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REVIEW OF SESSION 2

» |ncreasing outside air ventilation rates can effectively reduce the recirculation risk — but it
can be difficult to implement and comes with an energy penalty.

= MERV 13 filters are between 85-100% effective at removing potentially infected particles
from recirculated air.

= HEPA filters approach 100% effectiveness but often require too much pressure drop for a
retrofit application.

= UVc lighting can effectively reduce active virus particles in a moving airstream.
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SESSION 3: ESTIMATING RISK

During the COVID-19 pandemic, engineers have often been asked to inform building owners
what strategies should be employed to reduce the risk of infection of building occupants. This
has been a difficult task because we have not been able to accurately quantify the reduction in
infection risk that will result from a particular strategy. This session uses the Wells-Riley
equation and our best-known estimates for the quanta generation rate of SARS-COV-2,
estimated through empirical methods such as Monte Carlo simulations, to help quantify the risk
reduction of various transmission mitigation strategies.

1. Differentiate between empirical and theoretical equations.

2. Understand how quanta generation rate can be back-calculated from epidemiological case
studies.

3. Compare the relative virulence of common airborne diseases as described by their known
guanta generation rates.

4. Quantify the estimated risk of infection for four different scenarios: K-12 classroom, open
floorplan office space, grocery store, and conference room.

5. Discuss the relative risk reduction of several mitigation strategies, including masks,
filtration, and increased outside air ventilation based on presented results.
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WHAT IS WELLS-RILEY?

= Used to determine the probability of
infection of an airborne disease

= Estimates airborne particle (aerosol)
transmission only

= Already used for diseases like
- Rhinovirus (common cold)
- SARS
- Measles
- Tuberculosis
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THE WELLS-RILEY EQUATION
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QUANTUM OF INFECTION (QUANTA)

= Hypothetical infectious dose of a pathogen

= One inhaled quanta represents ~63% chance

of infection




: : Reported Value of Quanta
Infection Disease )
Generation Rates (q)

Rhinovirus (Common Cold) ~1-10 per hour
Tuberculosis ~1-50 per hour
SARS (SARS-CoV-1) ~10-300 per hour
Influenza ~15-500 per hour
Measles ~570-5600 per hour
COVID-19 (SARS-CoV-2) 7?7

QUANTA GENERATION RATES OF COMMON PATHOGENS
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WHAT IS MEANT BY EMPIRICAL?

= |[nformation acquired by observation or
experimentation rather than theory

- Careful, scientific study of the real-world

= Steps to find quanta generation rate:
- Find confirmed spread event
- Determine number of infected
- Quantify environmental factors

- Back calculate quanta generation rate that
correlates with observed infection rate




. . . .
**
** . .
.
* .
. »
| . &
. ®
p=1—e™"

HOW DO WE DETERMINE HOW MUCH QUANTA IS INHALED?



Determine Calculate the
quanta emitted average

iInto space by concentration
an infectious of quanta in the
person. air.

SOURCE: doi.org/10.1101/2020.06.15.20132027

Determine how
much quanta is

iInhaled by a
susceptible
person.

Determine the
probability of
Infection based
on quanta
Inhaled.






ASSUMPTIONS

Only focuses on airborne transmission. Does not account for
large droplet or fomite transfer.

Assumes a fully mixed room — doesn’t increase risk based on
proximity to the infected person (even though that's reality).
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STEP 1 - QUANTA EMITTED

E = q - Ninfected ’ (1 — Nmasks,e * xmasks,e)

E = Emission rate (quanta emitted per hour)

g = quanta generation rate
" Ninfectea = Number of infectious persons

Nmasks,e = efficacy of the masks being worn by the

infected (filtration efficiency)

= fraction of infected people wearing masks
(1 if single infected wearing mask)

||
xmasks,e

Determine
quanta emitted

into space by
an infectious
person.

SOURCE: https://www.medrxiv.org/content/10.1101/2020.06.15.20132027v1
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STEP 2 - AVERAGE CONCENTRATION

E 1
Cavg = 757° 1—5(1—6_)0)

= Cavg = Average concentration of quanta in air

= [ = Emission rate (quanta emitted per hour)

I/ = volume of space

D = duration of event

A = sum of first order loss rates (mitigation factors)

SOURCE: https://www.medrxiv.org/content/10.1101/2020.06.15.20132027v1

Determine
quanta emitted

into space by
an infectious
person.

Calculate the Determine how
average much quanta is
concentration inhaled by a
of quanta in the susceptible
air. person.

Determine the
probability of
infection based
on quanta
inhaled.



A: UVC

FINDING FIRST ORDER LOSS RATES
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STEP 3 — QUANTA INHALED

n = Cavg p-D- [1 - (xmask,i ) nmaSk,i)]

1 = number of quanta inhaled

. Cavg = Average concentration of quanta in air

p = pulmonary rate susceptible people

D = duration of exposure
" Xmask,i = humber of susceptible people wearing masks

" Nmask,i = capture efficiency of worn mask

SOURCE: https://www.medrxiv.org/content/10.1101/2020.06.15.20132027v1

Determine how
much quanta is

inhaled by a
susceptible
person.
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STEP 4 - PROBABILITY OF INFECTION

n

p=1—e"

" D = probability of infection
" N = number of quanta inhaled

Determine the
probability of

infection based
on quanta
inhaled.

SOURCE: https://www.medrxiv.org/content/10.1101/2020.06.15.20132027v1



Determine
quanta emitted

Into space by
an infectious
person.

Calculate the
average
concentration
of quanta in the
air.

Determine how
much quanta is
iInhaled by a
susceptible
person.

Determine the
probability of
Infection based
on quanta
Inhaled.
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GAMBLER'S FALLACY




Single event discrete
Single event absolute
Multiple event absolute
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MITIGATION STRATEGIES
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MITIGATION FOR QUANTA GENERATED
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BIOLOGY AND PHYSICS



MITIGATION FOR QUANTA INHALED



KEY TAKEAWAYS
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KEY TAKEAWAYS

= The Wells-Riley equation gives us a tool for tracking infectious quanta from generation to
inhalation

= The Quanta Generation Rate is a theoretical value that describes the relative virulence of
a pathogen

= The Quanta Generation Rate of SARS-COV-2 is unknown



QUIZ TIME
3

5 MINUTE BREAK




ESTIMATING RISK:

FINDING QUANTA GENERATION RATE
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RECAP: IMPORTANCE OF QUANTA

»= Quanta generation rate is a critical variable for the probability of infection equation
= Determines the virulence of the disease

: : Reported Value of Quanta
Infectious Disease )
Generation Rates (q)

Rhinovirus (Common Cold) ~1-10 per hour
Tuberculosis ~1-50 per hour
SARS (SARS-CoV-1) ~10-300 per hour
Influenza ~15-500 per hour
Measles ~570-5600 per hour
COVID-19 (SARS-CoV-2) ?7?7?

= Quanta is unknown for COVID-19; so, how do we find it?

SOURCE: Indoor Air: International Journal of Indoor Environment & Health | https://onlinelibrary.wiley.com/doi/10.1111/ina.12751



EMPIRICAL ANALYSIS
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MONTE CARLO EXPLAINED

ORIGIN

= Developed by Stanislaw Ulam — a
mathematician on the Manhattan Project

= Named for the famed gambling destination
in Monaco due to the role of chance and
random outcomes

HOW IT WORKS
= Statistical probability analysis

= Allows a range of values and expected
distribution to be applied to unknown
variables

- Everything from the riskiest outcome to
the most conservative option and all the
possibilities in between
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MONTE CARLO EXPLAINED

SOURCE: https://www.palisade.com/risk/monte_carlo_simulation.asp



-]
HOW IS MONTE CARLO USED

= Wind energy yield analysis

= Autonomous robotics

= Telecommunications network scenarios
= Climate change forecasting

= Computer graphics — light path tracing in
video games

= Applied statistics
* [nsurance companies
= Business pursuits




QUANTIFYING COVID-19:
EMPIRICAL CASE STUDIES
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WHAT WAS OUR STRATEGY?

SIMULATE ACTUAL CASES USING THE WELLS-RILEY AND MILLER EQUATIONS
= Determine the % of people infected in each event
= Enter in all known data about the event
= |dentify unknown inputs and apply industry best practices to estimate their value
= Apply probability functions to these values to quantify uncertainty
= Back calculate for the quanta generation using Monte Carlo



CASE STUDY 1: WASHINGTON
STATE CHOIR PRACTICE



After choir practice with one symptomatic person,
87% of group developed COVID-19
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| « Avolid groups
COVID-19 spreads easily - Stay at least 6 feet apart
* WWear face coverings

CDC.GOV

THE STORY



Parameter Value

Number of People
Number Infected
Exposure Time
Volume of Space
Design Primary Air
OA Fraction

Filter

Deposition Rate
Inactivation Rate

Breathing Rate

SIMULATION SETUP

61

32 -53

2.5 hour

810 m3

1.0 CFM/SF
0.08 — 0.27
MERV 11
0.3-1.5
0-0.63

21.4 — 31.7 L/min

Probability Distribution

Constant (known)
Pert A

Constant (known)
Constant (known)
Constant (known)

Uniform -

Constant (known)



Al @Rr1sK - Output: D38 _ o | x
quanta generation rate (q) %
626 1,380 i
5 0% “ S 0% | Cell 'Caze Study 31... -
Minirmurm 335.76
Maxirmum 1,899.82
Mean 975,95
90% CI + 5,37
Mode 866,71
Median 953,94
Std Dev 230,80
Skewness 0.3633
Kurtosis 2,9713
Values 5000
Errors 0
Filtered 0
Left X 626
Left P 5, 0%
§ § E E %: ;‘L % %: %: g: Right X 1,380
— - - ~ ~ i | Right P 95.0% -
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THE RESULTS - WASHINGTON STATE CHOIR PRACTICE



CASE STUDY 2: CALL
CENTER IN SOUTH KOREA



11 th floor

Only five employees tested positive

outside the enclosed area

THE STORY

SOURCE: El Pais | https://english.elpais.com/spanish_news/2020-06-17/an-analysis

three-covid-19-outbreaks-how-they-happened-and-how-they-can-be-avoided.html

of-



Probability Distribution

Number of People
Number Infected
Exposure Time
Volume of Space
Design Primary Air
OA Fraction

Filter

Deposition Rate
Inactivation Rate

Breathing Rate

SIMULATION SETUP

173

79 (57.7%)

8 — 10 hour

1667 — 2084 m3
0.5 - 1.5 CFM/SF
0.05-0.3
MERV 7
03-15

0-0.63

10.5 — 14.4 L/min

Constant (known)
Constant (known)

Uniform

Uniform
Uniform

Uniform

Constant (known)
Uniform

Uniform

Uniform
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Cell '‘Case Study 1''D... =
Minimum 292,59
Maxirmum 1,546.49
Mean F97.70
90 % CI + 4,83
Mode 786.07
Median 783.70
Std Dev 209,92
Skewness 0.3520
Kurtosis 2. 7146
Values 5000
Errors 0
Filtered ]
Left X 473
LeftP 5.0%
Right X 1,164

Right P 95.0% -
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THE RESULTS - CALL CENTER IN SOUTH KOREA




CASE STUDY 3: RESTAURANT
IN GUANGZHOU, CHINA



THE STORY

SOURCE: El Pais | https://english.elpais.com/spanish_news/2020-06-17/an-analysis-of-three-covid-19-outbreaks-how-they-happened-and-how-they-can-be-avoided.htmi



Probability Distribution

Number of People
Number Infected
Exposure Time
Volume of Space
Design Primary Air
OA Delivered
Filter

Deposition Rate
Inactivation Rate

Breathing Rate

SIMULATION SETUP

21

10 (47.6%)

0.9 -1.25 hour
38 m?

1.0 — 2.0 CFM/SF
0.77 ACH

MERYV 4
0.3-1.5

0-0.63

4.2 — 5.8 L/min

Constant (known)
Constant (known)

Uniform -

Constant (known)
Uniform -
Constant (known)

Constant (known)

Uniform -
Uniform -
Uniform -




quanta generation rate (q)
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Statistics
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Cell '‘Case Study 2'D... =
Minimum 683.30
Maximum 299,88
Mean 163.17
90% CI =0,912
Mode 135.06
Median 161,42
Std Dev 39.21
Skewness 0.2938
Kurtosis 2.8107
Values 5000
Errors 0
Filtered 0
Left X 101.8
LeftP 2.0%
Right X 232.5

Right P 95.0% -

| (] | [ | | Close

THE RESULTS - RESTAURANT IN GUANGZHOU, CHINA




CASE STUDY 4: BUDDHIST
RETREAT BUS RIDE
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o No. of tertiary
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@ Air vents (warm air)

with ovals, and there are 4 green side windows and that could be opened for
fresh air. Cindicates case; NC, noncase.

Classification 17 and 2."® Two different approaches to define high-risk and
low-risk COVID-19 zones are indicated: zone 1(high-risk zone) and zone 2
(low-risk zones). Severity levels of cases were indicated. Windows are indicated

THE STORY



Probability Distribution

Number of People 68 Constant (known)
Number Infected 24 (35.8%) Constant (known)
Exposure Time 1.67 hr Constant (known)
Volume of Space 51 m3 Constant (known)
Design Primary Air 4.0 - 6.0 CFM/SF Uniform -

OA Flow 0 CFM Constant (known)
Filter MERV 7 Constant (known)
Deposition Rate 0.3-1.5 Uniform -

Inactivation Rate 0- 10 Uniform -
Breathing Rate 4.2 — 5.8 L/min Uniform -

SIMULATION SETUP
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quanta generation rate (q) %
115.4 318.4
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Maximurm 420.82

Mean 201.495

90 % CI +1.91

Mode 194,70
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Std Dev 60,74

Skewness 0.6508

Kurtosis 31173

Values 5000

Errors 0

Filtered a
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THE RESULTS - BUDDHIST RETREAT BUS RIDE



RESULTS VISUALIZATION



Miller, et. al. 680 — 1190
Washington State Choir Practice 626 — 1,380
Call Center in South Korea 478 — 1,164
Restaurant in Guangzhou, China 102 — 233
Buddhist Retreat Bus Ride 115 - 318

THE RESULTS: ESTIMATED QUANTA GENERATION RATES
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Reported Value of Quanta

Infection Disease Generation Rates (q)

Rhinovirus (Common Cold) ~1-10 per hour

Tuberculosis ~1-50 per hour

SARS (SARS-CoV-1) ~10-300 per hour

Influenza ~15-500 per hour

COVID-19 (SARS-CoV-2) ~100-1100 per hour (est. mean of 600)
Measles ~570-5600 per hour

CONCLUSION
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ESTIMATING RISK:

MITIGATION STRATEGIES
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HOW TO REDUCE THE RISK
OF COVID-19 INFECTION
THROUGH BUILDING DESIGN.

Transmission of COVID-19 in buildings requires two things — the active
virus being present in sufficient quantity to cause infection and the
transmission of that active virus into the respiratory tract of the person
being infected. In public buildings, it's often difficult to control for the
presence of the virus, but good design practices can work together to
reduce the overall risk of infection.

Risk of Viral el

l[&—— (contact)into [

Infection H
respiratory tract

3 Transmission Paths

Using the Cause Map diagramwe are able highlightthe 3
potential transmission paths of a viral infection. Each path has
different control opportunities (Solutions) that can reduce the
risk of transmission. The 3 paths include:

Surface Transmission
A person touches a contaminated surface and then
inadvertently touches their face infroducing the virus

Droplet Transmission

An infected person is talking, coughing, or sneezing within close
contact of others. Large Respiratory droplets (greater than Spm
to 10pm) makes direct contact to infect.

Airborne (aerosol) Transmission
An infected person is talking, coughing, or sneezing. The small

respiratory droplels {less than 5um to 10pm) remain suspended
in airfor a period of time and over greaterdistance

Solution:

iral Inactivation device of
lcapture device within air
lhandling unit

Airbomne virus recirculated

into occupied breathing
zone through shared
building HVAC

Solution:
. @ Vi [Design for Touchless
Cause Mapping® Method irus Occupancy expercnce
Why? Because. Transfsmedig Vimsitiansfart Live virus on
& g Surface surface via touch idaar
by 'gfr:g:fd infected person
Effect [ Cause Hazard Infectable Virus &
3 dto Solution:
Solution: frriny OR
X ) . Surface Cleaning or surface surfac_e ,W'ih'” andate masks for
Basic Cause-andEffect Relationshp sterilization technology building building occupants
Surface in bldg Larggrge;gllrsatory Infected person
— of:";“.a';‘"&a lgg containing virus Sn;euzeh&;or
L "v-lirﬁlsa fall to surface 9
s u rface Technical Definition:
i - |Any droplets greater than
Transmission 5pm to 10pm will fall
. Hand touches AND
Infe;;aﬁaliglrus contaminated AND
contacts face s;rf_aldqe i ;. Sol ution:
uilding Target IConsider using building materials that are
T hazardous to viral particles (ex: copper)
ion:
Design for Touchless
[Occupancy experience Solution: Surface
IClean surfaces with properties
[disinfectant, especially non-|
Hazard Hand contacts
. rous surfaces =1
OR —— surface (ex: i Ability to
‘Solution: door handle) s =
Mandate masks for Virus able to urvive
puilding occupants surviveon AND on Surface
surface
Dr0p|et Infected person
Solution:
My | sneezesor
Transmission coughs Surface Cleaning or surface
sterilization technology
Direct contact
with infectable AND  [Selttion: ) ) Strength of
respiratory [Design layout of building to Virus survives | protective lipid
droplets accommodate social distancing (able to infect) envelope on
Target |6 feet) virus
L1 person within Solution:
a 10 foot radius Mandate masks for
building occupants
Small Viral |‘3°‘"‘°!‘: — ,
. nereasing Humidity ean reduce
OR pﬁz:ﬁ'i;’;ﬁﬁﬂf‘j levaporation, abilty to remain airborne Solution:
9 Design systems that move air
Zone . lout of the breathing zone. For
Technical Definition: Particle eva pc_arates lex: supply low and return high
|Any droplets smaller to become light
than Spm enough to be
Airb Hazard airbome Location of air
iIrborne supply and
Infectable virus AND Eguynm
(aerosol) __|suspended in air] AND
icai within breathing =
Tra i 20ne fg\:vu::.lt;:city minimizes
Contact (inhaled) gz;;z\ff;:; Turbulent airflow patterns AND  |mixing and can displace
with infectable i fellow e within the space L T
f ¥ iral particles out
droplet nugm . floating in ) ?ﬁng s
suspended in air breathing zone
Air supply
Target velocity
OR
Exposed face of] Ability to Remain
Person in vicinity Airborne
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MODEL LIMITATIONS

= Assumes fully mixed room. Doesn'’t predict pockets of increased airborne quanta.

= Concentration is averaged over entire time occupied. Reality it would be worse at the
end versus the beginning.

= QQ is an estimate — not a known value
- ~100-1100 with est. mean of 600
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K-12 CLASSROOM

APPLICATIONS WE’LL LOOK AT
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KNOWNS AND INPUTS

ELEMENTARY SCHOOL, AGES 5 THROUGH 11
= 800 SQFT with 10 ft. ceilings
= Primary Air of 1350 CFM (1.69 CFM/SF). Assumed constant for the simulation.
= Qutside Air set based on the parent HVAC unit (35% OA).

20 occupants in the classroom

1 assumed to be infectious

Breathing rate of 4.9 L/min. - children 6 to 11 with sedentary activity

Duration of 5.5 hours

Q estimate 100-1100 with est. mean of 600
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MODELING STRATEGY

1
2
3
4
d.
6
!
8
9
1

. Base run with Code OA, MERYV 7, no masks, no mitigation
MERV 13 |
100% OA | OA
In-duct UVC [uvC
MERV 13 + UVC | |p||uvc
MERV 13 + UVC + 100% OA | }~||uvc|| oa
MERV 13 + cloth masks | 7|[<=
MERV 13 + tight fitting N95 masks P Er
Tight fitting N95 masks [&r

0. MERV 13 + cloth masks + in-room HEPA @ 3 ACH | || |=




Probability of infection (1 person) / NO

26,77

2.0%

LU
20%
3%
0%

WHAT THE RESULTS LOOK LIKE

50%

B2.5%

B0%

F0%0

Statistics e

Probability ofinf ...

Cell '12 Classroom ... =
Minirmum 11,556%
Maxirmnum 63,330%
Mean 46,.478%
S0% CI =+ [0, 254%
Mode 00.082%
Median 47.570%
Std Dev 10.911%
Skewness -0.4083
Kurtosis 2.5596
Values 5000
Errars a
Filtered 0
Left X 26. 7%
LeftP 5.0%
Right X 52.5%
Right P 95.0% -
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K-12 CLASSROOM TAKEAWAYS

= Maximize mask wearing, even when social
distancing can be maintained. Masks
mitigate aerosol and large droplet transfer.

= Maximize air change rate in the space so
that you can use the filters at the unit.

= Provide MERV 13 filters.

= Keep surfaces clean and wash hands often
to help reduce fomite transmission.
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KNOWNS AND INPUTS

OPEN OFFICE FLOORPLAN
= 32000 SQFT with 10.5 ft. ceilings
Primary Air of 32,320 CFM (1.01 CFM/SF). Assumed constant for the simulation.
Outside Air percentage is 20% OA.
180 occupants (177 SQFT/person)
1 assumed to be infectious
Breathing rate of 12.56 L/min.
Duration of 8.0 hours
Q estimate 100-1100 with est. mean of 600
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MODELING STRATEGY

1
2
3
4
d.
6
!
8
9
1

. Base run with Code OA, MERYV 7, no masks, no mitigation
MERV 13 |
100% OA | OA
In-duct UVC [uvC
MERV 13 + UVC | |p||uvc
MERV 13 + UVC + 100% OA | }~||uvc|| oa
MERV 13 + cloth masks | 7|[<=
MERV 13 + tight fitting N95 masks P Er
Tight fitting N95 masks [&r

0. MERV 13 + cloth masks + in-room HEPA @ 3 ACH | || |=
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OPEN OFFICE TAKEAWAYS

= Relatively low risk on an open office plan
with large volume and low density.

= Model is only assuming a single infectious
person out of 180 occupants.

= Policies allowing masks removal at a
person's desk result in a "no mask”
scenario - 3x risk.

= Very hard to predict open office because of
the behavior of the occupants.

- They move around a lot and congregate
in areas where large droplet and fomite
transfer could be risky.

= Moving to a conference room or personal
office for an hour changes risk profile
significantly.
- Not reflected in this simulation.
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KNOWNS AND INPUTS

GROCERY SALES FLOOR/RETAIL AREA
= 20,000 SQFT with 14 ft. ceilings
Primary Air of 10,000 CFM (0.5 CFM/SF).
4000 CFM of OA
160 occupants (125 SQFT/person)
1 assumed to be infectious
Breathing rate of 14.56 L/min.
Duration of 45 minutes
Q estimate 100-1100 with est. mean of 600
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MODELING STRATEGY

1
2
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d.
6
!
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1

. Base run with Code OA, MERYV 7, no masks, no mitigation
MERV 13 |
100% OA | OA
In-duct UVC [uvC
MERV 13 + UVC | |p||uvc
MERV 13 + UVC + 100% OA | }~||uvc|| oa
MERV 13 + cloth masks | 7|[<=
MERV 13 + tight fitting N95 masks P Er
Tight fitting N95 masks [&r

0. MERV 13 + cloth masks + in-room HEPA @ 3 ACH | || |=
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GROCERY STORE TAKEAWAYS

* The risk is low starting out because of the
large volume and high ventilation.

= Model is only assuming a single infectious
person out of 160 occupants.

- May be more appropriate to estimate
more than one person infected in the
space.

= Mitigation strategies help, but only cut down
on an already low risk.

- Masks are the most reliable strategy.

= Aerosolized quanta probably won't be
uniform across the large volume.

= Fomite and large droplet transmission paths
need to be considered.

- Social distancing and hand sanitizer are
best practices for a grocery store.
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KNOWNS AND INPUTS

OFFICE CONFERENCE ROOM
= ~300 SQFT with 10 ft. ceilings
Primary Air of 296 CFM (1.00 CFM/SF).
Outside Air determined by ASHRAE 62.1. Results in 97 CFM OA
12 occupants (25 SQFT/person)
1 assumed to be infectious
Breathing rate of 12.56 L/min.
Duration of 1 hour
Q estimate 100-1100 with est. mean of 600



-]
MODELING STRATEGY

9.
10. MERV 13 + cloth masks + in-room HEPA @ 3 ACH
11. MERV 13 + cloth masks + in-room HEPA @ 6 ACH

©® N O a0 H» DN =

Base run with Code OA, MERYV 7, no masks, no mitigation
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100% OA | oA
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CONFERENCE ROOM TAKEAWAYS

= This is risky.
= Don’t do in-person conferences.

= Aerosol transmission is more likely in a
confined space.

= Good application for in-room/portable HEPA
filter.

= Masks are essential.
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