concentrations. The moment equations for nvaaiance, and skewness were
derived using stochastic Itdcalculus. The inclusion déivaite noiséterm not only accounted

for system randomness but also ensured a unique and satisfactory stiyionantly, the
solution to the SDE model is an It@sthastic process with both the Markov and strong Markov
propertie§170]. This characteristic implies that future predictions depend solely on the current

state, making the model highly effective forecasting.

Marcel et al]171] proposed a predictive control approach to model @ centrations using

a greybox model, where stochastic differential equations were established based egdsacer
mass balance. The study indicated that the n@®dahrameterization was suitable and
applicable, and its predictions were more accurate than those from traditional deterministic
approaches. Following this, an inferential study estimated the ventilation air change rate using
the stochastic grelgox model[172]. This study employed a maximum likelihood method for
parameter estimation, demonstrating the robustness of the app¥eelshet al.[168] further
developed an estimation scheme for the stochastichygneymodel, utilizing an extended

Kalman filter, which incorporated both maximum likelihood and maximum a posteriori
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estimation. The performance of gregx modeling programs CTSM and MoCaVa was
evaluated and compared. Despite the substantial potential and benefits of using Bayesian
inference for parameter estimation in stochastic -tpe@y models, limited studies have

investigated this approach to date.

In summary, traditional ventilation evaluation methods rely on deterministic approaches that
fail to account for redlife uncertainties. The accuracy of these methods depends on how
closely real situations match idealized assumptions, the precision mnpiete@nsiveness of

input data, the thoroughness of model development, and the absence of disturbances during
measurements. Since idealized conditions are rare in reality, it is crucial to quantify
uncertaintiesin the interpretation proces8ayesian infeence and stochastic grépx
modeling has been suggested to be powerful tools to face this issue, and thus help in

interpreting indoor ventilation conditions via @@easurements.
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environments, concluding that wearing a mask

510 times and i ssfdampeaemalyl e atrd itciughat e filter

A recent st udiyshlgwldnghat multiple | ayers of

and extpiomeureeducti on, mask weari nggl eianncirnega s
through HEPA filtration and UVGI di siodnfecti
infectiis&kuso | ow |l evels. This is particularly

such as Omi & Gedsit.i nZahtaendg t hat by i ntegrating d
schools and offices, including source contro
ri sk could be reduced by [al9f8aldi Dr e ®-Ri ®e y We I5|
mod el by introducing two indices for soci al
showed that half occupancy dengd0%yi couhed fik
mi nutes of an eventlictcataohabokerismaedgzoiasa@
' i brary-nomhet weamttyli ng types was developed ba
publicly avail able data and made availabl e t

buil dings #anhkewsdandsmanagers to compare Vval
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generalize coneclcadieonatwhanm etAnsbmdan deadnkyrav a
i mpacts of six mitigation measurweseeaeoal uatfed.t

Additional I[yL9e99 hknated at he ef teatirvoénesdsg aodt

mitigating the infection risk in different
outdoor airflféwcreney, fhigkrs, advanced air
air cleaning technol,oggineds ,f apceer snbamnsakls .vent i | at

Many of these works have focused on evaluati
has been reported for aerosol zop2lDOffmamwdmi s
et [ 2Ihlalve al so suggeste@Go¥hérpossmibkisionybet w!
floors of an apartment buil ding. Il n their ep
cases claimed no direct contact iwi twha sotrheeprorr
t hat bathrooms of older buildings with c¢commu

[ 202]

One multizone simul atifonOa3plpudedbyh&mmemutht

CONTAM, fofetwbouas tgkatksulpoasritsi cl e wémt h a d

and a burst emission, and a s qs&nanroailse acseeldl ap
constant generation rate. The study showed t
of an actual building system operation. Al t]
il lustrated the | mporracatniceen sofo fa dwle aetshsa rn gc a e
system operations, przcemralr el adlakdgegasnitn alt s ms
transmission. These interactions cannot be
building enviapmmeadh moAredti mgr mul ti zone con
was also performed in a hosqgiltahi bgilsdirag et

i mportance of buil di @ 00U ¢Parkaat geeesk weats ahli.g hsliingL
di spersion o€o¥i aboopeel SARS8 a medium office
that the unventilated stair WweIl0bg3Sharmeldtu]llanle.r

pointed out that their study represented th
23


https://www.sciencedirect.com/topics/engineering/infectious-agent

type, whereas a specific building could be m
on specific] tDODhiDngulhatoohser hand, a building
perfor med -saytsttehme swhellee, so different rooms/ b
outdoor interactions are essential. I ndeed,

tyem Iis i mportant with the rwiogpgenpmgt edt ipaml i
rodnvel protection wil/ need to e rev elakatge
and occupanci es. This wil/ hel p i dentify | ¢
mitigation effectiveness aamdl ectkfpiataitetn cei,e ss,c hee
specified solutions ctoovi theetr at meeedatti akbulfee,wz
simul ation studi 9 6hsah20dd Jtone Momdpedritcaance of pi
|l eakages i n 4d 2maaggp i H\AA C Dbfuiilltdriantgi ons on ener g)
[ 207]1 n addi-Garomz a Letpeal . l i nked a zonal

mul ti compart ment SI'S Markovian model for ev
hospi ta208jHodeverzomalref i awwsavmo cheolt been studi
in a detailed airfl ow [nZ204dnadr K hley at tddopmnevizo

transmission in commerci al buil dings were ra

Conducting multizone analysis of ai rborne d
phystrceaallliyst i c setting has many benefits f

productivity persgédiicventandpdroat ieongeerrityr i n ¢

operations such as a pandemi c. Many countri
i mportance of building ventil at ied modd nedxsr stl ierac
buil di ngs for reopening and future epi dem
governmental funds to aefhfiiewiee mteadd dalys msadeds

considering the compl ex Htaicd sotrerfaalddtuiird ds .n gl u ratr
the gener al public guidelines provided in th
be adequate. -Tkhasti atiphyamnalaysiys tailored fo

climates shoul d be pctosn dau crheldt. i ZTohn es spianpuelra tai dos
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model -GAARSt r ansmi ssions in a US DOE prototypcée

yet realistic building of a specific categor
on t heRiWelyl smodel by considerifngnanlye i @y h ami
parameters, including weather, occupancy, Sy
goal is to evaluate the multizone risks of
mitigation strategies iomphredomnd extsiofhglae ws
simulation input project and output files of

with this submission for future readers to a

3.Met hodol ogy

3. Multizone contaminant transport mod
This study devel ops and demons-Co¥t esaasmewsimn
ri sk in multizone mechanically wventilated s
l nstitute of Standard and Technologyds mul't
CONTAM Oi9jpl ements simulations using DOE prot
based on [EheQ]JGOQRTANR can analyze the compl ex
ambient conditions, building system operatio
realistic setting. Although EnergyPlus has a
on anl eer verslihahnldf COAKBRBET has many | i mita
designed for mul tizone analysis of pol |l ut al
vent irlealtatoend energy | oads. dkmnows &heo gy &t usn

of prototype buibtdiongscbetseeduce si mu

Using this approach, we evaluate the potent.i

and exposure risk in mechanically ventil ated

T the ri sk®omf arfdoofolrosrpr eadi ng,
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f building mechanical system operations, in
T l eakages, pressure differentiadac¢upaanndc yr a

schedul es.

| f froom spreading is significant, we al so us:¢
nei ghbor zones ot her trhoaoom tshper esaodu rncge izso nree |
i nvestigate t ke memp agcattsi guéd r sfstormageedy iiens t he con
buil ding operation in a multi zorCe¥e nivoidreolnsme |
and tool s, s-aohe amoddlfg,2 $B dmguidetAi z o nbea smneadd ed ns

Mode[RO&B, 2Mm2] proposed alppirlodiicihg muouletl isz avihe | &
[ 8.2]Some recent mul tizone studie$2DAaAwhudcde ,ri
however, did not solve the airflow network.

detailed multizone airflow and risk estimat.

3. Ai2borne Transmission Under Various

I n the context of the multizone simulation o
containing aerosol is esti matEgdl[kals3gidh eo nt iamem
change rate of th€(twphbemdbtameol i B aohenct.i
G(tdom an infector | ocaGyetfdr om tzloemesupplewtafrn
ventil ati gnhtf)sgmt emeoinfiltration ®&Fff oar ntehiegh
return to the Qnmercchma ntihceall oscyaslt eenx, haQié t osnuah a:
air cQuefammem-sraono m nGUVQudfevo met, he parQgéfcrloem dehpeo s
virus infecti viQeyfrdoent atyh ep reoxcfeislstz ma e do.n T loe nle
rates are expressed as] .a MopilQ@ g@tartiec nfoltowa crtaut:
flow rates, but are expressed as equivalent

ductwork filteratedudh |d)seraandiEaRvVduct YV)GlI dev
contribute to | owering@ytlfe tsweppileyx haon aceart vatn
( Ex2) .
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The i mpaciwseawoifngnasgke evaluated |IMexft@er mtshef
exhalation of Mheon nfleetonhahat iaommd of the s
equat idnNFoEg.a given exposwmrnepr t Bhesdumatesnt |
susceptibleds exmpoatra pBaemd bd agrcomaleis! i(ty o

of nwaesakrFmnggi ven the airborne p&(tjclcal cahaaer

b \E q3-1.

The exposure particle counts are thdamkused a

wQO 0 00 06 0 0 6 O 31
Qo P b i
0 0 -0 0 0 r O 0 5 60
06 o T 0 6 o 0 6 o0 p - 32
The outdoor a4 COENULCEDAFBYiIiDPEAr o in this cont
06 0 p - 0 6 o0p - 33
" N " 34
A op U O_. 000Qo0

C= active virus con%emtrndtitcre ifrolbdtodwsioargr s [ #
t hrough HVAC systwhrer e ntfheec tiinofuesc tzioonues per son

jjsupprlegg cul ati on of HVAC system;
MextFmask exhale efficiency

Q= volumetrids] | wiwt hsappted qivinph s e € ,e abd¥r ,
| i ghtr oioom i(reqdeopsaltemnotn) ,t o i nterior surfaces
deacy (equiwdltemtt)i,on from nei ghboeaxflztomat iionnc | 1

nei ghbor zones irnacd adli agi omeofamHVAGtsyst em,;

27



—-= filtration ef fa clieeanhtByR Mwii It the kM hiasgohdti @Gitns :HVA

G= virus generation rate [#/]s];
s= number of interior surfaces;
n= number of neighboring zones,;
V= zone V]o;l uamed [ m

t= ti me [ s]

To compare the reldér mglabngdg3+Eagf. e @da aneer so fo nead d e
b yOo:

I
C
C
vy)
C

5
C
(v9)
C

0
C
C
o
(@]

—— p 0 —B 0 606 — -0 0 B 0 3-6

0 B 0 50 0 - 0 p - - 0 60

I n real it yC edCtb eicsa uosfet eonf tthhaet mi xi ng i n t he dt
aerosol transport prWhceens sviarmiosn ga edri of sfoelr erneta czho
the actual concentration coul d Thetshnpai cénf fl ioawaea
of t he <ceHdtervaelli zmeidt idguactti ons , e.-qqugt t@KEV, MEnRay
decrease with the size of the mechanical Sy !
aerosol Thuasmcsyloirzed virus aerosol mitigati on
the strategies applied in the ductwor k, anc

| ocaboketdi ons i nsiGlesCiri om0 mse.a3l6dacgya uoiap.r e st i mat
efficacy of MERV filters and GUV in the duct

28



The above dimensionless equations reveal h oy
transmission. Of interest is how significant

the mask efficiencys FEbr amsMixsedpriomocemtciyen alf

buil ding component removal processes gener al
[‘)x_ 3‘7
Tab3lldet ails these equivalent removal efficie

concentration and thus exposur e.

Tab3ll&Esti mated equivalent removal efficiencie
Outd ME RV | fIRoom

Strat MaskAir PAC Eilter GUV | Muct GUV

Remov) 66 -66- 0 86 0 86 p - - 0 &

ef fic 0 — — — — _

( %) o 0 0 0 o}

The air mass balanc8d[28htion is given in Eq
o B 0 5 B O 5 0 0 3-8

The infiltration,-zerntal |l tariatfil @mw, aared miordted rerda

exampl e of i nfjitlot dotmieas BSh3WRAABme Eq .

ot - ~,5 8 5 3‘9
v 5 — - Y0 Yo

Co= flow di schaitgkeabe§oranentdaydityef Ege mce
pressur e YOS prresiscer,e Pdai f f ¢ared cizoertEwe d o wz o n

exponent .

Il n a CONTAM simul ati on, the wall | eakage i s
represent the | eakages at the top edge, mi dd
di fference includes three compopniemtapplihea mlk

zone pressure differences due to HVAC opera

function of the zone temperature difference
29



softwar e, suc[h2 a9 Tkwnee rwiyrPd ugpr essure compone
wi pd essur eaaoadefifsi @ai drutncti on of | ocal terrai
ref ewendevfedl ommittlye weat her c¢condmitxed sas s uwumpthi

of air was made without considering turbul el

real worl d, oc chuepaatn tss@y raeacd & avii it ti keeosw umpatit ht ee rrnoso m
exerting an influence on zonal infiltrations
t hGeFBapabilitids2lof, QCAMNTAM

3. Ai3borne I nfectious Risk Estimati on

This study developed an appguowacthat ovhewoablie

CONTAM model to estimate airborne virus tran
probability of-CodMfedhronohoerepBSARBRE quanta for
hypot heti cal I nfecti ousWedlolsse [uBnli@opuSaSww & snf i r st
defined as the inhaled dose needed to infect

a Poisson relation to the number of quanta t
be infected when each occupants beetathessbane
known as-Ri heyWeglgl2swhioanh i s expressed as foll
. # 310
6 3 P A
wheR= the probability of infection,186%s0 kno

the number ofSzsihhechumbecaséssusceptible.

The number ofng(qwaamttaa )i nhsaleexdor essed by

g€ o6p O 065 Yo 311
Whe€eavgt heavteirmegye quanta mdPncentration quant
Modeliisngften chall enged by theAldhmoamgthaeismtsise S
reports the quanta concentrations in differ
estimation and the comparison of different r

basi s. The prqpamper COBMMAMas verified by cc
30
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numeri cal results to those from the | iteratu

A few studies have investi g@d¥d8 7n,helBPgogamatna oe
et [dl8pbrloposed an approach that provided a r
scendreires.are some assumptions used in this
room was assmmeedt ol heavwdlikti on, this study a
speaking of 65 quanta per hour asnsdu nopntei oinnsf efc
the investigated scenari o are descdeped tiinor
radfe D8t hmated by 2TfWdrt cphaerrt ied! eagm firro nd i0a rB&t @
and a quanta deacGdWaofi 6&.26BTeh ef are MMARS ef f
air cleaning using filtration that mechanica
the size of the particles being cleaned. Thi
em areth[ 319 Mi ni mum efficiency values were adoj
MERV filter efficiency in the CON[TARMOJFiomul a
exampl e, for the MERVS8 filter, its quanta r
efficiency I n t[h2e2 1 PIAIC iwsas al99& possi bl e to
removal / deposition rates as a function of pa
based on the correspondi 1 @2Ene g Ituost ap r ontuon

occupants was divsu®edeptnitiot @ entfoercst owesr eanidndi v

generate fAquantao in the building, and the n
all owed in the building minus the number of
To determine the acceptable I evel for indivi
in which outbreaks need to be mwaismiused, (tTh
basic reproduction number is deC€C)i neaused thy
typical infector (1) among oaClicfjoarp4 e lell 6 sutsu
of airborne spread of measles in an el ement s

Ro>1, the virus may [s§2]sad tihre tthe gpaep wlixptoisam e

Ro<l1. This metric has al[s87,be8d mpPhpddiendg i e Dtt L
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airbor CoXSARS nNnsmi ssi onsubwawbhddsscNbotues etsh atn db e

of the uncertagp>lt idosesofmotthe mpddelt heRe will b
From the probability point of view, it shoul
| owemed&ns | ess chance of the community virus

3.CB3ase BWEBAdHPOE Large Office Protot

3. B imul ation Model and I nputs

The US DOE prototype commerci al buil ding moc¢
efficiency measures and the development of

building types were developed to fe&@Rr2dlsheent 7
corresponding CONTAM models of these DOE pro
for buil ding venti[l2a2t6i]Bumi lachidn gl Afa raannaeltyesriss s
occupancy, and building envel oASHRAEt Sghnhdas
9020 R 24HJASHRAE St a204[62d2Bth2. 1lai r fd mdv pamg shisb |
mitigation stratFegB&E®hias esi U dynsg€fndaiseealt hr@ot ot
buil ding model t o dgeusoanpsgrrdada@dI@e CONTAM
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bas

pl e

ar e

| eakagee

cor
t he
(as

fro

The

Exfiltration Q,,

Fig&#r®chematic of airborne transmissio

building Haootfp23dhba3womes basement , and a f
ement , each fl oor ha)s witchenamal stcairrec azsoer
troom | ocated in the middle of the zone,
ections. The height from-tfdlomaor theicgehtl iins
ause of thethddpteonoml oheegbh DFoor. Each
bottom fl oors wiorhs tahned sftlaa orc/acseeisl iamgl led e
num t hrough one return gril/l of each zone
defined as the three | eakage paths at tt

e

m

Zone

| eakage

shown

t he

HVAC

piantphosr taarnt and i ncl ude

the | eakage p:

(as shownFibgyg2tehp wbli ohedscibi06 o i

paths between the

restroom (trar

b¥i g&2(ehayr raoarws @ nl eakage path repre

core zone to the plenum.

system

i nvlkhudabrd € o me
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basemerrf) ooh'dliMheoox s, '"\ahdot has1gBaiea) it

di fferent supply, return and outdoor air-r

Floor 12 (Top VAV)

—

Floor 2-11 (Middle VAV)

Floor 1 (Bottom VAV)

Basement (Basement VAV)
VAV System Basement Floor 1 Floor 2-11 Floor 12
Supply/Return (im?/s) 4.63/4.17 11.65/10.49 9.44/8.49 10.33/9.30
Baseline OA (%) 26 14 17 16

(a)
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* ; - Perimeter North e .
= o
- ® Infector Selected Path Flow Direction o] o
(O Perimeter North to Core |3
() Perimeter West to Core  |*
O Core to Basement
o Core to Elevator
2 )
= e 3 o Iy Yauk O Perimeter South to Core z
S o . o =]
7] oa o8 21 e
] = Inflows to Core 2
g ==>=| Restroom = . e
£ = : == Outflows from Core .
(7] [72] =3 =
& ] 2
t
=
e
=
El
o
Core Zone
° - Perimeter South
o—a
Return Grilles
. T ool OHVAC Return
= Z
g 8
7] o
=
15t Floor Plenum

(c)

Fi g3%2((a) Drawing of the DOE | arge office p
flow rates and outdoor air perceditoagpe; @mnd (
dr awi ng°tfolfoarhepllenum with the[R&tB8drn gril
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The simulations were conducted for on3 week
(TMY3) weather winters) deismg@hidaggd.,Dewietmib etr h ¢
Fig&3 &€&ach fl oor was assumed to have 134 occ
person was assumed to be in theills00) | wiorhea
|l eaving the space. The assumption that the
probablycadsve swsoesari o with the highest expos
because typically most of the office staff s
chosen as vertical transmi ssti ahfnir gifHsekes tda xciad t
transmission eviCheélncheasf olre etnheprEeRRDThley VAF¥ p
system started at 6: 00 and turned off at 22:
operation and occubprmercgmedicbse d uTl heed e woaf g intmhlfeh o w
ratdes er mi nkende rbgyy Ptl huesvesiemwlsaetdi aars i nputs for t

in the CONTAMImodel

‘Wind angel (°)

[
(]
[=]

‘Wind speed (m/s)/ Ta (°C)

I —o—Wind speed —4—Ta ——Wind angel i
-10 0
0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00
Time

Fi g8%3 e Weat her parameter ssff@R]Chi cago ( De«
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Tab3d2d nput paramet er-gudm®wtraa lhat iICONaAaNet hee DOE

prototypéf baotdcagelzone
|l nputs Parameter Referen
Zone geonVol unfe/ Cor e 6376 / 23 [229]
Ared (rPerimetei608 [/ 222
(Peri met
Peri metei8029/3
(Peri met
Restroom 277/ 101
Stairs (175.7/27.6
Data Ceni98.6/36.0
Zone occulnfector 1 -
Susceptibles 133 [ 229]
Il nitial gConcentrat®dhon (O -
concentr a
Quanta geQuanta generati 65 [ 186]
Breathi ch)rate 0.72 [ 230]
Generation dura8:@a0/: 00 ( -
DepositioSurface deposit 0.3 h [217, 2
deacti t
Particle deacti 0. 63 h [ 218]
Germicidaismnoom GUV remov 4 *th [ 232]
ultravioliduct GUV remov 87 % [ 23 3]
| i ght
MERV8 removal e 20% [ 220]
MERV remoMERV11l removal 65% [ 220]
MERV13 removal 85 % [ 220]
PAC airfl PAC1 (CADR) 0. 4% sm
PACi28SF ( CADR) 1 °ms Erom
PACIi3223SF (CADR) 1. 4% manuf ac
PACI4FN1AAF00600017°%ms
HEPA removal ef 99% [ 221]
Ma s k Mask wearing pe O or 100% -
Exhale removal 50% [ 23 4]
I nhale removal 30 %
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Tab32summari zes the key simulation parameter :

di fferent strategies on mitigating virus ae

increasing outdoor air ventil-altegmdawiteess U
as MERV filters, PACs-r wo wdhui crid E PFGAU Vi, i latnedr sl, a yaer
personwkamask. The baseline OA rate from the

tablFe gia(ex) wi th a MERVS8 filter was defined a
BLO; whereas the total supply and return flo

all strategies.

33.2 mul ation resul ts

3. 3.Ro.ctmpoom quanta transmissions and e
The multizone analysis starts with understar
for the baseline ca€gen&GaMERV8+Blbws ieteeeni nt
nei ghbor zonetsQ ooompa@aueantrao otmr ans miisrsoinome.nt Bl e
conditions and the operation of FIHY&£L(ea)ystenm
illustrates the tran¢e¢i g@d eainf ftllhaeovist Wiotr h t thiee f
values for the inflows to the core zone. The
whereas other fl ows are mor-eosakbbbetthows gh:
rel atively mor e swheacdy wehraen ntohree isnufbljoewest, t o
because they were connédtgdd @tsch otwlse thhaeu rinmentee
aver agzonant etrot al airflow ratesobettwveenavteana
summation of all airflow paths between the t
t he aFirotwsEedh() Al though the HVAC system press
winter (the return is Fi0gB2h)thdreeppgployneas (
North, Perimeter West, and Perimeter Sout h)
of the dominating wind direction of the day
The outflows from bDoe, CE&ltevaome ,t andh&tRest w

than other paths due to the combined i mpact :
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the stack effects in these spaces. The Restr

fan operating froihdéédoGhetro pd2:e@ iatl .rla5 smmi s

grilles at theooeitbrrjlgé&d(el beBdadcduse all ret
go through the plenume return grilles back t
potentially contribute to airborne transmisi

airfl ow dRirgeB2t(eicgnfshiisn woul d redlbloori br posens

through these vertical spaces.

o~ 0.20 -~

2 015 == iy g pmay -~

-Fg-‘ - - "b‘--__.-.___--
010 4= . = . — =

% [—— S—— #. ﬂ k — —“‘ "—H‘ e _—.—#H

2 0.05 -

Gy

=]

£ 0.00 -

2

g-0.0S—

3~

g '010 B R R R R B R e - e e P .

E

B 0.15

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

= « Perimeter West to Core = == Perimeter South to Core
= Perimeter North to Core Core to Elevator
= = = Core to Basement

(a)
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—

N
1

=]
-
1

Inter-zonal time-average airflow rate(m?/s)
=

Perimeter Perimeter Perimeter Coreto Coreto Coreto Coreto Coreto
Northto West to South to Restroom Data Basement Stair Elevator

Core Core Core Center
(b)
Fig8%4 e (a) Transient airflow rates for select
the Core Zone, negative values indicate air-f
zonal airflow rates. THhe gdBmre | ocati on:

Fi g3G(ea)gorts the simulated transientfgqoant a

when the infectéfl was CBicag¥BEene nHoirhet hle basel

( MERV8+BL OA), duri ng tihle0 :i0m0i)t,i atlh et wogou ama war s
accumul ated in the zones rapidly; it reache
concentration in the Coreeitsnefwadd hmor g otintes |

Restroom, whHihi phleas yghag@®hebsbwsel t he accumul
i ndividual exposure risk forfadomoocowvpgant hien
hours. At the end of the nine working hours,
1.6% in the Restroom, about 1% in the Elevat

ot her oré&s$ oof .t he 1
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Source Zone

- om m mm em an e em Em o wm e em em em em e em =

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

2.0%
1.8%
1.6%
1.4%
1.2%
1.0%
0.8%

Individual Exposure Risk

0.6%
0.4%
0.2%

0.0%

08:00

Tine
Core = = Restroom Elevator
Stair = = = Data Center === PerimeterNorth
PerimeterEast = PerimeterSouth PerimeterWest
(a)
Source Zone

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

Time
Core = = Restroom — Stairs
Elevator = = = Data Center —— PerimeterNorth
PerimeterEast = PerimeterSouth PerimeterWest

(b)
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1st Floor
Plenum

28%
1st Floor Core
Zone 1st Floor
5794 Neighbor Zones
0%
Others
6%

(c)

Figd#sd e (a) Airborne quanta concentrations as a f
transient exposure riskssfloooman @acdupantai mbot
di stri butfilomoro.n the 1

Fi g35(ee)xpl ains the fate of all the airsborne
floor. More than half of the airborne quant;
returns to the VAV system thzewuwghcoheepti eauim
in the Perimeter North, Westesandofest hodéesdpi
I n other words, these quanta concentrations
Zone through the VAV sydbtéemncEhli prebews et at
create pozemdli atr amsmirshksu so,n irti sks preferred
intensively negative pressures,|l nprseuvmemmatriyng t
roennom transmissSifolnoorrouaeerse:i nCotrheeY Restroom t
return grill ndC&€roe ¢YtEdievaaoe a hrough | eakag:

through internal partition pat h; and CoreVYPe

4 2



3. 3FRcoRlIroor quanta transmissions and e
The HVAC pressurization and stack effect 1in
to #HIllomormr transmf'Esoon, véenti ltahtei oln does not
i ndi vidual VAV system. Her e, for the baselin
exposure risks of all zones i |ltohme IICwirlediZr
when the infectftoper €oneagibise){ hiimgla e Rt
t hef lloor’f |tolme XLTore Zone has the highest expo
El evator and Stair. On the higher floors, t
Not eabl ¥y 1 adbr t hehd Core and Restroom Zzbnesbd
floor risk gets a suprising rebound.
2100%
= 90%
5 80%
©
'§?0%
2 60%
2 50%
i (V]
o
5 40%
o
2 30%
=]
& 20%
[ Tiddddd
'50%
Ist 2nd 3rd 4th 5th  6th  7th  8th  9th 10th 11th 12th
Floor
Core Restroom B Elevator
H Stairs ® Data Center B Perim eterNorth
B Perim eterEast B Perim eterSouth B PerimeterWest
Fig#6 e Rel ative risks of allsffllomorsbdA®& A Pnes c
100 %) .
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Stairs/Elevators — Col'J" i
1 T ---------------------------------------------------------- L
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Nentral I
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— 8 Plane '
3 .-
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86 | s
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=5 f s

4 t K

3+ s s

2 .o" J Core — Stairs/Elevators

1 : : — : :

-50 -40 -30 -20 -10 0 10 20
Pressure (Pa)
=—t—Core --+#--Stair Elevator
Fi g8&%% e Average pressure profiles of the Cor e
The above obsexplbyoedempyebsure profiles in

showkilggd e Hi gher risks of the elevators tha
4% 1 o0or) can be explained by Filg@&#t@ed)hagtet hien
stronger stack €&fgpgé&de tHoawe vtehe dthaei red e(vat or

decrease with the height because -pbel stednge

from the neighbor zones into the elevators,
théf Foor, where the airflow from the stairs
airborne quanta because the neutral pressur e

66 1l oor. This explains'WhypothZaevesnos&ms dhev
NPP formssfomorheabbve which the airborne qu:
start to i hffliooratskes tao rnexeullt2, théf Cooe Fawnwe
higher risks tdanr ¢ owletrs fd-Powest hB8thabhbmi EEbDon
as a result of the dynamics of pressure dist

become vulnerable due to the combined i mpact
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HVAC systems. To compar ezotnlee amwl tyis@mmen diox t:.
di scusses the diff ermqamnd ab atpwe @m czhd raen QO enlMdsr
(i .e.., COoVvI D19 Esti mator, REHVA calcul ator,
CONTAM wi tqlucauatp atrhoea c h ) .

33. 2.3 Mitigations of exposure risk

The previous analysis shows that the most v
| ocat%fd oior 1ICore Zone, which is also the mos:
mi tigation analysis is focused on this zone
occupanhtosuwr néneostidl ®ori Corlke ZbneFiag&8(eaemon st
The acceptalhkFé)r wak kaVveul ARed to be 0. 75%
case, the exposure risk wasweastiinmat eBdy tionchre
OA rate to 1.3BL, 2BL or 100% fresh air, the
1. 12%ctries@ly. The upgrade of the MERVS8 filt
risk to 1.30% and 1.22%.-dAddi G@JVgevomil di ddeelc
baseline exposure risk to 1.19%, whil e the
addi addinng PACs would also contribute to eff
recirculating &igf3ldswmta)emoolfdOrdémce the ¢
1. 7 3 %, 1.60% and 1. 51%, r ¥ sp e ovoiuv @l yh.e | Toh d ilns
0. 51 %, achieving the acceptable | evel (0. 75

effective @ndl cfaoor kaelelp eRral uated mitigation

l't should be noted that the risk estimatior
mitigation strategies. For each of the mitig
to the baselHingG8ied) sheJpygr adi ng the MERV fil
MERV11 and MERV13 tend to be more effective
1.4%sim. The use <©duUucMEB¥I3miandal nUV with the

similar performance to that of 100% OA. When
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is adopted, the most relative reduction co0mj
reduce t he r i-zsokn ee vsetnr aftuergtiheesr ,neend t o be adopil
or-riomm ger mici dal Uv | i ght
2.0%
1.8%
1.6%
= 14%
%1.2%
E;l,f)%
20.8%
oo 0 B B OB OB i e e
0.4%
0.2%
0.0%
a0 S ) \S 4\\ 4\3 & & \\;\
«é\{{%— . b‘p& QQ@"J bb& \g&“ és?‘ S\b \\3.‘\ & \\\'\Qq’
o (N Q(\ YSJ
&Y S q
= Baseline 1.3Baseline 2Baseline
100%0A m Baseline - Mask m 1 3Baseline - Mask
m 2Baseline - Mask m 100%0A - Mask
(a)
90%
80%
v 70%
EGD%
’; 50%
%40%
3
£ 30%
=
& 20%
10%
0%
Kyl 2 & = W ~ & & ol
\3(3' Q@pﬁ (}\“: g{‘@) Qﬁi:\ @’é S\& \SA"GD \\r\é"
S L W
R ¥ R
—8-Baseline —4—1.3Baseline —-2Baseline 100%0A
(b)
Fig&8& ea) I ndividual exposure risks wunder differ.e
reduction comparedbaset heebaasbki ng .de&Emeathétdhbhye tit
di fferent OA rate. As mitigation strategies ali
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34 Di scussi on

For the evaluat eHdi gnd8tsehganvtsi drh adt rdeotuebd ii ensyg, o ut
did not effectively reduce exposure risks un
percentage was adopted as 100%, the exposure
baseline caséd.ngHadwev edrlVACo meg/rsatem with 100% fr
energy <cost and ther mal comfort indoor s. It
ventilation rates in many existing systems.
APandehied Mperation by on2ytimesetalbé nga OAl ir @
rates. In the current study, the analysis s

increasing OA flow rates by 1.3 ores2. were mi

Ot her active mitigation strategies shoul d be
exampl e, smal | retrofits that include wupgr
germi ci dal UV | ights into the bBRRWM dfiinlgt ezrosn evg
investigated: MERYV 8, MERV11l, and MERV13. Res

to MERV1I1 reduced substantially individual
ventilation scenari os, exposurfeorr iMEKRV 1f3e | IT ht
upgrading MERV filtersffsbefWweenhiveskt mhbtugha

cost needs to be considered due to the el eva
Lar@&dice building of this study, a MERV11 u,

PAC and germici dal Uuv, was effective at achi

Adding PAG@GsmoGUNMNiIi ncreased the total equival
without interfering with the existing HVAC
evaluated in this study covered?3as,| awhg ec hr awe
based on the information providedThpPI2ehe in
these PACs were equispmpdswi elfoffif ¢ol9%%. c gA mointgh

investigated product s, it walky fetuumectihwael y al
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exposure rokskhks Bblbew Rhe capacity of the PAC
vol ume areas, | arge capacity PACs or mul tipl
observations al so aprpodoym tGUW hien GUEW edreavii cpeesr:f

tdh -dwmct GUV devices in the current study.

55%

50%
45%
40%
© 35% e
a 30% 5 o 29.7%
& 26.4%
1 259, 22.8%
= 20% 18.6%
15%
10%
5%  14% 2% 33%
0% = - |
S &
0‘? & @"b‘:\"&

S <5 o Ky &
&
& $ ¢ F IS
< kad had 49 ‘é\’ & &
Q& Q'Z' & Qﬁa /,VO N
AD AVQ e AVO o v
<« & & Qo“ &
‘%{"\é}\ C’Q CO “\k@\@

Fi g3#% e Comparison of sources Lanm@fdliocses ebsuiolfd ivnigr ucsc
to mask efficiency (M ~ QC/ G).

Mul ti zone model i-chgp taH saoh elyadhd eerso&a:n afn viral

zone becansgealofaimftleows and | osses in the cc
par amef E}-7) i's compared to tMen aE)ji cacpenfe
understand whole building mitigation strate
sources. The compar i soewe arsi nrge aisso ncacbnhneo nbleyc arues

of the most effective strategifies enmdl tdusng
mitigation efficacy, it however relies on th

strategy that relies on building systems des
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airf@Qowsnedetpiemadent zon€ cfonrcealtlr acommenent s
E®pR6.Fi g#dsehows t hat the FReaemrt rtyhee (Chareo Lwine 1fa
zones) was 1. 4%. Thi s means -anrtaer, e dl .tdhe oGo ra

Much of geneqruaatnetda asitrabyoerdne n t he Core Zone (

the neighboring zones. The baseline OA rate
MERVS8 filter, it would filtrate 22.8%. The i
which thelvwdeusd natur al decay, deposi tion,
nei ghbor zones, contribute to a |l oss of 26. 4
As a comparwearni,ng fwansaseknf or ced, tlhde breo s50 %,f

which is the typica&kl 286fTiheciFe®gsevawu et-if aotr ma
wearing would be more effective than the com
this case study. I n addition, itzoalado spueaqdas

in the building, theolbbdsabsonbehbighighbor

For all evaluations in this study,-mtkedair
However, this assumption may simplify the
additional turbulent mixing thatehbpptdsngi d
theat sowmopwesment of occupants, fl ows create
exposure risks for individuals at different

studies byCFuUtaplabziilnigt itehse 0ot 2AGNTAM

Of fice environments are often crowded, poor |
for prolonged working hours. 1t has been rep
common venu€os¥Xfdmr adSARBSAnorepi demi ol ogi cal [
superspreadi nglawnemnntf fimeanno@evn t zer |l and four
of fice dire@8Bbky of nftdhet d® 8]l mermmeontdher study
Engl and, t he attack r at e -fwaacsi nrgle podfBttioecdg ht ot hbee

events, office configurations and room vent.i
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/actuator
https://www.sciencedirect.com/topics/engineering/computational-fluid-dynamics

that, in real working situations, the transm
these studies not only worked at their desKk:s

during working hours.

Prateek et -satlat eusseidnuslitaegtadoyns showing that st
hi gher aerosol concentrations t ha[n9.o]timeroucor
study, exposurel evatkef ilsehr&ftdais aces bawnidl di ng wer
to be higher than thatatfao(E ep&k(leane)Tdn szecnugg e
that-ladeanas aer osol could transmit to stair al
PACs Ganwd | sgbtusd be Zbamghntenedd the effect C
strategies (source control, ventil ati en, anc
plan pil9vgesthis evaluati on, a risk reducti
the strategies such as dopdn i partttiCteinypmea teid| avi
t he RRF, this study provides a more precis
mi tigation strategies and enables a reasonab
and office enviCGoZhmemarmrss oifpsXTARS ot hece yroom
exchanges per hour) was sughp¢BO&JdHotwe vbe, at
assessmentuschf sprreat egi es was not included in

the future.

Though the approach proposed by this study
mi tigation strategies in buildings, uncerta
cl assi-Ri |Véeyl Isodel has been usedstoi rval ulae el
[ 8,2]hel ping the public understand airborne i
of the Aquantad generation rate remains unc
understand t he guant a-Cg¥neumdaron dirfatees efnor
Uncertainties i n estimated I nput par ameter s

estimati on, such as breathing rates, filtel
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https://www.sciencedirect.com/topics/engineering/elevator-shaft
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/data-center
https://www.sciencedirect.com/topics/engineering/ultraviolet-light

inhal e/ exhale efficiency, and other key para
nature of the input parameters could be inc

Skagit Vall ey ChloZr4a0l]e Out break study

3.3oncl usi ons

Under the health t-Go2avisrpessawndpyi hhpaSARSuUl

new variants, aerosol transmission indoors 7
can i mprove the indoor air tguaatleigtyy iisn nao sktuie
model ing approach was derived in this study

types and an analysis was undertaken to comp

DOE prototype of fincge abpupirlodaicnhg .d eTshcer inboedde Ibiy t

evaluat who!l ef atsimiad it msg omet ure, and the effec
andcadeaning components in the building could
Lar@Ofef i ce scenario simulated in this study s

mi tigation strategies.-tdome t died bfalocedbrispe eads .
possible though the risk was signmicfei Tmtel.y |
use oftraeadumetnt strategy could approach the
adding room cleaning devicesosmcherami piodalabl

could further enhance the aimakyzadiing.f Mourr

This study demongonetasnahgwi shef mal DIOE pr ot

ucted and explained the detailed anal ysi

QO
—
O o

orne quanta | evels, and aseddeicatsedftndres
system operation (e.g., winter pressurizatio
could play a significant role in the potenti
away from the i nfzocd eoct wipeaxcreod €lhe csammdte ach
understanding because they address the airbo

building is a single zone.
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The purpose of this risk analysis was not tc
buil ding, but rather to compare the relatiyv
strategi es. The <current st udys pfeocciufsiecs sotnu dat
i mportant and <s<hhoawslidere ocgonpd exti ¢d es of di ffe
occupanci es. Similar studies can be conduct
types, such as hotels, schools, retail store
achievingsd,hitshepuawrrent study also shares a

t hhearQd i ce prototype building with the commu
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haptMaid t 4CZONNTéAdda nt a
odel i ng-Co& 3B3ARBOrne

ransmission and | nfec
trategies I n Office,
uil I di ngs

Abstract

Ai
st
fo
ev
W o
ev
pr
Re

rborne trans@Bsimostloy GARGBr s indoor s, arl
rategies for specific building types are n
cused on gener al strategies thastysmaynahot
aluation of infection risk mitigation stra
uld facilitate their-paedpenicngppractéess.adh
aluating engineeri ng mietliegateidonUSstDep argti n
ototype commerci al buil dings (i.e-Al oMedi umn
tail, and Secondary School). The evaluatio

i mul ation softwareevl yC@MNTVAN,o posudt nhC @N TaspM r 0 a c |

fection r i sk -taasosnees sgnueanntt.a Tthrea nzsommies si on and
e effectiveness of -inecth amadmi aivre nttri d att memt,
rat egi es awedr ec oenvpaalrueadt.e dThe ef fi cacy of mit
r full, 75%, 50% and 25% of denmisgn amdc mpaa ik
aring conditions. Resul t-dustuggest edeahment
suehtcfor mitigating Ii-mdemtio@aatrmesrkts Ga&awdi G
edleod .avoi d assessing mitigation strategies
rrelations of individual i nfacpaoamet sks asv

vel oped upon extensive parametric studies.
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4 . 1lInt roducti on

The CAOWI pbandemic has highlighted the 1 mport

control i n 1 ndodor] emavwf rionimemtt sventi |l ati on de
in crowded public buildings often | ead to ol
significant concerns about occupantsd indoo
public sdhairrdmgopnywceountries, and individuals
at home. 0 Vaccines are more availabl e, and
economic pressures, whartde mieadlsi fteo an o ert aua me
spas. Recentl vy, many countries have-Cp&ssed t

var if&2ZnMt2swhi ch promotes the easing of restrict

term managemént oh CO¥I D. S. , many states ha\
indoor activities, includirRdg 3fMera nrwehsitlaeu r d matrs
gat herings have begun to be permitted. Capac
indoor pubBR#Uhd]Ssentitiiamgsacti ons and policies w

and Europelah4xpueatmre@epgeni ng of public spaces
ri sk of transmi d<i4®rEnpgo sneese rd magl Ineintgegsat i on s
an efficient way of reducing the airboerne tr

Co-¥, measl| es, tuberculosis (TB), [c2hdi7clklee p O x

vi liadden aerosols in the air could be dilutec
by germici dal ultraviolet light (GUV). Great
much outdoor ventil atimommoraneg diss esadd itcn amg mit
types of buil di ngs, what air treat ment opti

infection risks with adequat-gpameéamsmiuc esr,baespe

Ri sk assessment is an effective way of ident
controlling the infection-¥9 sgkasnd e&minac,e dXtee ¢

have been made to qwCoonrZt itfryantshnel Greii sakn r dfor 8 AR
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emi ssion rate was evalwuated for different co
[ 186 providing valuabl e i npRitl ayfroirsrkata some sodfm
[ 8.2]I ndicators of infection risk were propos
indg®n0dDai §d§B8FyAhaated the influence of air
a bus, cl assroom, aircr[a8fBthveashiim,at ®mdd t difef ied «
di fferent mitigation str-a¢eempi earenfaoaidobiotri as
pl ant s, buses, taxi s, €o&. iAddckicttiioomalwer,e rd
cl assrooms unde,r cdiafsfserdewnrta tsipoena,k i annjd2 4/80A c e m
simulation study was conducted to croanpge e t
airborne exp@Osirileetowe eSPARGI s p l-macckanewna n tainlda tmi o
smal | [ 8Bf.i e2B®ded on the assumption that aero
room, these studies considered the changes i
rate, and volume for different i ndooocrusenovni r o
singdree scenarios without considering -buil di

t@aone transmission could happen.

Mi tigation strategies that have been propos
germicidal wultraviolet | ight GUV, and person
focused-coamr ehefac8fd/targ osniengbluei | di ng situati on
investigations for multizpagedcomhtmbr ABRRAEKEADL L
and REHVA have issued t Rei rpagnudiedrd I2iSmdeosn RiBriR |t

Gener al recommendati ons have beemonndaidiei ofno m
(HVAC) operations, out[dodoHoawiev esetthege, rac:t
may not provibdesepglern fndromanrade on t o i specmfimet

bui ltdyipnegy The most effective mitigation str at
of buil dings, configurations, occupancy sch
Mul ti zone aerosol transmi ssi on pat ttearinseds h

mi tigation strategies for a specific type ¢
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especially during the reopening stage of con

Mul ti zone building simulations enable a deefg
real buil di ngs, and the influence of di ffe
systematically within a whol eg btuhé db wigl c¢iomd e
mul tizone simulations would also enabl e the
concentrations during occupantsO exposure, a
Mul ti zone evaluati omantofdias pérlsoiwo na nwe rceo npt raamp
198[043,. 2Baded on the concept of an airfl ow
assembly of interconnected flow el ements in
inside and outside of a building andt tthues dr
building. In 2004, this -ltdhckeomr ya evrass als etdr d os i
floors through door and window I|[e2abk5algatse ro fi re
2013, a multizone contaminant transport si mi
eval uat e -celxeiasntiinngg satirrat egi es; the i mportance

buil ding operat[iGIn]s was highlighted

The objective of this study was to investi g:

with wearing masksr,anigep@aMRS et eabdbl atrbhoami s:

typical commer ci al buil di ngs. The i ool si0Z & we
CONTAM, developed by the US National l nstitu
the model i n[g2 mathWeramsadly sdissper si on was si mul a

ri sk was assessed for five prototype commerc
Al one Retail, Smal | Hot el , and Secondary Sc
with debailléi ng pl ans, typical HVAC schedul e
for eafch26pbms study applCO&dARuU anjoPv&ED] appesvsac
the multi-Co¥ei SAKRSt i on ri siRsS | b § s[eBd2d efhd 5t8h e V

estimating infection risks. A correlation we
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building simulations of the DOE prototype b
factors governing the relation -®@e¥ weesktaepd

mitigation measures in multizone buildings.

4 . Met hodol ogi es

4. Zhk COMTUAMIt a approach for evaluatin
Il n this study, t He Xc oanecreonstorla twiaosn noofd eSAeRIS i n t
as "quanta", where the fAquantao is defined a
t he CONTAM multizonal model tRid epr oamprdeenhf &c¢c t ho
ri sks predictions. This model i[nhg5uXsle hgoge i s d

Of fice scenari o, andanbamedpphea ClONTAMe conc

We |-Risl ey model wi || be introduced | ater I n
di fferent zones can be calcul ated, ienalawmat i
removal within the zone. The acceptable inf
potenti al defined as C/1, which is the ratio

|l . An outbreak witphen whenbCi I[de2Rlgbedg!| doh @y

the possibility of community spreading in a
one infector, thus we require C < 1. The ¢
therefore P = C/S <1/ SptwbhéeepBopsethe numbe

The CONTAM models used in this study adopt e«
reqguirements that are employed in the corr
commer ci al pr ¢ 2@teyDpeet akbh U isl doifrwgish ei Imeuw htodatl od vy
chaptBrtigation strategies iFn gmaletBrzioenfel ys puas
CONTAM, the occupant infection risk is deter

that the occupants are exposed to during the
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4-1

% _ # OAO
The materi al bal ance of the 4QuUuanta concentra
. . . 4-2
6— p - "6 1#6 B 1 #0 1 1 s1 1
B 1 s 1 B 1 y# 0O
The infiltration via the air | eakage in CONT
and system induced-lmwegsdrads ,onssiimpg a power
- 5 43

1 5 — -Y0 Y0r,

E is the occupant #exposuhestappbhtami bangtiag
concentratfon t( guwantthagt mesxk piosureetgmanta conc
supply aid)r, (Guiannttalhen quanta gener at-i onsrate
the outward protecti®nQedaiQea@tdlychefds ki@ mas
are volumet Pisc) ffloorw driaftfeesr g¢mt airfl ow or cont
return, | ocal erxohoamu sGU V, a idre pwlsd & n eorn,, idrecay o1
infectivity, infiltrationgfios zleeeff i-a@inan ey
cl eanerpifsi Ittheer sf,| oG di sicsh atrlgee efofed d ti i¥Riieesna i, r Al
the reference pr¥sjssurtehedipfrfeesrseunrcee diPfaf]le,r enc e

i [Pa], and n is the flow exponent. F¥tnally,

and Yt hes the output timestep as defined by u
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In-duct UV

\ /]
Outdoor air X
[ Supply to || |
+——IMERV other zones
Exhaust |\
_\JReturn fromL ]
other zones
Upper-room UV L L
Return Suppl
Generation of PPy
infective particles Air infiltration/
exfiltration
Infector O Susceptlblee Maskl
Self-deactivation
——> Zonal airflows
 —
Deposlltlon oV
n-room
Portable |
i ——_ |HEPA
air
cleaner LLI:‘
Fi g#4kXM ti gation strategies in multizone spaces

The concept of a quantum of i[n2feelo]jt dehewmbBner
number of infectious particles requi[r82d] t o
estimated infectious dose of airborne pathog
evaluate the probdab.i | Thiys oifs i riReloey @a&q tf &Etgi. e

has been widely used to evalvua[t&7.,ai2@®@b]jrne in

4-4
0 - p A

P is the probability of infection (or infect

number of susceptible people, and n is the n

inhaled quanta fAino can be expressed as follo

T # "p - & $ 45
# is the average quand)a ®8omserthreatbircemat (hg wman

(M s)sansMt he mask effincbenbyg fopacitnbal atioacuj
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and D is the occupant exposure duration.

Il n this study, we assumed that only one i nf.
removed from the pool of susceptible. The en
this study were all based onntshiogxcagsumpt hen
scenarios and infectious particles randomly
initial quanta concentration is zero. The fa
(via HVAC vent ielaktaigen ,anfd lttheataiom I(via filt
deposition, deactivation and airborne.

4. EZqai val ent air change rate

For each investigated strategy, t he) cwas esp
calcul ated, which is a sum of the air change
recirculated wventilation air-r t hat passes tt
i nacti vatlgbnhshy a6UWell as quanta deposition

This can be expressed as:

Qe: OQ"‘ M@RV" PQd‘QGUV"‘ deos"Ttdectivation 4-6

Wher e:

Qoa= outdoor air(m¥¥ohitviilded obny rtgmPe rionom vol ume
QuerF recircul ated vénh)MERVI e faici efaow/ Vat ame
Qpae CADRGOM/ VOl,ume (m

Qeuvs ai rfl ow r atdeu cpta sGU W dh ) bgyh vtH(emneen (crh ean ai r
rate providedomygehmi aipgpalyf drhp /s Wl @meC A R

QiepositiQuanta deposition rate (1/h)

Qieact =vMiitoa!l deactivation rate (1/h)

4. DOE prototype commerci al buil ding m

The floor | ayouts of CONTAM model s oFfi geuarceh D!
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42, ™eda i @fmice -sso0ayt’?hb®€@&prmnt buil ding with
and one core zone on eaclariQlebioc e lHeaisRedid Pniph a
(35683o0mt print), al so with four perimeter zo
Mediamdar@fe i ce, a single | arge | eakage path
height office partitions (X afAldyReptearicle nits oaf sti
floor buil diffgoowiptrhi nda 2hW4 fmve zones: cor e
front retail SmaHdt ele sisst oa yf. dulrh Bfdoi ontgp r(i1n0t0)3 nwi
zonoens t he first floor and 16 zones-soomrypp&O
shaped buil?iong pfi®hi92 mith 25 zones on the
second floor. More detailed descriptions of

[262More information Tahbdle nvesti gated zones

(a)

(b)

(d) (e)

Fi g42DcOE prototype models in CONTAM (a) Medi u
(c) -Atand Ret ail (d) Secondary School (¢

The occupancy and ventilation settings in t

61



EnergyPlus DOE p263@Wccpgpambdél €xposure dur a
focusing oni sheomospantts, namely the empl oy
buil di ngs. Simul ations we Plewi pler f®hrinteadg o f oTry
Met eorol ogi cqIT M¥e3ar weegtdlleern t shoul d be not e
conditions would not influence system operat
model s developed by National I nstitute of St
the baseline coameexki itmuilsatstomdwasa perf or me

weekdays in Chicagidbeicn R&c)ember (Dec. 18

12 360
10 d— o m e
8 Lo N oo L 300
6 e e e P --- - . - - ———— - -
D 240 &
&
______________________________________ =
- 180 =

‘Wind speed (m/s) / Ta (°C)
| | -

0
|
S I L 120
R e B o R
LU e - 60
R T e e TR PP
10 0
0:00 4:00 8:00 12:00 16:00 20:00 0:00
Time

—8—VWind speed —8—Ta —O—Wind angle

Fi g#43Cut door atmospheric parameters for CO
(Chicago, Dec. 21). Ta is the air te

Tabdle | nfectious Zone Characteristics for Si

Buil di AreVol u HVAC SuprOA Base Maxi mtDur at
Type (A (M systeairfratair Occupcof

type w (%) chan Expos
rat e rat e Mo d el
(B s (1/ h
Medium8222255varia2.9t814. 0.68 53 8:00
Of fice air 17:00
Zone) vol um (9h)
( VAV)
Large 2326376 varia8.2t14 0.65 134 8:00
(Core 4 air 17:00
vol um (9h)
( VAV)
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St aMmldo11639955 const¢5.6733. 0.68 258 I nf ec
Retail 2 vol um (St af
(Core singl 8: 00
zone 22:00
syste Susce
I e
(Cust
r):
8: 00
16: 00
Susce
I e
Smal | 163546 packaO.7¢432. 1.57 53 I nf ec
(Front t er mi (St af
Lounge air 5: 00
condi 20: 00
r (PT Susce
I e
( Gues
12:i00
13:00
(1h)
Smal | 80 269 packaO.3437 1.68 43 Il nf ec
( Meet i t er mi 13:700
Ro om) air 15: 00
condi Susce
r (PT | e:
13:i00
15:0¢C
(2h)
Second 4851940 varia 2773 1.72 180 8: 00
School air 15: 00
(Cl ass vol um (7h)
( VAV)
Second100401 varia0O.2€¢73 1.70 37 8: 00
School air 15: 00
(Corne vol um (7h)
Cl assr ( VAV)
Second 1967866 const . 170 1.31 1596 15:700
School 7 air 19: 00
(Audi t vol um (4h)
) ( CAV)
Second 6092439 const 9t70 3.05 67 9: 00
School air 14:00¢0C
(Caf ®) vol um (5h)
( CAV)
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Tabd2e SARY Qu-Ret ated Modeling Parameters

Il nput Paramet «(tReferenc
I nitial concentration 0O quant -
Generation rate 635 uanta [ 186, 26
Quanta Surface depositior0.3 h [ 217]
Quanta deactivatic0. 63 h [ 218]
UVGI -r ciom) Q 4 1h [ 232]
Default quanta parl-3mam [ 26 5]
MERVBemoval effici 20% [ 26 6]
MERV11l removal eff 65% [ 26 6]
MERV13 removal ef f85% [ 26 6]
HEPA removal effic99% [ 26 7]
UVGI -duich) removal 87% [ 23 3]
PAC1 0. 4% sm
PAC2 1 3ms
PAC4 17%m manuf act
Mask we Mask wearing perceO / 100°¢-
Outward protectior50% [ 23 4]
| nward protection 30% [ 23 4]
Breathing rate 0.72hm [ 268]
4. Baseline case of airborne ri sk mitd@
The baseline model case consisted of a basel
athrandl ing systemcl|l éNoniandgdi d @ winmads awear e appl i

assumed to stay in fThedlendesingated eonier ¢l e

The mitigation stFagégeesouar edigfrifegsemtte douitrdo
were simulatedBaBasehBRa ®&ADARel OA, and 100% O
of MERV filters were chosen: uMERWE, PMERV MWi,t F
air deliver ¥ sr,#tse sn’last4 50mA4d6n @ G V -r loiogrh ta nidn i n

duct were investigated. AddTahdd@emal detail ed
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PAC (0.46 m?/s)

Baseline OA

MERVSE PAC (1 m¥/s)

1.3xBaseline OA

PAC (1.45 m?/s)

MERV11
2xBaseline OA PAC (17 m}/S)
MERV13
100% OA UV (in-room)
UV (in-duct)
Outd.oor. air MERY filters Additional air
ventilation treatment

Fi g#44See vetntoy combi nati ons of mitigations ev.

4 B mul ati on Resul t s

4. Zolte® z2om@&SMIi SSI onN

0.01 -

Plenum o~ o
g Source Zone
i i FE = 0.009 4
Perimeter North £ Core
& 0.008 A
i A = = Restroom
Core Working Area (Source Zone) = 0.007 4 Stair
HE N :E 0.006 Elevator
£Z Z1 Restrooms {2 EF g 0.005 A PerimeterEast
= - = % 0.004 - PerimeterNorth
§ 0.003 4 Pel‘fmerer\\/est
= PerimeterSouth
0.002 4
i Perimeter South - 0.001 A
Outdoor Air % ]
Y Air Handling Unit (AHU) %:.: 0
Exhaust Return Air 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time
@) (b)

Fi gaeGMe di um Of fviiceew (da)agtraapm s howi ng outdoor air f
flows (gray) and (b) quanta concentration as a °
the core zone on the first ®@épositiContdmaobahtvage

added ohefheofopach room (small symbol
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0.0035

Perimeter North 3 P Source Zone
N - ? 0.003 e COLE
Core Working Area (Source Zonc) % — = Restroom
\zg 0.0023 ——Elevator
N s | 2 oo Stair
g R B %o 5
Ez = H =3 = Data Center
s - Z | Restrooms | £ K § 0.0015
- = ] —— PerimeterNorth
L -E 0.001 PerimeterEast
) s
3] Z, o .
; & 0.0005 == PerimeterSouth
A PerimeterWest
- 0
Perimeter South 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time
(@) (b)

Fi g#46Lear ge Of fviiceev (dd)agtraapn s howi ng outdoor air f
flows (gray) and (b)) quanta concentration as a |
the core zone on the first dmiomant Smahér acioos

deposition/deactivation items, and the supply

0.0035 4

i Backspace r Source Zone

= 0.003 4

Core Retail

0.0025 4
= = Back Space
0.002 5 = Restroom
Core Retail (Source Zone)
0.0015 A Point Of Sale
Front Retail
0.001 4
== Front Entry

Quanta concentration (quanta / m?)

0.0005 4
Front 4%

d -
e -
1 Point of Sale i’éw—_; Front Retail 0 4 m

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

Time

(a) (b)

Fi ga47Set amldone Retvdielw (dd)agtrapgmn showing outdoor a
exhaust/return flows (gray) and meb)Xugquamgt aa wom &Kt
the infector in the core zone on the first fl ool
source, deposition/deactivation items, and the
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f

air f
as a |

Ymanlelr aitd omms s

; fL? i ; { i i i ;
:H T T
& 4= e =
§ % Front Office c; g Laundry ":.§ Gll:]e;t Gll:):st z
s |= 5 = =] o
g [E 2 = =% 5}
= (2 2 =

=2 ) =

S ¢, Gorridor 1 L 1 1 L

» ol RN

g Meeting Room S £ :Guest § Guest3 Guest §

Front Lounge % (Source Zone) § z [ 101 102 [ 103 | £
X

= = |4 TR

) @)

0.08 1 Source Zone

_0.07 A = MeetingRoom

o = == Mechanical room

i = Restroom

£ 0.06 1 FrontStairs
& FrontStorage

\:’g 0.05 = FrontOffice
= ExerciseRoom

8 = Elevator

£ 0.04 4 —— Laundry
3 Corridor
2 EmployeeLounge
3 0.03 4 FrontLounge

= e Gest101
g Guest102

& 0.02 1 Guest103

Guest104
0.01 4 Guest105
e m—_—— = RearStairs
0 - e = R earStorage
13:00 13:30 14:00 14:30 15:00
Time
(b)
Fi g#48Semal | Hotvekbw(d)agopm showing outdoor
|l ows (gray) and (b) quanta concentration
the core zone on the first fmionam.t
deposition/deactivation items, and the
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Corner-classroom2 & 7' Classroom? Pod3 :kestr()().lil"l
Pod3
- Corridor Bl
C -cl 1. B : g Auditori
orner-classroom Classroom1 Pod3 uditorium Cafe
Pod3
Main Corridor " Kitchen :
Corner-classroom? +- (- Classroom2 Pod2 : " Mechanical Room: ‘
Pod2 (Source Zone)
. Corridor
Corner-classroom1 ++— HE
Pod2 Classrooml Pod2
Auxiliary
Gym Gym
Corner-classroom2 .[: en Classroom?2 Pod1
Pod1
: Corridor - -
- Jd - ;| Lobb Offi
Corner-classrooml Classroom1 Pod1 obby ices
Pod2
(@)
0.012 -
o S 7 = (Classroom2-Pod2
‘g 0.01 ourcg Zone = = CornerClassroom2-Pod2
= ] e e Classrooml -Pod2
5 CornerClassrooml -Pod2
= 0.008 A Corridor - Pod2
2 Restroom
E Auditorium
5 0.006 - — Cafe
g == = Kjtchen
E 0.004 - = Mechanical room
2 — AuxilryGym
=
o | Gym
0.002 + Lobby
Offices
e ey

08:00 09:00 10:00 11:00 _12:00 13:00 14:00 15:00
ime

(b)

Fi g#49Seecondary Sciheowo Idi(aag)r atnropshowi ng outdoor a
exhaust/return flows (gray) and (b) quanta conc:¢

the infector in the core zone oocaohhemfinast §Ebpel
source, deposition/deactivation items, and
FigdbeFi gd9iel lustrate the quanta concentrat.

simul ated DOE prototype buildings. The zone
infection risk, far higher than the risk 1in
could transfer from the source zone to othe
significantly | ower
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Il n the office buildings, thkei gkesstr oiomf evatsi d rhn
i s because a return grille was designed on t
rest of the whorddei tfil moed aeAdaléCaiereeapdeBsur me
An exhaust fan was operating in the Trhaisst,r oon

mor e quala at rcotud dt heedestroom via air | eakag

Air |l eakage may not-tZ4entehéranbBywysimenaglon zo
4-6, neighboring zones in the office building

types of buildings. This is explained by the

ventil ation -astyrelt eme)aRdAM abtdei n the Medi um Of
and Secondary School, while the Retwollumead S
singdree system and a packaged ter mina-l air

handling syst e@f ffiocre tihseFiiMgekdGi it\@ cantteadmiinnat ed a
source zoeart erouzadnasxe t hr othgahndtlh exgd wantid . o fT hto
system was al so used i n t kHez oSweec otnrdaanrsymi Sscshi ooonl

since high outdoor vaiimg r7a3 % so fwetrhee atpotl d le da iarc

|l n summarayo nzeonter ansmi ssion happened vVvia the
connecting zones. A dramatic ratio i ncreas

transmissions in buildings with central wvent

4. Fa2e of airborne quant a

The i mpac-tevél sjmetegati on strategies on quan
Fi g#4r®@hows results f orFitdder ke da usmu nomaf ri yc eo fa ntd
di fferent buitlre@éiabngenasimngi da¢cti on strategies.
risks in multiple zones were investigated ( S
was selected toerepogt rnesnpactdi weélayssftmom) . F
were assessed: exhausted, filtered, deposite

t hat remai ned airborne. Exhausted sums the r
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| ealkcdages and HVAC systems. Filtered added u|
filters or PACs) . Deposited and deactivated

surfaces and deactivation of airborne virus.

60% -
50% -
40% - o
30% 1 A e —0 —0——0
20% A

2 SV
’
‘ N " g v
10%

0%

Airborne quanta fate

1 2 3 4 5 6 7 8 9
Exposure duration (h)

—+—Exit building —@= Filtered =& = Deposited and deactivated Airborne

Fi g##4r®&he fate of airborne gquanta in Medium O

The percentage of airborne quanmntua aitn otnheaevhb U ie
percentage that was filtered or exited the
t he dur at iFoing deex@t. e nfcheed I(onger the exposur e, 1
ventilation system plays in eliminating quan
15% of airborne quanta were captured by the
increaved B0 % after eight hours. I n additior

removal mechani sms.

The SmadMeeHatnggl Room scenari o has the highest
the fiveFibguilrlledqi hgogs ¢( he baseline case, 20. 7%
whil e for other baseline cases, it was | ess
scenario, there was still 12.4% of the airbo
exposure time (2h) being shorter than ot her

infection ri sk, i n addi tion t o O Httrdecactrme ait r
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strategies should be eroonosm doer dd,ghstuch as PAC

For a designated building scenario, the | arg
the more prominegmteatomeatt datr atlegi ¢dsctpl ay. F o
48. 3% for the Dbaseline scenaréeoMEBY #fihlet diec
upgraded from MERV8 to MERV13, this sum was
The BL+MERV13 combinatBlohMwR¥1DbetSiemi It daranp h d
al so found in other buil di ngtdtoyopre sa.i rAsp ear creens
MERV filters can effectively improve mitigse

performance of 100% outdoor air.
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Medium Large Stand Alone Small Hotel Secondary
Office (9h) Office (9h) Retail (8h) (2h) School (7h)

§ 8
2 & 32%
S 37%
g7 8% 3 30% 59%
gt 26% 15% /
8
= 5/1' 4'1
£ 26% 23%
= 23%
E 59% 54% 36%
a
: s A
= 22% 20% 28%
E 20%
= 66% 60% 2% 17%
4
= 8
=
é 41% 35% 39%
o 2y 24% i 110
o0
Z " 5“
= = Exit the building
0,
E 36% & (HVAC + air leakage)
==}
o 22% 3 Filtered (filters e.g.
MERYV)
- . Deposited and
e 20% 28% deactivated
S 0% - 19%
=
= 0% = Airborne

0%

Fi g##rBuanta fate of released quanta during susceée

core zone of al BmabHdit ledS eaopin d exgwlep twhHeorre t hey we

meeting room and classroom respectively. Suscept
|l abel s Tad4leo see

4. Ri3k assessment for baseline cases
The individual infection rkisg4X2 rT hbea sd d mmrned a
School (Corner Classroom) and Small Hot el ( N

risks (17.3% and-day4%) mdunritngnt perfiiode Comp

these two areas havand m40 laenmd vtohluusmegsu a(n2t6a9 cno
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these two zones were higher, and therefore t
(seged-lE BEZ. andeB) EqQA confined space tends to hay
which is consistent with2669 ndDa@lpi feomi mr k&l
supply rates for OA, i ndi vidual infection ri

high compared to the Meeting Room. The Corne

occupants stayed in wbehMeesi nFoRoomnfoneddn:
exposures, infection risks should be address
outdoor air ventilation rates are high, such
20
18
16
14
g 12
[
3
. 10
g
£ s
)
= 6
4
2 i
0 I -
. ) Stand Small Small  Secondary Secondary Secondary
Medium Large Alone Hotel - Hotel - School-  School-  School - Secondary
Office - Office - . ) . . ) o School -
Core Zone Core Zone Retml-_ Front Meeting ~ Multiple  Comer = Auditoriu Café
Core Retail Lounge Room  Classroom Classroom m
Mean (%) 5.16 1.82 170 1.76 8.41 4.69 17.29 0.63 2.03
Max (%) 5.29 1.87 1.77 1.83 8.59 4.90 18.82 0.64 2.08
Min (%) 5.06 1.78 1.66 1.66 8.28 435 15.85 0.61 1.97
ACR (b-1) 0.7 0.7 0.7 1.6 1.7 1.7 1.7 1.3 3.1
Volume (m3) 2255 6376 9955 546 269 1940 401 7866 2439
Duration (h) 9 9 8 1 2 7 7 4 5
Fi gar2ndi vi dual infection risk P [%] for ba:
commerci al prototype buildings. The height ¢

error bars are maxi mum and mini mum V:
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4. I he effectiveness of risk mitigati o

To mitigate infection ris&beami ndheser duedgide s
Results for the Small/l Hot el 6sFiFg®mh®& Hooru ntglee
Front Lounge, most of the mitigation strateg

potential FCg4#1Y¥*¥3) |l erneept for the baseline c

contrast, mor e mi tigation efforts were req
mentioned, even the 100% outdoor air was not
should be sthpploome miagd gwitti on . For -ekaampée,

reduced risks thi g Imlr)cept abl e | evel (

Upgrading MERV filters benefit risk mitigat:i
MERV8 to MERV11 | ed to a 0.7% decrease for t
for the Meeting Room. The switch fhreorm rMESRV 1
reductions of 0.2% and 0.6% respectively. T
upgrading MERV filters. An enhanced air filt
the COYI pandemi c; specificall yheMBRMW2 Injma s |

However, t khdrfe biest wee etac laehanrionvge dp earifror mance wi
and added costs and potential operational di
For al | evaluated mitigation str atwegareisng i n

occupants were al so Kiag4rdsaitnegd daanrdk acroel osrhso.w ni
Room, except for tBeE bHBaMERV8g chasksahdr 1aBl
mitigated to acceptable | evels with masks (¢

per mi thoaurt woeeting in a meeting room with ba:
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2.5
® Baseline = 1.3Baseline 2Baseline 100°60A
® Baseline - Mask = |.3Baseline - Mask = 2Baseline - Mask ™ 100%0A - Mask
20 =1
i ]_s E
="
.t
o
=
i
1.0
g
0.5
0.0 -
MERVE MERV11 MERV13 UV-duct PAC(046m3/s) UV-room  PAC (lm3/s) PAC (1.45m3/s) PAC (1Tm3/s)
(a)
9.0
Baseline 1.3Baseline 2Baseline 100%0A
8.0
= Baseline - Mask » 1.3Baseline - Mask = 2Baseline - Mask © 1009604 - Mask
7.0 4
6.0
5
e 5.0 A
=
o
_E 4.0
= 3.0 ClT=1
2.0 4 . B . B
N l . | . |

MERVS MERV11 MERV13 UV - duet UV -room PAC (0.46m3/s) PAC (Im3/s) PAC (145m3/s) PAC (17Tm3/s)

(b)

Fi g#&4rFEEndividual I nfection risk&hdwr &xnmddurHeot ed
Meeti ng2Rowm exposoonet.agd/olusi spottheent i al . The spre
exceed[s8alnity

For all evaluated mitigation strategies, the
cal cuRiag4eltde (t o compare the effectiveness acr

to baseline wasseiGRe Qublfac enBors @ f®Pment strate
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maxi mum fArel ative reduction to baselineo was
Large Off Al ome Rtedmd!| , andl Samail hg Hbe el geslucgu
MERV f i | tdeurcst alhMl lianmps, achi evean 3t00 It aos e4l0i%n €
t he Secondary School it was in the range of
duct UV should be a high -Alromei Rgt ainl Lapagee s
since high baseline OA oadesy wSclkotaulesi mhedd

equi pment would be relatively | ess effective
air and OA supply air is quanta free.

For 4 oemt ment mitigations, the PACs perf or me
School. The Hotel 6s front | ounge and meeting

l evel s. Mor eover, for t he -dzeessn egsn pifrAytsH @ m$ @ call
increasing -dowdtendiiral clodaninng mFt gdg¢hk, onhwpser i
PACs worked well for supplying-rextnmr &Vclwaasn va

effective at mitigation for all cases; the i
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43. 5 Association of infective risks wi
Exposure duration (h), room volume (V), ano
infection risks, where toher emrue yarntent t me r s |
mi tigation strategiees Itdyeroevdertad g e tghuearn.t aT hree
mi tigation measur es. TEheanads sioncfieacttiioofi loyeitrswke eins
41%5 a)di ffewearti mppasski tuati ons (50%, 80%, and

I n the 50% -weadr B0& wsmaskati ons, the infector
The association was derived usingtymes muhttlz
study. Results i nwle xraitregd wdwltd 11008&d mas ka si g
the help of FiQgnhededhed tthe megtui a epdreferred ri
exampl e, mfodrdf i@el®dth f i vtea bolcec urpiasnkt sl,e vaenl aRrc c=
thed(®V) with no mésiki hilgus s -owr0daxpoghate i n
the regius red(DPOV5= HAGr hac Isms0r0oom with 25 st
acceptable risk | evedV)P wi tlh 2rbo =fabdk mas t theod
onleour stay in the g&lsa’sasnrto oim, itnhcef eraeséosiweeod 1Q
exposur es (wi th 100% masking, t he mitigat.i
(0. 0D2®) HNDt@ hhat these miti-gangensr amemif §
risk, but mask wea-rainrdg -sthenlges twiatnhs mb Esitsdi uoine n oA ¢
418 bh) the multizone CONTAM simulationrVnesult ¢
compar ed t-zoneh eNedliegngglcemal cul ati ons, since som

nei ghbor zones via air | eakagesites and the
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100 100
L] Iﬂd?"?d\lﬁl Exposure Risk ——=Multi-zone CONTAM simulation == Single-zone Wells-Riley
4 Individual Exposure Risk- 100% Mask Wearing
Individual Exposure Risk- 50% Mask Wearing
Individual Exposure Risk- 80% Mask Wearing |
wEele
¥ *
= P = 1- 0.9987*EXP(-38.513*D/(Q.*V)) =
"5 P = 1- 0.9989*EXP(-32.736*D/(Q.*V)) :
E P=1- 0.999*EXP(-29.27*DAQ.*V)) é
E P=1- 0.9996*EXP(-13.479*DA(Q,*V)) §
e 2
1 4
0.01 0.1
0 0.001 0.002 0.003 0.004 0.005 0.006 0 0.001 0.002 0.003 0.004 0.0035 0.006
DAQ.*V) (h¥m?) DAQ.*V) (h/m?)
(a) (b)

Fi ga##ar®he relationship betweeniVdeé{EB)Qyduwaal enfeat
change rat daVeé pe meDuaiart)iDd i\jf.e raemetarmanggk scenari os
compari sons between muzlotniez d¥ied énsodel i ng ant

For additional scenarios with different quan
i Fi g4k This chart provides a quick check fo
known mitigation strategi eseofWitthhe kwemtni lgautain
plus any mitigation measur es, room si ze, an
estimated. The room design occupancy <can hel

4. 2. 1 Thoern a designated room, we can deci de w

sufficient for occupantsd safety and i mpl eme
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100 100

Infection Risk P [%0]
Infection Risk P [%]

Standing — Speaking (11.4 quanta/h) Standing — Speaking (114 quanta/h)

o1 Light exercise — Speaking (26.3 quanta/h) ol Light exercise — Speaking (26.3 quanta/h)
Standing — Loudly speaking (65 quanta/h) Standing — Loudly speaking (65 quanta/h)
Light exercise — Loudly speaking (170 quanta/h) Light exercise — Loudly speaking (170 quanta/h)
Heavy exercise —Loudly speaking (408 quanta/l) Heavy exercise — Loudly speaking (408 quanta’/h)

——Choir (970 quanta/h) ——Choir (970 quanta/h)

0.01 0.01
0 0.001 0.002 0.003 0.004 0.005 0.006 0 0.001 0.002 0.003 0.004 0.005 0.006
DAQ. »V) (b¥m?) DAQ. V) (b*/m?)
(a) (b)
Fi ga##ax&&he relationship betweeneVndiwhedual i nf

Qi s Equi val en(tpeari rh ccthra)n;geV riast @Vdl tme (m
Duration (h) for (awedoi mgsks; (b) 100

43. 6 Mitigation under different occupa
Mi ni mum equivalent air change rates for diff
for contagious potential -Wwéari=nd avrek africlalgcmd
scenari o0sg Vusi Rgs bBlitg@ram&i g & For exampl e,
baseline mitigation strategy ABL+MERV80 i n
occupancy capacity coweéar ibreg ad d erwaerdi o sorwmmiol e
could be per mi-wd a&rdi g .t hWif tui bhasalki%n € amiatcii d gt
community tr ans mmassski owe afroirn gmosscte nmad i 0s excep
publ i c s phAlcemrse Rdtaaidl |, Cl assr ooms, and the .
maswearing I s suggest & otcax ulpancymizxiapad i wiyt h M
auditorium, this -waemnbV esuf@seienhtt hPlasidari ge
must be used to satisfy thpanmddmigatsdiotnu axteiean
full occupamkiyng aféaseshwoul d adoptoommO @%b r OA
cleaning (UV, | arge capacity PAC). Similar s

spent shopping should be |imited.
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4 D4 scussion

The aim of this study was to i1 dentify effe
preventing th€o¥prnaadubfl i SARSI | di ngs. The s
strategiesrmondel edahesm@e¥i qmuaot aSARGtfatvyep eDO
commer ci al buil di ngstr KRaetsaedlrietaa nailmgwed rtah &tgi é
MERV filter {decel V)usaeeofrelmti vely more ef
accommodate hundr eds o #ft roecacsutpeaanttesg.i elsn {caodndtirnas
room UV) are more effective in smaller space
strategies would change depending on the roo
system designs. Realgendrraolm zehd st o tautdhye rc aani

measl es or fl u.

For mi tigati onclsdamitreqgi €6 n t-dtultheu taiiom ¢ Ir ® an ii My
( MERV, UV I|light) decreases as the -nOAt irqgdtiioon
performance is in 100% OA suppl YERWNTf ialptpegrop r
achieve similar %0Asulp pl gd petrifom masnc&@00Il n a s
t we-ht ye percent outdoor air and HEPA filter:

l evel as 1002 2Jjut door ai-r

Thus, to achieve the opti mal engineering col
mi tigation should be designed to achieve the
be realized by adopting 100% OAr ®ramdkOAgs ap
Then, according to the expected exwo®aswmuireg du
situation, effomitsgaequoinredmiade,grnks®s()i ncoul d
(sEeieg4@nHi g4I .

Detail edlesigat eqystructi ons hav[e27b3eremnt d ntvieastt
commer ci al public buildings, the current ve

hospitals. Previous investigations found t h:
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filter |l evels could redhuxaseonf edesi gm 8Wgds k $ U

Addi ti onal room control measures and perso
mitigation strategies; however, speci fic sce
from this study, for the samedmvargadiramatt
among different types of buildings, for exanmn
treat ment is more effective than school s, a

| ower .-ddmteh ianal ysisngftypédeardttbeaitdmitig

further explored in future studies.

The relationship bet weVen -dbDnrfeeteitda omm Wad lstkree aanrdc
equi val ent air change rate) were esithabtlhieshe
engineering design of ventilation. WVY)h the
could be obtained fFrigm & agi Vvighne urlQal a thieonn sbhei pq
estimated from the given D and V of the scen
Theec@@ul d then help make ventilation design
cleaner capacity etc.) in the room. However,
should analyze their buil ding idf tthhagay tvhaen tr etc
Qi s calculated for the source zone, which i s
bui |l dd aigli yf B, the design goal could be adjus:

infector enters theebubhbddi hger @owr eonmakeas:

bui I?7dlbwgt o makgss$ edmeestitgobnes of ventilation str
overall mitigation ¢gboats?dyimot at albinsg da @xe s
cases into consideration, these questions co
future.

For future inved$tifgatsicema,y i mer eomwéal be eval
guaaparoach. For exampl e, more infectors col
rate oCoBARSBSto consideration. Occupancy schi
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various ventilation demands during the day.

i mmune population is increasing over time. \
considered | ater as what has sli@sepmr edaodnien gi ne vte
i nvest[ig4dad]l onaddi ti on, flow patterns could
guanta concentrations in occupants®d6 breathin
strategi es. The computational fluid dynamic

deailed indoor airflows, which has bdgé&m,deve
274]1Utilizing the CFD capabilities of CONTANM

mitigation strategies would be better unders

45 Concl usi on

Effective | ayered mitigation strategies can
indoor spacd® winflrc€COVISD The multizone CONTA
enabl edcaseadesign of ma ntid ngf aetcitsi noana @rpi mokd ¢ Ig @ $
strategies in five different types oftoDOE p1
zone gquanta transmission and quanta fates we

of Zeamene transmi ssibhseakiiss$sretabiugdl vy hleowe

zone. Beaka@ddsictteend ral ventilation systems ¢
zones. For quanta fates, the sum of t-he amo
cleaning ability of the ventilation system.
filters can achieve a similar performance | ik
that additional mi tigation eff or tusr eardeu rrad d doe

For t heseclsearciersgq satirrat egi es cannot s-i mply
treatment st«atoengU¥3 @PARACa) sionneededl|l e&mer ex
(PAC &) 1i sn recommended for the Meeting RoOO
dramatically reduce i nfection rhosukrs . melTehtei nugs

Meeting Room with baseline ventilation sett
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infection wieslevaandfactios k VEEpwiswaleedtur aitn om
(@ HhI Room v ) udnewds/, olmt ai ned for a quick es
benefit-cfl eami mgaidresi gn and practice in resp

buil dings during an infectious airborne dise
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ChaptC&mBased Venti |l atio
Lorlerm I ndoor Air Qual

Abstract

The CQWI Dpbandemic brought gl obal attention

intrinsically Ilinked to clean air change r
environments, however, remains c heasl |aesnsgoicnigat ¢
with the air change rate estimati on, such a

weat her and occupancfdes er mindi <®thiec laacpoportnmaoddaa
these.fdaotadths s study, Bayesli am ian fsé-lboacsheads t w &
greopyx model to infer model ed parameters and
robustness of t heemiengiidratriaotne reasgtei mantde COby t
witht C&O&cer gas expeahn ma hcthsaingBoett chu cptreias rti ena m @ r

predictive c hpeecrkfsor(mRRRIC)t owedreemonstr atel nhe ad

addition, wunkeféeaconhiextsnweereal quant,iffared wi
t he Wi enelrh spraopcpersssach was | ater applied to

within two primary school classrooms in Mont
was <calculated following ASHRAE 241, and an

cl asswaoomsdenti fied. 3Betheppl amentdebfvery rat
cleaning devices is E€AomMmmMEi ekadterhC®shwil fdisc
(Cimt&Lgetanadhw€rcearri ed abdi wvheme gelCAriement s c ol
achieved under vari ous mi tigati on srtoroart egi e

ultraviolet |light, wbDtB®CABRmvalues ranging
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5. 1Introducti on

Sinc€OWVhlEPppandemi cmogtearttheadn, Vv A8 i Swahulad wiocdhe h av
been infected, and apmpravxi maeteal tyahtet .r da Issuetadddde d r
April T27BP&4pandemic has significantly hi
mai ntaining healthy i ndoor elnavdierno nrneesnptisr attoo rly
[ 187 ,As2 h&]gi e e oatnedc tsievlef measures have eased,
masks and maintaining soci al di stancing 1in
include neGo¥ndwt SaAIRSSo i nf |l uenza, rtes pi rwatud rdy
continue to pdeglFhealatih ytHrndeaetssettings, c |
particul ar[l2y7 8vywH envedd afbdeecea nt er acti ons darme i ne\
mitigate health effecgeast@iriomgrespiiratemty ¢n
plays an essential role. Effective ventilat.i
reduce the quantity ofConskeguedti ygyfeascsess mpt
guality (1 AQ) and, more specifically, charac

more cruci al than ever.

Carbon €QRoxidbi dh serves asvean i dawdioiag @oms ,o0
recommended for managi ng [t h7EDPAri iss kb eaxfa usier i diren
CQl evel could reflect tpheer,soopt @ @ d whé de mmiaiali atni c
occupancy and sperceduicrieapeadtdsaB®® gtuirli antgib oonc c u p
exposuondespl €®0e wi | | gradually increase wunt.il
ventilation conditi-oin&Qdves £l ebesiahge themste
recomm€@®ue drMecasm.wh icloen,c eintt 3§ ad d mwme nomaeansthleye d wi t
portaklostl ssvemssaral | ed-jiem nd |2éslcubrdde msa 1| estt ed Gs

i n daxtyare ¢®KC0Gen) sMontreal .[ A8 Zklpmo re ¢ etv@R: @ le.d

concentration in 10 cl assrooms lonf rae sspeocnosned atr:

COVIID® pandemic, the province of Quebec, Can:
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high school, vocational, andeasgoali$ tdumahi bt
air gualmptryoeweh dd an d idtrid Blhse wi despread 2i nst al

sensors has facilitated enhanced monitoring

I n addition, CChbearsee darwaysevieor adet er mi ne vent
measuremedst a1t est ewem,ayan d uti tbad aineret ampsvach.

et [ 2l8uxs]led aveGQGcgencpeenakr at-sbaseasabtueadyo esti
rates for 1 nvelkabigraiekapdat@idtsism@dioend | aft c2r@® r at e
classrooms in the Miudwergt drhir eree-grieda rheoafsd & ¢csat ye,l
butulpd anthébru&d@ddaagsnt ri bute t h&amoet2nBadncer t
suggehtadtdrtames i ent ma scsanb apg raonwied emett fhee dih@ 8t a c ¢

oOCCuUupaanvcayi .liasb | e

While these traditional approaches have be
eval uations, it heni & atafrienss eyer alost of t hese
det er ndQmasdisdalcance equations, assumcogs.pamt@ase

Il n practical maétiiphgegssobhowesenfin tmEecobaihhti e

i n -rie@®measurements, occupanclyn adcactuar aatree eosfttiet
occupancy can introducel bvseaasnewsh iil net, pomeftirniaelste v
are established only for ventilation standar

managi ngr dmge l[tom@gnsmi ssianeoyeti tbobeaedateom

To capture the ubasedaveniilati inomn heoxXlOnadealon
[ 16c&A]n be used, which wusually integrates a peé
the model . Co nAbpoaxr g ce .vgi-b, & spehtly)sti-ecoasdl Ibye-d gk yedat a
model s,-bobhemgdely can be strucaodedhwi par pimg s
estimated with the measured dalbhax fmodelt hef t:
includes stochastic items to accoyrt7z 1fffTchre unc

randomness of input parameters will [al72]w f o
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such as measurement errors, fluctuations 1in

Hagshat [et6Mmt roduced a predictive stochastic

all owing the incorporation of i npduitfsf ease ntt & 13
equa¢ BbhR) model . The model can capture wvar.i
concentrations. The moment equations for mea

stochasti flb®}) tcalasuliwmsgi cated that the o6dwhi't
system randomness but also provided a unique
the solution of the SDE model I's an lé&?! stoif

strong Markov property, which enabl ¢s285uture

<
o))
-
(g
D

I[ le7pZrlaposed a predictive cocnanrcoe ntarpaptrioo:
usi ng-baoaxgmeoylel SDE qu avthii @arhs wer e e s tgaabsl i mahsesd |
bal ance. The study suggests that the par amet
and the prediction tends to be more accurat
now, shtautdiaetst eempted to interpret i-bdmomodeht:

are sfilrL,.rawve]

Par amet er estimati on pl ays a keyox olmedeln.

Contemporary improvement suibstaompati d&tyi emadla nj
inference, making paramsvémat i oonsl, fummceptt @d in
and effective incorporation of prior knowl ed

apply Bayesian inference tWanegtt[erdprr,2 plpdp8aje & me
the Bayesian ayppteatbrtoebhatbaonsbhip establ is
flow fields in indoor spaces and underground
(Il eakage r atSe paentce[rdl4pIr|otpiocre). a Bayesian i nfe
inverse dispersion modeling to solve the <c¢h:¢
The Gaussian assumption was ma d e for t he

perf ormance i n phrea cetmicses,i oenv erna tteh ocuagnhn ott t ak e
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ventilation comedet $ oins i it majCPXR@PHa elds ,a HBawy e
inference apprxcaonicetnd rahdoar mé@el s. This st
ventil at p@ernagradgtei,onCOr at e, and occupancy | eve
i ndoot eCcRPhbmaml![.15dleflvel oped an approach to e:
distribution in a meachmnofcfaildeg wsinng | Bd yeas imal
concentration, simulated by the CONTAM progr
under the circumstances with and without a 5
study found a significant I ncr eashee isnentshoe
measur ement uncertainty iIi@auvreages.fiBYy eapphby
RMSE on oemstwasatrieduced, however it became i1
change. It was suggested that t he Bayesian
inverse problems if it could handle realisti
reveal s a noticeablparamenteirsg iammi ot emopdeési mwi

inference.

To summari ze, mo s t traditional ventil ation
appr oachesactchoatmoa@ithecet uncertainties. The acc
would rely on how the real situations appro
comprehensive collection of inputs, the cor.

no disturbagcebedmeeatdcdieaméztesl si tuations sel

guantifying uncertainties is essential

I n this study, we empl oy-leasgBdbypexs i IME | md ceele n
assessing venftfolratwonctasdwb@bs enbd Monement
dat aThe met hodol ogy and data used2inlnhBSscst
53, the modeling results Seicltb3omnk, paeprintreds a
anal ysis was cond®xcdtebBo.n@n tmloe ednofdrad m daami ainr

chanmbree demonstrated f &8. 2ebhjoenad8s0CGONr aeefl S¢
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53.2.2). TPhedpastier®@ O)rh elo@e@loi st i mati on resu
i n SeXx3t.i2omB8 .ah.d4, respbédFt3viellyustSeates®nt he ca
evaluating the ventilation conditi onMaramhd pr
to MaYWut Smpt ember ,t oanNdo ¢Werbtearth er tTch eReCOr uar
threshold neEE@Aisar gq diooame&$StHRWAES 2ed4slf o mat & e

classrooms tormagageaet bsldlleo egpmad wrsaso.ns of t

presentedd4din Section

5.Ma hodol ogy

The methodology used in this study i mpl emen
basedbax emodtedr pteoe aiintet er s tadired mopuwed &@ infggi nt i es
SecthRofh, t he sbhtaoscehdd sgwie§DEO model wi | | be intri
the principles of Bayesi amnh2i 2f eTdrc aPaR @ dla¢ i €
process are dot. Bhlkednoide!|l Sedetviedbo pmenRki goguroe e s ¢
5-1.
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Modeling process

Modeling details

Example

Define the CO, grey-box model

Apply Bayesian inference

Determine the CO, stochastic
differential equation and modelled
parameters

Obtain the observational CO, data

=(Cout_cr)'Q+E'CE

dc, -dt+o-dw

\%
Observational inputs: C,

Determine estimated parameters
and interested ones to focus on

Estimated parameters: Q, Coyt, E, 0
Interested parameter: Q

Assume prior distributions for all
parameters need to be estimated

Q~U(0,5)
Cour~ U (350,550)
E~U(0,0.05)
g ~ U(exp(-20), exp(20))

Obtain the joint posterior
distribution

P (Q’CDUI’E’6| Cr)
_P(Cr|QCout,E0)- P(QCoutE0)
P(Cp)

Yield the conditional posterior
distribution on ventilation rate Q

P (Q ‘ Cr) = IHP( Qn Coutr E:
0| Cp) dCqy¢ dE do

1. Prior predictive check

S OMmME

. Conduct CO, tracer gas . .
Model Validation experiments in the metabolic 2. Comparisons between inferred
p hamb parameters and observations
chamoer 3. Posterior predictive check
Fi gbtlTehe model dewoweespment
52. 1 Stocgchasceée dbcgxCé&mwodel
When establishing model s f orbdlAn e odd weansi,on
established for OtDfEe Ido rtthemirmaxdtosnnaes sa o f
it will Slbecamael an tends to

Thest abl i sshtnoecnhta gptrfiegaxC o d e |

a dri ft

t er m, whi ch

component

random forces

The domponent

ODE, rapees &nmptle d

represents

captures the
or noi se.
s derived

by
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B . 5 5 0%

®Qo ° ° 5-1
Where V is thg; i €0 mheeoon@@@met r(at i on ionit st hteh er oo
CQconcentration of outdoor air or the ventil
E i s the tot@dnemdtuimen rr atCa Q@ otolhdier soom ( BEkL$)

vol umetric conwheinch ag@moanl st ot op p m,

The diffusion component <can be Ex&hascicdoeurnetd nags
for the uncertainty associated with unknown
stochagréexCohodel could, thebBfsosdhhupRe i @x pr e

6 6 b 0P
®
Whemei s a Wi enewhipchbciessal so knowno mtsi-nBuroouwsn i

[0:] Q06 , W >2
ti me stochtakat ch@s obeen widely explored 1in

mat h e rma&t8i6dasnids t he incremental v@mpim@phce in th

In this stMayuytama Bekt dod was[ B8e@fvhiah ¢ireowvi
an approximate solution to the SDHargyamaon

approxi mabovodeds®%3hrough Eq.

v

o) 6 6 D 0B ToYo , Mo 5-3
Whewye is the G hhamgetiheYoZi me atepandard nor mal

(from a normal distribution with mean 0 and
Il n this study, the inclusion of the O6white n
|l evel s in model predictions. Such uncertaint
turbul ence, systemati c medasumaemangt modredrd, p
effects of unmodel ed parameters, variability
the positioning of sensors. The component a
traditional detéarmooi dtl eahotdel di swhepancies

obser vhAastsiuommpst.i ons made impbdelHies §heweroioxoe dise a:
si ngdree ;splahcee esti mated parameters are assul

evaluation durati on; The differences of dens
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52. 2 Bayesian inference

Bayesian iissnfpowarcful t ool for guanti fying

par anmelt3F2-54841 considers the inferred paramet
i nf or matdhen, a | i kebaisheado do nf u rhcet ipbesa s@usreednetna  udpe
prior di stribution [f28I8]]Tohwa ngp Baatyeed rtersewlrtesn
di stributions, which are the new beliefs of
advancement i n computational capaMontiei@ssrlam
( MCMC) al gorit hmsHasutcihn gass, Mzitbrbospodampl i ng, a
Carl o, an increasing number of studies in t

approach for parameter [h32frences in establi

I n the defi ngdepkombdet | ct@O&re could be mult
estimated. I n this study, parameters to be e
CQconcentogitatgiemrer@ti on rate E,i nantdh ei nWireenneern tpe
Bypl acing prior distributions on al/l esti mat
posterior distribution for the entire set o]
selected as theitasntmaregitreadl pmoatmertiear, di st ri
out, and the remaining parameters wil/ be r e
al gorithms, samples could be drawn from t he
condi timominad ¢giostrei buti onF oorf e xhahneprliees,t e chapaoam

for the ventilation rate Q is illustrated as
Stép Assume prior distributions for estimate
St e2p: ODbt aipnosttheer ijoori ndti stri bution of all esti
St e3pp Yield the conditional posterior distrib

The prior assumptions are the prior beliefs ¢
settings iFS giukxleuTshter atnegpda citn of | ffnd romantait v & ep mpir
(fl at priors) on posterior di stributions wi
out doxxron€C@ntrations, a uniform distrpipbuti on
to pPM@289] f there is some imtevmbtaovni abhoble,

distribution could then be assumed with a sp
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Then, the probability of the estimated par

di stributions estimated for t hem. The I i kel
measured diandodir ddCMcentration) is demonstra
( E34):

P(#Q,,E|,Cr35—ﬁﬁ° o hh 5-4
WhetOe# @ MK is the | ikelihood proBGmiicluirtsy t

given the pr0 df¢ ifhf oirsmatthieonj,oi nt prior dist:

1t MPPAT A an#dd Pi§ the probability of seeing t
normali zed constant
After obtaining the |[j@,#t, pHE ¢0er isoampdiesst rd du

drawn from this joint posterior #difst tobuti o

estimate the conditional postehPdll#d8stribut

., #®. The process for estimating other param
Prior assumption (e.g.) Bayesian Inference Posterior distribution (e.g.)
— P(Cr|Q, Cout, E,0) P(Q,Cout ,E, :
@ P(Q., Cou . E, 0| Cr)= Aot g 2. S 0] || 20
202 _:.MS
2 £10
0.l a2
05
00— .
0 1 2 0.0+
- Q(ACH) 0 e
0008 Stochastic CO,-based grey-box model: 0.004 \
Euum E
0.002+ (C t_cr)'Q+E'CE 2 0.002
0.000¢ dCT = ok * dt + g -dWI \
300 o uwnivf” 600 14 0.000 20 500 Posterior
N Cout (ppm) predictive
s i 300 simulation
E"’ £ o as s o /@) ;;'20()
5 ® AS Bs ¢ Outlet 5100-
U(‘) 00 0.05 0.lo :;:; :: :: o
E(Lss) 0.010 l—(L.‘.“U.Ul.‘»
20] 42 B9 Observational CO, data C, L
15 o AL Bl o | 0.06
:%I(] o _‘go,m
Hllﬁ N :0_02
0.0 [* 3.5m
0 31 e © CO, Generation o . 0005 w0 100
o CO.Seasor Airtight chamber experiments sigma
Fi ght2Tehe il lustrationowfpmbosgel i ng input

I n t his study, t he l i keli hood f-Macuyama wi
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approxi@a8tfrihen Mar kov chain Monte Carl o ( MCMC
reconstructing the wuncertain parameters. Gi
posterior distri bRitve nt lhcoowd an db etlloaovi sa | Bieeadm!| € h
(NUT&sl)gori thm were performed on two chains
MCMC. Th€ndbwas set at 500 to help the Mar
equilibrium distribution. The Bayesian stoc
Pyt honl enoRpuMZO ]

52. 3 Val i ée®Ci emal antdi ons

Experi mental validations and PPC evaluations
validity of the Bayesian inbesedbcaex epcdélt s
Experi ment al validations areesdesnmgoemthady dmr
venti |l aan L sstsd 0 nMag arnveBP@e | | t hel p eval uate
devel opefd tmodehle observed dat a. |t I's condu
adequacy. I f the fitnessamsggoedat etdanadiicmat

to those observed.

52. 3xdeEi mental validations

CQtacer gas exper i meannt sa iwrktaiegpleicoatddildnti evde risn t y
l nstitute of Cardiol odyniard sPne&utbaladgdyT(hdu CRU
di mensianrohgmbem ( svi Btn®()| eln@trd)( Hei ght) . The
and outlet of the mechanical system are at t
in). Two sensor trees were set up in the cha
at six di f[f2e9rldtn,t6 rh,elidg.hSrhs. M2 anmd. 2T.h3e sensor s
established to confirmimnise dienitther mhdimbteri. b E@a
carries six sets Mai SHGMPR)HSL ame a g wermpreg aCaQr e
humi di t ynHMPdil9®al, aand ai r0 3vt+e)l,o cri eBy te(@HXWEMAey .
sensor s perdai fsit albStleinhse »@&®s gener at ed:tiamkough
outside tRegeh@mbaeamasa |l owwasosnise®d | o cont

generation rate.
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el o a6 B o /)
® A3 BS Outlet
& Ad B4 2.4m
@ A3 B3
o [942 B2
@ Al Bl

3.5m
Q@ CO, Generation

@ CO,Sensor (0.6m, 1.1m, 1.5m, 1.7m, 2m
and 2.3m on each tree)

(a) (b) (c)
Fi gbht3Eexper i mepsalafi g ahagnmb(ear) chamber di mensi ons a
measurement | cCQ@senwnar §r e@@ddmanrt ptoiioan | ocati on) ;
view of the gas injection andupssealn ntgh emecchhaanmbi e
Tabsll&ensor specification details
R e a dTi ynpge SenBame MeasuremeAccuracEamplll
reque.l
caQ vai cape5°0T10000M g mpom 0. 65
Rel aHu nvied i : 0il0®WRH N1 .9%RH
an'ldemperatVa'EHa‘/"Pdl-4O805\C No . AoC 0. 83
Ai rspeed Swe a8 + 0. D®Bm/ s NO. MmBs 100z

The experiments wesgsi:crosmpkenédatnonhwdesay an
In decay metatsruge mearitsi,|l ati on condi-in®3( Test
ACH; Test 2: VvantilmaCHonTenotde3:2 VONnB0.AX i on 1
ACHyere measured. Due to the I imited conditi
the referenced vehlhtdéd dteiremtr ateends i t at i bhecon
from theca&y approach. A fan was opéerhateCd dur
injection stops upon t heo mpoeeearkt raantdi osnt,a ba nd ztalh
recorded throughout the subsequientcdeoay tpestt
di stiyetnec@ti on rates, 0.8 L/ min, and 1.6 L.
oper @Te®dHn 84 L /madah; Oe&tL/Sman Tkt mbrodh; Test
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716L/ mi nban These measurements wer eveanandwadti ed
mode AftextriaterCQas experiheanadasaréhesemeéassre

data for talse ithdtdiglB2xrat ed

52. 3. 2 PPC evaluati on

PPCs a wuseful way of assessing the model a
Specifically, to check the model 6s fit, t h
predictive distributions, and thet kamprl epso wve
mod el fits, the regenerated simulations fr on
nNo major di screpancy would be observed. Tr a

mai nly focus orofvdr idousgisgongd eas staetsi sti c det
observed data to its distUnibkei ohewvaldaaiiime
frequentishe sBayead tuesttpop a@v &1 lhow wel | a Baye
describes the obsevwukbdedastabB®TheeBayasEgn p

Bayesvalium s(@TonkC) 55

Wheraimhd the st antuibsittsedt hel st ati sti «Crifsort hoebs e
conditions ofAtBey pwdaslewe ad livwswess.dtgog ed.t 5t a good
indicating that the observed data aWhpemrs t
val ues <c¢cl ose two Wil wbdri cla,t eh cawepvoeorr, f at i @onms@ gges

i mposwnddre t he model . Il n this study, the tar.

53Resul t s and di scussi on

53.1 Prior sensitivity analysis on inf
A cruci al component in the Bayesian modeling
which represents our initial assumptions or

Bayesian analysis, this priortdestrkeut hoondi
i s the probability that observation occur s,

di stribution. The posterior di stribution th
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incorporating both our prior knowledge and t

may have a significant i mpact on ,ehblen ptolsiter i
section, a priawacssedsictiedi fyragrdey sitmacdhdalstt
help assess whether the iIinfaesmptdi orssbktsti ages

The prior sensitivity analysis wazoancemduated

| evela N@Qe mi ssi am rtahtee andoddietlitavro t ypes of prior

the investigation: vague proper prior and in
this prior sensitivity analysis. The first i
influencert lod pana&metse, f or ex aanpilses i ovnenrtatle

The second iwhettoheirnwvtehset ipgraitoer assumption of

the parameters that are not of direct inter
interested parameters. The nuisance par amet e
concentr atti on [ evel C

The prior sensitivity analysis for one case
observational data from one constanatriingletct
chamb®east The observational datial If g tFri @ytuesck i innv
54.The metabolic chHaemheénd awd ACHentdNd.a.3D)i t sand CC
tracer gas was constantly i nj/eritne dl Dismptlo3 Tthhee

information on the |Thabblgda i gated priors is |
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1800

—

o)

(=l

(=)
L

1400 -

1200 1

1000 ~

800 1

Indoor CO5 concentration (ppm)

600 1

0 20 40 60 80
Time (min)
Fi ght4dTehe i nvestigated test for prior sen
(Test 4 in the airtight chamber)

Tabs2&val uated priors for inferred parameters
Par amet eiUni t Def audrt \P/argiuoer P nformati

Q ACH U@, 3) U@, 10) N(2, 0.2

Cout pp M U(350,55CU(350,55CH5288:3(1)

E L/ s UO, 0.05)U(@, 0.1) N(O.013,

Note. U = Unifor m; N = Nor mal
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26 26 26
-~ Reference Value -=- Reference Value --- Reference Value
4 24 24
s 22
[+ 3 3
220 Z20 20
O - - - - —— (= N T TIOTTTUITTTTEERR S [= R e
% = =
218 £18 218
16 —= 1.6 1.6
14 14 14
1 1.2 2
Q-Ui(0.3) Q-U(0,10) Q-N(2,0.2) E-U(0,0.05) E-U(0,0.1) Cou-U(350,550)  Cour-U(396416)  Cout-N(400,20)
(@) (b) (c)
00167 0016 0016
- Ref Vall - Ref ce Value Refi Vals
0015 0015 anis
00141 _ 0014 _0.014
0013 fm e et e I - IR o e
= 00121 = 0012 “ o012
0.011 o ool
0.010 0.010 0.010
E-U(0,0.05) E-U(0.0.1) E-N(0.013,0.005) 0-U(0,3) Q-U{1.10) Cout-U(350550)  Cow-U(396416)  Cout-N{400,20)
(d) (e) ®

Fi gbPer i or sensitivity analysis on estimated pa
investigating a specific prior assumption for a
paramet{iéy: The influence of opan oQi(dE)u Mmhtei ons

influence of prior @nsEmMpti ons of Q, E

As depiFatgdea®, eithnhe i nfluence of prior assumpt
investigated owhabhgnébpgxé&msé&pgekifically, we f ¢
ventilation nrames¢Qdnandt eheELO ai ming at el
and robustness to varying prior assumptions
ventilation rate Q, wunder vaFigmwmigeadrci)ar lassu
observed that the adoption of a vague uni f
significant deviations from the results gen:¢
This indicates that a bdauaedere d3s nampteivan uradn
bobh ttwoe prior assumptions can be considered
the adoption of an informative prior (Q ~ N
perfor manFciegb®ealRQ) ( as would be expected. B e
assumptions nregiassiog thee COB)ncaemd rawjidbmorl ed
demonstrate negligible impacts on the model ¢
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Figbbéb) Famds-béc)t. sluggests the model 6s I NS €

assumptions, thereby reinforcing the robustn

Similar findings were al seenmibs®irovredr dtoeg E,hea
Fi gb(ed). The model achieves good accuracy il
(E ~ U (0, 0.1)) . Thi s cRippbesi(dey Fiasg8bB(er ¥ her

wlkere the estimation accuracy for E owas not &

Il n conclusion, emplootyh @ gs BagderaGywminc m@delr eerxclei
good robustness to the variations in prior
mai ntain its predictive accuracy across a r
highly informative provoveatébkntsy evh|l ulei pni oe

made for the model

53. 2 Model validation

In this section, the accuracy of the inferr
adopting the verifiedidiabi2el dwpyp@asrakce@pas
tests were used as observational data inputs
t hegCeOheration situatizored:eawiet h Det awl ¢éthounf
val i dati ohi s t¢Teab88enolta b54€T he val i dattihmeemdeledsuil t

estimati onamperctsemmaemee f ol |l owi ng subsection

53. 2.1 Validation of the inferred vent.
One of the main purposes of this study is to
from the medsar erGoOnt with t hhee pmodels eds taipm
performance for Q was compared with -gadse vent
decay tests. For the concentration decay tes
The comparison r dabilasnnklag®a oF| thter aoedeinhr at

test , the difference is Il ess than 5% for t he
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WhenCh:hel ease was con(sdadregteplattiérs ta)h e trheed egle | a't
for the two release conditions 0.8 L/min (0.
3.1% urder sfiamati ons. For the Afan ono scena
11% for the two & erleasensofndr ttiloins.i Mhr ease
due to the f anagarctiinvetlhye csimaclul acthamber, | eadi
rate. |t shdwlree bwveasn ntoed btvh atmstad uf Eeneaenhseobs
at the twelve sensors in the -twbf esemisby ¢oe
ignored. To summari ze, the proposed approach

rate estimations f orcth otnh sdkceemaay iaomrsd constant

Tabs3®al i dations for inferred ventilation rat
CQTr acerTest ExperimentEsti mgtA€dH ) Experi mRel at
measurenumbcondition: Q (ACH) Err ol
me a sd me a sd ( %)
Concent Test Ventillatiol. 9 0.03 1.90.030 5%
decay Test VentiRatiol.50.02 1.50.040 6%
Test Venti Batioa0.50.01 0.50.033 8%
Constan Tedt Ventil ati
i njecti COrel ease o
L/sL(/OniEh)l'So 20 1.90.035. 7%
of f
Te &t Ventil ati «
CO:rel ease \
LlsL(/(}m&])z.lo.ze 1.90.0312.6
on
Te§t Ventil ati «
COrel ease 0
L/sL(/]miEn)l'So'Sl 1.90.033.1%
of f
Tedt Ventil ati «
Corelease , 4o g6 1.90.0311.0"

L/ s L(Imié@)
on
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35 : Posterior Ventilationl Posterior Ventilationl :
-V 0+ reloase—0.013 Lis (£
: Posterior_Ventilation2 64 (CO3 release 9‘01. L/s (fan off)) :
1 T Posteriol entilationl 1
30 4 H Posterior Ventilation3 0,013 L/s (fan on)) H
1 1
] Prior ntilationl 1
. ! ! 31 =0.026 L/s (fan off)) !
= : : Posterior_Ventilationl :
I I (COz release=0.0206 L/s (fan on)) I
1 1 44 : 1
. 204 H H = Prior H
5 1 1 E I
£ | | g I
& 1 1 2 H
< i 1 31 1
154 1 1 1
) ) I
| | |
54

4 ] 1 - 1
10 ) 1 [}
1 1 I
1 1 1
1 ] I ] 1
54 1 1 [ L i
1 1 1 1
1 1 1 1
1 1 1 1

0 L . 1 5 T 0 . T T L .

0.0 05 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 20 25 30
Q(ACH) Q(ACH)
(a) (b)

Fi gbtGPest eri or distribution on ivrefnarirded iwentrialtat iu

ventilation cdediayi oestbsrom)COnferred ventilati

conditi opcsonfsrtoamtCO nj ection tests; The bl ack da
measur edaif mrtwimg inth e r

53. 2. 2 Validatioeamosstba rafer Eed CO

In addition to thejevmeinstsiiloant iroant er aB ensfa] natnleoet ehGed
whi checamferred from the model S | peunhitsasnieconu s
rate in the room can hel p esstmimatieont hreatec e
under <certain ages and physi ceaeln atchtei vii rntfye rlree
emi ssion ratesmi BEsaond tthkehad COgss frbonee cbObhusol B
i mab5Ha nki gof e

Fr ofmm gbtiet coul d be foupamitshsiton hreatienfErirse di rC
with the measur ement smaosbst &il memd cforna m otl H.ee re niiiosr
As s howmSdentibne Afan off o scenario, the estim
0.8 L/min and 1. @& .%/ nriens pweatei 2el3y % Haowever, v
on, the discrepancies widened8.% nfcorre als.i6n gL /tnn
Though the differences increased in the nAfan

ones, the estimated errors -t®%ai ned in an ac
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Tabs4®¥al i dati ons 2dmirs sindrerirr aetde L€ OE

ConstakExperi ment CQemi ssi CQemi ssion r Rel ati
i njectconditionsrate E (fromss flow Error

(L/ s)
me an s me an s d

Te #At Ventil,atiac
CO;r el ease .
L/ s (0.8L/0'01 0000 0.01330.0001 2.3 %
of f

Te 5t Ventil,atiac
COr el ease )
L/ s (0.8L/0'010'000'01330'0001 12. 8 ¢
on

Te 6t Ventilati o
CO;rel ease i
L/ s (1.6L/0'020'000'02670'00026'4 %
of f

Te srt Ventil,atioa
CO;rel ease )
L/ s (1_6L/0.020.000.02670.00028.6 )
on

350 4 Posterior_Ventilation] Posterior_Ventilation]
Lis, f: C /

400 A
300 4

250 4
300 4

200 A

Density

Density

200 4
150 4

100 4
100 4

50 4

0 T T T T 0 T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05

COz Generation rate E (L/s) CO3 Generation rate E (L/s)

Fi gbtPeost eri or dizemr sdbudtnonaoegEReaptiohermaee aC
release = 0.013 L/ s2g(eOn.e8 aLt/inoinn)raltlel suenndeeri0 G802 6 C Q
L/ min); The black dashed | ine inaica&thagdmbtehre r ef

53. 2 P Rvaluation resul ts

The PPC evaluation results for decFaygb®#ned con

anki gb%as f ol | ows. It suggests that the gene
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data, which further validates the @w«atwradpyro
the decay and constant i nj ec-t0i. A0 sacn@n &06. | 603s

respectivel vy, al | cl ose tor Otbed,movchalc.h sugge

Fi gbt8Peost eri or predictive simulations for decay
indicating the probabilit,ya) kBasitlTels, & d3eatlauiel sd rsoep
T a b53e

Fi gbt9Peost eri or predictive simulations for const:
I nterval, indicating the prob(adbjid)i:t yTetshtad4e tt aiules v

s eTea b5H4e
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