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Whart will it take to make diners feel safe indoors? Nearly 60% feel uneasy
eating inside, so restaurants try sterilizing UV wands, tabletop air

_ | purifiers as winter looms.
(Chicago Tribune
-

How to Keep the Coronavirus at Bay
Indoors

&he New HJork Times

By Apoarya Mandavilli Tips for dodging the virus as Americans retreat from colder

weather: Open the windows, buy an air ilter — and forget the
UV lights.

o,

Study uncovers safety concerns with
some air purifiers

Sepl, 27, 2020
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The Magic Molekule

CLEAR

More Than 100 Missouri Schools
Have Bought ‘Often Unproven’ Air-

Cleaning Technology m

ING THE AIR

a better business (or
planetary) climate in
which to calm and
stoke your anxieties
about dirty air.

I There has never been

4= cleaning...

" Do Air Filters In HVAC Systems Offer Protection
Against Coronavirus Indoors? It Depends [piscover

There are air filters that can catch particles laden with SARS-CoV-2. But whether or not the filtration happens depends
on other factors.

By Lestie Nema | Mol 17, 2020 11:45 AM

P

Schools spending millions on air puriﬁeré often sold
using overblown claims
. Flhealth

By Lauren Weber and Christina Jewett, Kaiser Health News
; -
- Caution to the Wind

Desperate to reapen and loaded with stimulus cash, schools are spending milions on high-tech purifers. But are they safe?

MAY 27, 2021

= oo I EER
The lonizer in Your School May Not Do Much to Fight Covid

Manufacturers say the devices remove 99 percent of viruses. Researchers say such claims are unproven, and cheaper air filters are
more effective.
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Objective

* The true (/ hope) story about the effects of filtration and air
cleaning on reducing the risk of infectious disease in occupied
buildings (with no potential of adverse effects).
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Introduction
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Recommendations

ASHRAE EPIDEMIC TASK FORCE

Core Recommendations for Reducing Airborne Infectious
Aerosol Exposure

The following recommendations are the basis for the detailed guidance issued by ASHRAE Epidemic Task
Force. They are based on the concept that within limits ventilation, filtration, and air cleaners can be
deployed flexibly to achieve exposure reduction goals subject to constraints that may include comfort,
energy use, and costs. This is done by setting targets for equivalent clean air supply rate and expressing
the performance of filters, air cleaners, and other removal mechanisms in these terms.

1. Public Health Guidance — Follow all current regulatory and statutory requirements and
recommendations, including vaccination, wearing of masks and other personal protective
equipment, social distancing, administrative measures, circulation of occupants, hygiene, and
sanitation.

2. Ventilation, Filtration, Air Cleaning

2.1 Provide and maintain at least req tdoor airflow rates for ventilation as
specified by applicable codes and standards.

2.2 Use combinations of filters and air cleaners that achieve MERV 13 or better levels of
perf for air -ulated by HVAC

2.3 Only use air cleaners for which evidence of effectiveness and safety is clear.

2.4 Select control options, including standalone filters and air cleaners, that provide desired

p duction while minimizing associated energy penalties.

3. Air Distribution - Where directional airflow is not specifically required, or not recommended as the

result of a risk assessment, promote mixing of space air without causing strong air currents that
increase direct transmission from person-to-person.

4. HVAC System Operation

4.1 Maintain temperature and humidity design set points.

4.2 Maintain equivalent clean air supply required for design occupancy whenever anyone is present
in the space served by a system.

4.3 When necessary to flush spaces between occupied periods, operate systems for a time required
to achieve three air changes of equivalent clean air supply.

4.4 Limit re-entry of contaminated air that may re-enter the building from energy recovery devices,
outdoor air, and other sources to acceptable levels.

5. System Commissioning — Verify that HVAC syst are functioning as designed.

The Lancet COVID-19 Commission Task Force
on Safe Work, Safe School, and Safe Travel

The First Four Healthy
Building Strategies

Every Building Should
Pursue to Reduce Risk

3.UPGRADE AIR FILTERS TO
MINIMUM EFFICIENCY
REPORTING VALUE (MERV) 13

HVAC systems often have air filters to
remove airborne particles from outdoor air
that is brought indoors and from air that is
recirculated within the building.

- Benefits related to reducing the risk of COVID-19
and other infectious disease transmission:
Upgrading filters on recirculated air to those
with ratings of MERV 13 or higher will reduce
the transport of airborne particles while systems
are operating, which may help reduce airborne
infectious disease transmission within rooms and
between rooms.

+Benefits beyond disease transmission:
Enhanced filtration can reduce indoor concentrations
of airborne particles of either indoor origin (e.g.,
cooking, cleaning or vacuuming, frequent use of
printers) or outdoor origin (e.g., vehicle traffic,
wildfires, desert dust storms). Exposure to fine
particulate matter is associated with reduced

cognitive function and reduced respiratory and

cardiovascular health. 62728293031 323534353837

« Feasibility:

Filter upgrades may not be possible for all

HVAC systems; HVAC professionals should be

consulted before filter changes are made in a

building. Annual material, labor, and fan

energy costs associated with the use of MERV

13 filtration in a hypothetical 500 m? office are

estimated to be $156.¢

from COVID-19

JULY 2022

4, SUPPLEMENT WITH PORTABLE AIR

CLEANERS, WHERE NEEDED

Free-standing, plug-in portable air cleaners with
high efficiency particulate air (HEPA) filters capture
airborne particles in rooms where they are deployed,
when sized correctly.”®

« Benefits ralated to reducing the risk of COVID-19
and other infectious disease transmission:
Properly sized portable air cleaners with
HEPA filters can reduce in-room concentrations
of airborne particles, including those carrying
viral material.

« Benefits beyond disease transmission:
Portable air cleaners can reduce indoor
concentrations of any airborne particles and
reduce the risk of harmful particle-induced
impacts on neurological/cognitive, respiratory,
and cardiovascular health.

« Feasibility:

Portable air cleaners are cost-effective, flexible
solutions to reduce the risk of airborne infectious
disease transmission in spaces where other
ilation and filtration difi are
impossible, or where building occupants seek
additional reassurance about air quality.®
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The Lancet COVID-19 Commission
Task Force on Safe Work, Safe School, and Safe Travel
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Non-infectious air delivery rate
(NADR)

Proposed Non-infectious
Air Delivery Rates (NADR)

for Reducing Exposure
to Airborne Respiratory
Infectious Diseases

NOVEMBER 2022

TABLE 1.
Proposed Non-infectious Air Delivery Rates (NADR) for Reducing Exposure to Airborne Respiratory Diseases;
The Lancet COVID-19 Commission Task Force on Safe School, Safe Work, and Safe Travel

Volumetric flow rate Volumetric flow rate Volumetric flow rate
per volume per person per floor area
ACHe cfm/person | L/s/person cfm/ft? L/s/m?

Good 4 91 10 0.75 + ASHBAE ml.nerlum 38+ ASHRAE mlrlnm.um
outdoor air ventilation outdoor air ventilation
1.0 + ASHRAE minimum 5.1 + ASHRAE minimum

Better 6 30 14 . i . S
outdoor air ventilation outdoor air ventilation

Best - 30 -14 >1.0 + ASHRAE minimum >5.1 + ASHRAE minimum

outdoor air ventilation outdoor air ventilation
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May 12-2023: ASHRAE 241 and CDC

'@ b | @ Centers for Disease Control and Prevention
i1/ CDC 24/7: Saving Lives, Protecting People™

ASHRAE Standard 241P 5 h
Advisory Public Review Draft a C

Control of Infectious Aerosols

Tabie 5-1 Minimum Equivalent Outdoor Air per person for Infection Control Rates in Bregthing Zone

EQAI
| Occupancy Category CF\M/perzon Liz/perzon
OfSce 0 20
Educational Facilities 50 23
Food and Beverage Facilities + 20
Residential 50 25
Retal 20 10
Gy= §0 4
Pablic Assembly spaces 20 10
Place of religious wonkip 30 15
[ Healthcars sxam room 60 30
Healtacars patent rocm 180 90
[ Fealthcars ressdest room 80 +0
Common treatment area S0 43
Healthcare waiting room 120 &0
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Aerosol transmission, long range

7
« small aerosols | . . . 6
e large aerosols . y : s % =
O Iarze droplets : O Utd OO r
>100 pm .
: 5 alr
4 Virus
inactivation
3 .
Particle
2 deposition
) 1 No air
T _ cleaning
. 0

Loss rate (h-)

Sources: Morawska et al. (2020); Johnson et al. (2004); Van Dormalen et al. (2020); Hussein and Kulmala (2008); ANSI/AHAM AC-1



=
—
=

i

Aerosol transmission, long range

« small aerosols | » * o S G F 7
e large aerosols - SER T
arge droplets OUtdoor
Ollgoimpl 6 .
. alr
) Virus
4 inactivation
3 Particle
deposition
.' i Air
o ; 1 cleaning
0

Loss rate (h-)

Sources: Morawska et al. (2020); Johnson et al. (2004); Van Dormalen et al. (2020); Hussein and Kulmala (2008); ANSI/AHAM AC-1
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Air cleaning
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The effect of air cleaner => additional

dilution/removal => lower risk

Cref

Q-Co +E
el oAk v

X t ¢
Q S c
< CAC QCAD
<+ OCq, + E
Cac =
v Q+k-V+Qcapr
I CO

QG - \

Probability of infection (%)

= =E = 550 ====E =970 ===-- E=1510

L (h-1), total loss rate (ventilation,

deposition, filtration, and inactivation)

Sources: Miller et al. (2021)
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Air cleaning technologies

Technology Mechanism of Key parameters Example
action
“ . Removing or * Airflow rate Filters, electrostatic
Subtractive . . : .
technologies |nact|va.t|ng targeted . Fgce velocity . preC|p|tators.(ESPs),
. contaminants from * Single-pass efficiency sorbent media (for gases),
(filters, . . s .
sorbents) mdoor. air when th.ey . . excitation media, UVGI
come in contact with  * Potential for by-product formation
the technology
Adding constituents * Type, concentration and dose of additives lonizers, bipolar ionization,
“Additive” to the air to remove * Potential toxicity of additives needle point discharge,
technologies particles, inactivate * Potential for by-product formation ozone, plasma, hydrogen
(electronicand  microorganisms e Airflow peroxide, PCO, reactive
reactive air and/or react with * Face velocity oxygen species, oxidants,
cleaners) chemical * Location with respect to space fumigation, UVGI
contaminants * Recirculated vs 100% OA
Hybrid @

Courtesy of Gall and Stephens
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Common test standards

i

Test Standards
(Rating Metrics)

ASHRAE 52.2 (MERV)
1SO 16890 (ePM)
ISO 29463 (HEPA)

Technology Target Pollutant(s)

Fibrous media filters Particles Proprietary standards (FPR MPR)
Portable air cleaners:
AHAM AC-1 (CADR)
Sorbent Gases ASHRAE 145.2
Ultraviolet germicidal Microbial particles Air: ASHRAE 185.1
irradiation (UVGI) P Surfaces: ASHRAE 185.2
Electrostatic . . .
+ .
orecipitators (ESPs) Particles No rating; some ozone emission standards (UL 2998) x
lonizers, plasma, ) . o
PCO, H202, etc. Particles+ No rating; some ozone emission standards (UL 2998) *

ASHRAE Standard 62.1-2019 requires any air cleaning technologies to comply with UL 2998 (0 ppb ozone)

Courtesy of Gall and Stephens
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Position documents providing guidelines gy RAEi

All filtration and air-cleaning technologies should be accompanied by data

documenting their performance regarding removal of contaminants; these data

should be based on established industry test standards. If not available, scientifically ASHRAE Position Document on
controlled third-party evaluation and documentation should be provided. Filtration and Air Cleaning

Devices that use the reactivity of ozone for the purpose of cleaning the air should not

be used in occupied spaces because of negative health effects that arise from Approved by ASHRAE Board of Directors
exposure to ozone and its reaction products. Extreme caution is warranted when e
using devices that emit a significant amount of ozone as by-product of their ARy 28 2
operation, rather than as a method of air cleaning. These devices pose a potential risk

to health.

Commissioning, active maintenance, and monitoring of filtration and air-cleaning devices
are needed to ensure design performance.

In the absence of robust information regarding safe levels of ozone, the precautionary principle should be used. Any ozone
emission (beyond a trivial amount that any electrical device can emit) should be seen as a negative and use of an ozone-
emitting air cleaner, even though the ozoneis an unintentional by-product of operation, may represent a net negative impact

on indoor air quality and thus should be used with caution. If possible, non-ozone-emitting alternatives should be used. p—
1791 Tuflie Circle, NE » Atlanta, Georgia 30329-2305
404-636-8400 + fax: 404-321-5478 = www.ashras.org

Attentionmust be paid to certain air-cleaning technologies that claim to produce radicals (e.g.,hydroperoxy, peroxy, and
hydroxyl radicals) that become airborne (gaseous state) as a means of effecting air cleaning/treatment
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Air filtration
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THE RELATIVE SIZE
UF PARTIGLES HUMAN HAIR 50-180um »

FOR SCALE

Fram the COVID-19 pandermic to the U5,
West Coast wildfiras, soma of the biggast
thraats now are also the most microscopic,
A particle needs to be 10 microns (um) or FlNE BEACH SAND Qol.lm ¥
less bafore it can be inhaled into your f
respiratory tract, Buk just how small are A
Fuesmspegial GRAIN OF SALT é0um >
Hare's a look at the relative sizes of
some familiar particles 3

WHITE BLOOD CELL 25um »

GRAIN OF POLLEN

151um

DUST PARTICLE (PMia) <10um *

RED BLOOD CELL 7-8pm 7

@, Pallen can trigger allergic reactions
O%U and hay fever—which 1in &
= Americans experlence every year.

v e testh

RESPIRATORY DROPLETS S5-10pm »

DUST PARTICLE (PMa.s) 2Z.5pum »

* The wisibility limits far what the naked
oye can e hovers arcund 10-40pm,

BACTERIUM 1-3um » ‘
WILOFIRE SMOKE 0.4-0,7m = J 3

CORONAVIRUS DA-0.5um ¥

T_.l.. BACTERIOPHAGE 0.225um ¥ % 1 ‘ ‘

FIEAYVIRUS 0.045um » _# such as dust or corohavirus

o e 2 2 dic, e k, E ‘Wildfire smoke can persist in the air for

T - several days, and even months.

Respiratory droplets have the potential
to carry smaller particles within them,

0.5 um
(0.2-100 pm)

Sources: Visual Capitalist




=
—
=

HEPA: At least 99.97% efficient at
filtering 0.3 pm (most penetrating)
particles in standard tests

i

Detailed view

100%

80% -

60% -

14
MERV 13
40% - 12

Efficienty

T
8/ &

20% -

Diffusion Piffusion & intere€ption Impaction & interception

0.01 0.1 03 1.0 10
Particle Mean Diameter, um
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ASHRAE Recommendations: MERV 13

MERYV 8 + MERV 11 = MERV 13

MERV 11 + UVC 60% = MERV 13
MERV 8 + UVC 80% = MERV 13

MERYV 11 + HEPA CADR 150= MERV 13

MERYV 8 + HEPA CADR 300= MERV 13

Courtesy of Zaatari
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No field data, only modeling

® Without using mask = With mask
RC - Reference case (case 3a, ventilation (7 L/s-person)+ MERV 8 filter with a default quanta generation of 1 quantum/h)
a - ventilation + MERV 8 filter b - ventilation + MERV 8 filter + mask
c - ventilation + MERV 13 filter d - ventilation + MERV 13 filter + mask

e - ventilation + MERV 8 filter + portable air cleaner(s) f -ventilation + MERV 8 filter + portable air cleaner(s) + mask

Not in compliance Comply with or exceed
| |
| \ L ]
VR = 2.8 L/s-person . VR=4.8L/s-person VR =7 L/s-person , VR =10.5L/s-person
120% - (40% of code g (70% of code (100% of code | (150% of code
c requirement) requirement) | requirement) requirement)
=) 1 ER—— L o son S i S AR A S S S S
g 100% | ! g Reference (3a)
% ! ! :
= 80%
°
-
= 60% -
o
2
o 40%
[
[+ 4
20%
0% - 1 :
la 1b 1c 1d 1e 1f 2a2b 2c 2d 2e 2f 3a 3b 3c 3d 3e 3f 4a 4b 4c 4d 4e 4f

Scenario case number

Sources: California Department of Public Health
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Field validation with increased ventilation

100000

® monthly IP, w/o MVS
“monthly IP, w/ MVS daily IC, Marche region

10000 -

7]
21000 .
3 : B
2 ) o MVS e 492 551 ..
2 MOLIY IS WOMVE,  ei® IC=incidence cases
S L sae=" 181 . .
S 100 e IP=incidence proportion
X 7]
o 48 monthly IC, w/ MVS
= ' 12 13
_L_‘) 10 L R S s
24 2.7 .
I L |
09
H
0.1 .
Sept. 2021 Oct. 2021 Nov. 2021 Dec. 2021 Jan. 2022

Sources: Buonanno et al. (2022)
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Other air cleaners
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Electronic Air = o .
Cleaners — EACs, or | & oo
additive air cleaners
) 4 broad categories and But the mechanism is Fact 1: Free radicals
b MANY MANY names E the same: _ICL) and/or ozone produced
o 2 Q
Z;gg;‘;cna;aéwcl_lo;;dat'on "(— Create reactive ions, © Fact 2: Indiscriminate
_ ydrogen : ‘ _
(O Peroxide (DHP) o mixtures of reactive LL. and unpredictable
Z oxygen species (ROS), reactions
. L ozone, hydroxyl
- Bipolar O radicals, superoxide
lonization/Corona anions, etc. in air that Fact 3: unproven to be
P's.“hi‘.rge/ Needlepoint react with airborne safe or effective
°"'z_a on contaminants
- Oxidants |
- Fumigation l ‘

|
5
L
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UVGI and UVC

UV-C energy: 265 nm optimum wavelength for damaging DNA and RNA.

@ What?

e Air and/or surface

» Upper room, in duct, portable

< How much?
[ > . Onthe fly air disinfection: Minimum target UVC dose
(254 nm) of 1,500 pyWes/cm? (1,500 pd/cm?) to get 99%

removal.

» Should be coupled with mechanical filtration
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Challenges
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Major misconceptions and problems

« Efficiency vs. effectiveness or efficiency vs. CADR
* Production of ozone or other reactive species

« Chemical transformations producing new species, (potentially) toxic
pollutants

 CADR vs. noise, noise vs. Efficiency

« Commissioning, maintenance, operation, monitoring, documentation
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Consider the following test result:

99.99% removal in 30 minutes

10
o net log
=
=)
S 1 —1
(O]
O —
e = 2
S £ - —3
O &
201 —4
o) 5
o
x
O _6
<
O 0.01 !

0 15 30 45 60 75 90
Time in chamber (min)

[net %

removal removal]

[90%]
[99%]
[99.9%]
[99.99%]
[99.999%)]

[99.9999%]

CADR Scales With Volume of Test Chamber

What is the CADR if the
tested in a chamber with

volume... CADR
3 cfm
100 32 30 cfm
1000 ft3 ? 300
cfm

A wide range of CADRs can all claim 99.99% removal
in 30 minutes, depending on test chamber volume
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Calculation of efficiency in realistic indoor

<=
oo
o
environments https://www.pdx.edu/healthy-buildings/ace-it
Consider the following test result: 2) Comparison calculation
loss rate (1/h)
 98.3% removal in 60 minutes control (w/ device off) 1.5
_ test (w/ device on) 3.5
* Table/graph concentration: control, test Effect of device 20
3) Scaling to indoor setting
Floor area 1,000 1],
8 Ceiling height 8 ft
S Volume 8,000 ft3
Clean air changes per
hour (ACH) provided 0.31 1/h
by device

control test

To get 5 ACH, we need to install in this
classroom 16 units.

- Manufacturer recommendation is 1 device for 4 classrooms:

- For 4 classrooms to achieve 5 ACH, you would need 4 x 16 = 64 devices!!!
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More examples

HNICA ATURE 6,000

£ == Control
6.000
—
& T
= \ Y & g5t
= Y .
= 40004 N .
= \ ~
=
=
E | Other removal
= = - . 0
Interpreting Air Cleaner 2 ; W Jrochanisms 40%
= b .
= . -
; N .,
Perf Dat 3 ‘ '
r— ,
ernormance vata 3 _
L L .
B ERANT ZTEFALE. FA 1L ASESINTE EWEER AZNAE; FLUCTT T ALL PRI LISTCIASE WENBLY ETARAE: NETIMNAD ENE PRLE PE. AZD ASHRAE 1000 - .
Tk AR 1,000 < Air cleaner
OV i i i : efficiency n =98%
The global COVID-19 pandemic has prompted widespread demand for air cleaning - yn o
technologies aimed at reducing risks of airborne pathogen transmission inside build- ] : T -
ings, The commercial landscape for air cleaning devices s complex, ranging from i 0 4 ] ]
conventional technologies such as high-efficiency fibrous-media filters and ultravio- .I. ” ) it
let germicidal irradiation (UVGL to a wide variety of electronic air cleaning technolo Ime { Inums)
gies such as plasma generators, hydroxyl radical generators, ionizers, photocatalytic U =
oxidizers and others, 5
This article demonstrates some frequently prevalent issues in electronic air cleaner -0.5 1 ° a
performance testing and reporting and proposes a path forward to meet research
needs and Improve test methods that could reduce the current uncertainty about ']:] B =
the performance of electronic air cleaning technologies. It also provides tools to : -
support praciitioners and consumers in thelr decislon-making regarding alr cleaning 181
technologies. %
. . o : e — =10 -
The ASHRAE Epidemic Tagk Force (ETF) has published Torchate, the ETF has grubil isheed limited spec 5
e guldance for tose who mud make deckions s plsk sebuction polential of electrnie alr ] o
atiom, alre antng and mare, often in the con- techns ‘ngms. and the "ASHEAE Fosition E' T ] T .
text of thy ilable 1 building own Document on Filtratien and Atr Cleaning r
ersand managers, Along with increased ventiiation. the Lok of definitive conclugions on the efficacy of miny ',!J 1
ETF has sdvised that deanmg i ndoor iir using pardiche cansistent with the fac) ™ [:I:'lf[-'Efl
Tittration al MERY 13 or 3 e air gual ly =35
ity and reduce visks from COVID-19 by removal of viral y o T ® Test
arroanls and ll!.' |J.|:l|||!|_.' thelr concentration. re Recommendation |'.1 ] o
for Kedveing Airharne Infections Aevosol Exposure A
Brust Staphens Phi w1 rolerser and Copurmoet Chasr im the Deparamect of Ewl drchivesturat ond Erviromrepntal Erjiveanryg ot Bna irctivia o Tadewfagy, Bintt 1
1 stiveial, Pl PE. & g Amitast T T T T
A ; e f 3 - =
Baphipetion) sl Erviemmmaril Erghvsring ol Winis baifris of Sechebagy. Delpbvre K Facvmr, PD is e Acsacials Prakesss 0 e U |5 C'[] ,15 SU ] 5

Nepartevesi af ay ol Cokorach S [navesity

Time (Minutes)
Removal rate difference ina 14.2 m3 chamber: CADR=50-13=37 m3h (2.5 h*")

n ANHRAE IDERMAL s 9 AFRIL 3232
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Removal effect (¢) Effectiveness (f)

<+ CFEf(CAC) COUt n — Cref — YAC 100 [%]
k CAC
<« or
C.
Q Vv +r 8 U B _ CADR
L — E G g_f+1Wheref Q+k-V

 Fractional reduction in pollutant concentration that
results from application of an air cleaner in indoor
volume/space.

» Effectiveness is judged against other removal
processes (by deposition rate and ventilation)
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Ozone

Measuring Measuring

Standard/Protocol .
time space /volume

Standards for Electric Air Cleaners, US Measuring

Underwriters Laboratory (UL standard ozone 24 h Chambgr/
: 33.1m
867) concentration
Electric Air Cleaners, Canadian Measuring : .
Standard Association (CSA C-187 ozone 24 1) (En e ezl
. weight average) rto UL standard
C1.7.4) concentration

Reduced Energy Use Through Reduced
Indoor Contamination in Residential Calculate ozone

- 3
Buildings, NCEMBT (NCEMBT 061101),  generation rate ST E Sl
US report
National Research Council Canada Calculate ozone i Chamber/ 55m?
(NRC) standard generation rate

Thresholds

50 ppb

20 ppb

(suggest not
exceed 50 ppb)

Sources: Afshari et al. (2022)
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Byproduct generation, incomplete oxidation

» Aldehydes — formaldehyde, formic acid, CO

* Alcohols — aldehydes — acids — shorter carbon chain alcohols and acids
—formaldehyde, methanol — CO, and H,O

» Benzene — phenol

» 1-Butanol — butanal (butyraldehyde), butanoic acid, ethanol, acetaldehyde,
(propanal (propionaldehyde) and propanol, propanoic acid) — (ethanol,
formaldehyde) — methanol, formaldehyde and formic acid

» Ethanol — methanol, acetaldehyde, formaldehyde, acetic acid, formic acid

» Methanol — methyl formate (measured in liquid form only), formaldehyde,
methylal (formaldehyde dimethyl acetal

» Toluene — benzaldehyde, benzoic acid, cresol, benzyl alcohol, phenol, benzene,
formic acid

Sources: Mo et al. (2009)
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By-product, example

Perceived air quality

(decipol)

N
o

15

10

Building materials

|— P<0.003

M Purifier Off

I' P<0.005 7

low (18 L/s) intermediate
(50 L/s)

Outdoor air supply rate

People

M Purifier Off

— P<<0.001
_I

— P<<0.001 n

low (12 L/s)

intermediate
(25 L/s)

Outdoor air supply rate

Sources: Kolarik and Wargocki (2010)
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New evidence:
human oxidation fie

» The presence of any ozone
should be avoided (also in the
reactor)

» Skin oils + ozone => non

insignificant yields of OH radical
=> significant reactions in the air

REESEARCH

INDOOR AIR QUALITY

The human oxidation field

Mora Zannoni**f, Pascale S. 1 Lakey”, Youngbo Won®, Manabu Shiaiwa®™, Donghyun Rim™,
Charles 1. Weschier*S, mi:gw.mg‘ usssme‘ Mengze Li't, Gabriel Beki®,

Pawel Wargocki®, Jonathan Williams'>

Hydromyl (OH) adicals are highly reactive species that can oxidize most poliutant gases. In this
study, high concentrations of OH radicals were found when people were exposed to ozone ina
climate-contralled chamber OH concentrations calculated by two mathods using measurements
of total OH reactivity, speciated alkenes, and axidation products m;eemsnsten‘tmthﬂnse

obtained from a chemically explicit modal. Key to e

this hu i idation field

is G-methyl-Shepten-Z-ona (6-MHO), which forms when ozone reacts with the skin-oil squalene

and subs equently generates OH efficiently through gas-phase reaction with ozone A dymamic modal was
usad to show the spatial extent of the human-generated OH oxidation field and its dependency on ozone
influx through ventilation. This finding has implications for the ouidation, ifetime. and perception of

chemicals indoors and, ultimately, human health.

orth Americans and Europeans spend,
on average ~90% of their ime indoors
{incuding home, workplace, and trans-
port) (I, 2}, Within this enclosed space,
oocupants are exposed to a multitode
ofchemicals from various sources, induding
outdoor pollutants that penetrate indoors,
gnssous emissions from building materials
and furnishings, and products of human actie
ities such as cooking and deaning (3). In
addition, the oceupants themselves are a
potent mobile souree of gaseous emissions
from breath and skin {human biseffluents)
as well as primary and secondary particles
{4). Charneterization of these indoor sourees
and the main indoor removal mechanisms are
key to understanding indoor air quality (5.
Chemical removal of gas-phase speeies in
outside air during daytime is mostly initisted
by hyrdreecyl (OVH) radicals, which are formed
when a short-wavelength photolysis product
of ozone (Ox) fan ecited oxygen atom, O {'D)]
reacts with water Longer-wavelength photol-
wais of nitrous acid { HOMO} and formaldshyde
(HCHO) also provides small additional OH
sourees outside, as does the Ight-independent
mzonolysis of alkenes via Criegee mtermediate
formation {6} By contrast, the indoor envi-
romment is less influenced by dired sunlight,
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in particular uliraviolet light, which & largely
filtered out by glass windows, so that primary
production of OH indoors via O { D} is negligible.
Although some OH can be generated by longer-
wavelength artificial light by photolysis with
natural light of formaldehyde and HOMNO if
present, O, entering the building from outside
is gemerally considered to be the prindpal oxi-
dant indoors (7). Nevertheless, previous studies
have highlighted the potential importance of
alkene ozonolysis (8-I) in generating OH via
Crieges intermediates in indoor emvironments,
partitularly when reactive moleeules sueh as
limonene from airt fresheners or cooking are
abundant. Previows edimates and messimements
af indoor (OH eoncentrations b ranged from
107 0107 moleeules e, which is substantially

(I8, larger exposed body surface, and higher air
temperature and hurmidity (19).

In this shdy, messurements were condncted
ina cimate-controlled stanless-steel chamber
{see Fig. 1) with three different groups of four
adult subjects on four separate days (induding
two replicates from the same group) (20). The
airchange rate (ACR) (3.2 hour ") and O, core
centration [100 parts perbillion { ppb) at the
inlet and 35 ppb indoors] wsed in this e
periment were chosen for repmdncing a real
istiescenario hased on the expected Osdecrease
due tooccupandcy {21 {ACR is the numbser of
times that the total air volums in a room or
space is completely replaced by outdoor air m
an hour.} From this data, we have detemmined
the indoor coneentrations and spatial distri
bution of OH radicals generated by humans
upon exposure o 05 This oxidative field is
poxduead in Eolation from other indoor auroes
or sinks of OH. A steady-state approach was
applied, combining measured total OH reac-
tivity {OH loss frequency in & Y, measured
coneentrations of compounds containing an
alkene doublebond, and sailableliterabhre wk
wes of OH yields from Os with alkene reactions.
For comparison, the OH levels were also de-
termined by an independent method nsing
isoprene amd its oxidation produocts. In the
final step, the empirically derived OH lewels
and messuremsmts were compared with those
obtained from a detailed multiphase chemical
kinetic modd, and these resulis were used to
simulate high spatial and tme-resolved OH
distributions in a room using a computational
ﬂuui dynarmics (CFD) moddl. To investigate the
and wariahility of spatial coneemntm-

higher than outdoor nighttime coneentrations
and comparable to daytime atmospheric OH
concentration leves in some regions (§-15).

None of the aforementioned model or mea-
surement studies considered ocoipied indoor
environments and therefore the underlying
chemieal mflumee of humans, Yet with every
breath, humans exhale reactive alkenes such
a5 isoprene, which mn oxidize to further
alkenes such as methyl vinyl ketone {MVE)
and methacrolein (MACR) (16). Moreover, 0
reacting at the skin surface with the skin-nil
sepualens (CsaHaa), a triterpene responsible for
almost 50% of the unsaturated carbon atoms
on human skin, releases a host of alkene-
containing compounds to the air, induding
gerany acetone, G-methyl&-hepten2-one (6
MHO), OH-G-methyl-5-hepten-2-one (OH-G-
MHO), 4-methyl-8-oxo-4-nonenal (4-MON),
4-methyl-4-octne-18-dial {(4-MOD), and troms-
Z-nonenal (7). These species hawe the potential
to react further in the ga= phase, either to
genemte OH thmugh readion with O, or to
deplets OH through direct resction with the
alkene Therefore, humans have the potential
o profoundly affect the oddative environment
indoors, partiularty in areas of high cccupancy

Zannoni et al, Seienee 377, WA-WTT (X02) 2 Septemher 2003

tion gradients, we tested four scenarios: (ijan
evaluation of the experimental results nsing
the same underfloor air distribution from a
perfomted floor along with intensive air mixing
at the avergre indoor Osconcentration of 35 ppb
as in the ecperiment, (i) the same ventlation
condition of the eopedment without any mixing
fans at an indoor Os concentration of 35 ppb
tosimulate a residential condition, (i) air jets
supplied at ceiling beight and an indoor O
concentration of 35 ppb to simulate an office
condition, and (iv} same as (i} except the
indowar Oy concentration was 5 pph.

Results

Total OH eadtivity of human emissions

Figum 2 shows the OH loss frequency (total
OVH reactivity) measured directly in the chame
ber. The total OH reactivity of the gas-phase
human bioefflnents wis, on aversge, 8+ 457"
in the absence of Oy and 34 + 165" when O
was presemt (mean vale + measmement ermor,
determined at equilibrium in the last 15 min
hefore volunteers left the chamber). In the
absence of Oy, the dominant OH sinks were
reactive compounds in human breath (eg.,
isoprene 4%}, whereas in the presence of Os,
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Unwanted Indoor Air Quality Effects from Using Ultraviolet C Lamps
for Disinfection
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ABSTRACT: Ultraviolet germicidal irradiation (UVGI) is known

to inactivate various viruses and bacteria, induding SARS-CoV-2, -
and is widely applied especially in medical facilities. This inactivation
results from the high photon energies causing molecular bonds to
break, but when nonpathogen molecules are affected, unwanted

effects may occur. Pt't we explored the effect of 1 commercial high-

Viruses sod
micrabes

indoors
creased. pri e s

the typical impacts of UVC on aunmpmm iy zhp' particle ©
concentrations are associated with adverse health effects, supgesting
that the impact of UVGI devices on indoor air quality (IAQ) should be studied in much more detail. The high-intensity device in
this study was intended for short durations in pied rooms, but k il devices for use in occupied rooms
are also widely applicd. This makes further studics even more urgent, as the potential IAQ effects of these approaches remain largely
unexplored.
KEYWORDS: indoor air quality, disinfection, air cleaning secondary chemistry, UVGI, air pollutants

B |NTRODUCTION majority of the chemistry taking place in the air,”** including

In the wake of the COVID-19 pandemic, there has been ¢ formation of oridants, eg. ozone and the gas phase
increasing interest for methods to slow the spread of the virws, 1970w (OH) ndical. Both photolysis of, and radical
Uliaviolet germicidal irmadiation (UVGI)," which uses ult.  Fedctions ""ﬁh'?':,“l“ s aad “"“P"““:' “"“m“;dﬁﬁ“"‘
violet C (UVC) radiation to inactivate bacteria and viruses, has S S ST RIS By o A
been used to photosterilize air and surfaces in hospitals already propesties conceralng &g kicity ac wmf"'t’ Laxsvelatile
for decades.”* Several UVC disinfection devices have been o £h B
developed*™® with additional potential applications in eg. d gas- and partic P LSy ACTS
offices and warchouses, SARS-CoV-2 is primarily transmitted buman health effects, "~ raising concerns about using UVC
by airbome means,'"'' and since it is inactivated by Eadbe Sroinithe & 2hoorak quallry(l.AQ) PeﬂPf‘-“-"“
1218 In this study, we d to of
uvg, interest in UVGI devices has seen an upswing d i i giial,
during the pandemic. As direct UVC radiation sl ] gaseous and particulate :ompancnu cnunnga commes
harmful to humans and can cause e.g. erythema and ligh utenilty UVC. devion, (o determine ‘T"“‘m" potentially
photokeratitis, = '* overexposure of UVC radiation should negative IAQ impacts can be expected. Utilizing state-of-the-
be avoided. However, low intensity UVGI devices, installed in ‘: el '?«tm";ﬂ'::h'.’l\d m o:lonr m:,n]llnrm :;wa:ured 5‘;
the upper part of rooms (upper-room UV), have been used S GRIDEORS MRl SRUGTNOWY "'Kfm‘"‘”“
already for decades for occupied rooms to prevent the spread i::d; memriee; Skl chus; cltibasose; peodioces) o e
of diseases ' Recently, UVC devices with wavelengths - light exposure.
around 222 nm have been suggested as viable also in occupied

rooms, 35 this wavelength might have more imited health  Received: November 1, 2022
effects,”~** bt this topic remains debatable.”*** In all cases, Revised:  January 10, 2023
the efficiency of disinfection will depend on irradiation volume, Accepted:  January 10, 2023

intensity, and time.
In the atmosphere, the photolyzing ability, ie. ability to
break molecular bonds, of solar UV radiation initializes the
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Toxicological Effects of Secondary Air Pollutants

XIANG Wang'2, WANG Weigang'#*, DU Libo'?, ZHAO Bin'?,
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econdary ai pollutantz, ariginating from gazeous pollutants
Sandp"m)-'\r particulate matter emitted by natural sources and

human activities, undergo complex atmospheric chemical
reactions and multiphaze proceszes. Secongary gaseous pollutants
represented by otone and secondary particulate matter, induding
sulfates, nitrates, ammonium salts, and secondary organic serozols,
are formed in the atmozphere, affecting air quality and human
heaith. Thiz paper zummarizez the formation pathways and

of important secondary peliutants
Meanwhile, different secondary pollutants’ tosicological effects and

formed from primary carbo:

secondary peliutants gen ='2‘== n

beiefly introduced.
poliutants
effects reze ==-==-. i

Keywords Secondary pollutant; Atmozphere. Tomicological effect.
Public health; Particulate matter

1 Introduction

Although the Anfhropocene iz much shorter un other epachs,

the atmozpheric compasition iz changing rapidly in thiz epoch,
especially in the past hundred vears'l At the zame Hme, many
toxic or harmful zubstances were also emitted info the
atmosphere, profoundly affecting the ecology.

© Jun Usiversty, The Equesl Depsn-
rment of Chemical Research in Chinese
Universies and Sprrgereriag Gmek

zanked the fourth among all nzh facterz of global attridutible
death in 20199 With mote and more people pouring into
urban areas the population and sizes of mebropolitans
incressed rapidly. snd buman ackiviies made the atinosphesic
theze areas’ ¥ ple.

?
the rapid formation of secondary particles could not be fully
explained by faditional mechanisms on heavy pollution dayz
in Beifing, China" -

Inthe easly stages of atmospheric envisonmental recearch.
as nifric oxide and :\itxaszn
wolatile organic compounds(VOCz)
had received extenszive attenbion/-%,

wements have been made through

en significantly reduced™i
ot the atmospheric enviranment
cazes of y poll

<les photochemical smog, ete. and
¢ secondary pollutantz. such as
28¢(PAN), and zecendary particulabe
VHO(Werld Health Organization) air
ght the health zizk of secondary
poliutants d dramatically raise the standard
of NO:, which is vital in secondary pollutant= formation™,
but the health risks of secondary pellutants are highly
uncertainf4if. First of all thisz is mainly due to the fact that
the formation of zecondary pollutants involves a variety of
physical and chemical processes and thousands of compounds
at the same time. Second, the existing regulatory framework
relies heavily on the knowledge of the properties of the parent
chemicalz, with liftle conzideration given to the products of
their oxidation in the atmosphere. Maindy due to the lack of

e tor

and human health. According to the Global Burden of Diseases.

Injuries and Risk Factors Stady(GBD) air pollution was

WANG Weigang
wangup@iccaz ac.cn
GE Macta

pemactagiceas.acn
1. State Key Laborstory for Structural Chemizyy of Unstabie and Stabie
Species, Beying Natonal Laboratory %or Mojecuiar Soences, CAS Research!
Egucation Center for EXCelience I MOiECUir SCEnces, nsiiuae of Ghemis-
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2 Universiy of Crinese Academy of Sciences. Beling 100048, P. R. China:
3. College of Chemistry and Material Science, Hebel Normai Uiversiy
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data for i g complex mixturez of
in the air, the of in the
troposphere presents a formidable analytical challenge. Third,

the impact of air pellution on health iz usually a long-term

process™. Although there are many lengtemm population
data, because of the i f the analysiz
and testing methods. i i difficult o study the towicity

of different v P in-depth". In

addition becauze pollutant toxicity prediction invelves a great

deal of data™, alzo, numerous algosithms are requized in
terms of pollutant environmental toxicity effects/*

Chem. Res. Chinese Uniersives

hitps-/idoi org/10.1007/840242-023-3050-0
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Impact on energy use, cost-benefit
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@ Natural Ventilation

@ Exhaust Ventilation

@ Mechanical Ventilation

a. Natural ventilation with window opening

b. Natural ventilation + portable air cleaner

a. Exhaust ventilation with exhaust fan

b. Exhaust ventilation + portable air cleaner

a. Mechanical ventilation with heat recovery

F Y% AN F %

b. Mechanical ventilation + recirculation / filtering

Unpublished: Tsafara (and Wargocki) (2021)
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Energy Implications, Danish School

Cumulative primary energy cost of risk reduction - P and R,

48.10
7.8% to1.1%

(5.6to 0.9)

33.0% to 1.1% 50.10

(14.7 to 0.9)

132.10
86.4% to 1.1%

(17.0 to 0.9)

reproduction number (Rc)

0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00

Reduction of probability of infection (P) and classroom

Primary Energy Cost (kWh/m?)

m1lb W23 Wm2b w33 m3b

Unpublished: Tsafara (and Wargocki) (2021)
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Cost vs. Benefit - Boston 50k ft2, 250 Occupants

Total Annual OQutside Air + Filtration Cost

$85,827

$19,834 $46,566

»17,182 $44,871

o
o
o
Bare Minimum Good
(3-4 ACH) (4-5 ACH)
100% OA n/a n/a
MERV 7 MERV 11
@ o
VRP+30%
$18,100 $18,738
VRP ® ®
$15,384 $16,047
® ([
IAQP
$10,340 $11,050

220 $41,838

Cost per Effective ACH

Bare Minimum Good
(3-4 ACH) (4-5 ACH)
100% OA n/a n/a $14,305
MERV 7 MERV 11 MERV 13 m
VRP+30% ‘
$6,033
VRP ‘
$5,128
IAQP . ®
$3,447 $2,763

Courtesy of Zaatari
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US Office Carbon Impact of Different Strategies

Million Metric tons of CO2/year
All US Office Buildings

110 MMT CO2/year
28 coal power plants
23 million cars

All strategies with MERV13 filters deliver “Excellent
Air Quality” (5-6 ACH) but with very different costs
and carbon impacts

20 MMT CO2/year
5 coal power plants 16 MMT CO2/year
4.3 million cars 4 coal power plants 9 MMT CO2/year

3.5 million cars 2 coal power plants
2.1 million cars

100% OA MERV 13 MERV 13 MERV 13
VRP +30% VRP IAQP

Courtesy of Zaatari
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Epilogue
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Take home messages (w/strong personal bias)
Air cleaning as a measure to reduce infection risk

Outdoor air: yes (and no)
Air cleaning and filtration: yes and no

MERV13 and higher: yes

Portable air cleaners (HEPA): probably yes
UVC/UVGI: probably yes

Additive technologies: (probably) no
Reactive species: (probably) banned

» Lack of proper testing methods
» Lack of verification in actual applications
» Weighting risks
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