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Preface



of air 
cleaning…



Objective

• The true (I 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).



Introduction



Recommendations



Non-infectious air delivery rate
(NADR)



May 12-2023: ASHRAE 241 and CDC
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Air cleaning



The effect of air cleaner => additional 
dilution/removal  => lower risk
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ExampleKey parametersMechanism of 
action

Technology

Filters, electrostatic 
precipitators (ESPs), 
sorbent media (for gases), 
excitation media, UVGI

• Airflow rate
• Face velocity
• Single-pass efficiency

• Potential for by-product formation

Removing or 
inactivating targeted 
contaminants from 
indoor air when they 
come in contact with 
the technology

“Subtractive” 
technologies
(filters, 
sorbents)

Ionizers, bipolar ionization, 
needle point discharge, 
ozone, plasma, hydrogen 
peroxide, PCO, reactive 
oxygen species, oxidants, 
fumigation, UVGI

• Type, concentration and dose of additives
• Potential toxicity of additives
• Potential for by-product formation
• Airflow
• Face velocity
• Location with respect to space
• Recirculated vs 100% OA

Adding constituents 
to the air to remove 
particles, inactivate 
microorganisms 
and/or react with 
chemical 
contaminants

“Additive” 
technologies
(electronic and
reactive air 
cleaners)

Hybrid

Air cleaning technologies

Courtesy of Gall and Stephens



Test Standards 
(Rating Metrics)

Target Pollutant(s)Technology

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

Proprietary standards (FPR,MPR)
Portable air cleaners: 
AHAM AC-1 (CADR)

ParticlesFibrous media filters

ASHRAE 145.2GasesSorbent

Air: ASHRAE 185.1
Surfaces: ASHRAE 185.2Microbial particlesUltraviolet germicidal 

irradiation (UVGI)

No rating; some ozone emission standards (UL 2998)Particles+Electrostatic 
precipitators (ESPs)

No rating; some ozone emission standards (UL 2998)Particles+Ionizers, plasma, 
PCO, H2O2, etc.

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

Common test standards

Courtesy of Gall and Stephens



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 
controlled third-party evaluation and documentation should be provided.

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 
exposure to ozone and its reaction products. Extreme caution is warranted when 
using devices that emit a significant amount of ozone as by-product of their 
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.

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

Position documents providing guidelines



Air filtration



Sources: Visual Capitalist



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

Diffusion Diffusion & interception Impaction & interception



MERV 8 + MERV 11 = MERV 13

ASHRAE Recommendations: MERV 13

MERV 11 + UVC 60% = MERV 13

MERV 8 + HEPA CADR 300= MERV 13

MERV 8 + UVC 80% = MERV 13

MERV 11 + HEPA CADR 150= MERV 13

Courtesy of Zaatari



Do-it-yourself (DIY) portable air cleaners, 
e.g. Corsi-Rosenthal

Sources: Sactown Magazine



No field data, only modeling 

Reference (3a)

Sources: California Department of Public Health



Field validation with increased ventilation

Sources: Buonanno et al. (2022)

IC=incidence cases

IP=incidence proportion



Other air cleaners



N
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s 4 broad categories and 
MANY MANY names

- Photocatalytic Oxidation 
(PCO) and Dry Hydrogen 
Peroxide (DHP)

- Bipolar 
Ionization/Corona 
Discharge/ Needlepoint 
Ionization

- Oxidants

- Fumigation

M
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But the mechanism is 
the same:

Create reactive ions, 
mixtures of reactive 
oxygen species (ROS), 
ozone, hydroxyl 
radicals, superoxide 
anions, etc. in air that 
react with airborne 
contaminants

F
a

ct
s Fact 1: Free radicals 

and/or ozone produced

Fact 2: Indiscriminate 
and unpredictable 
reactions

Fact 3: unproven to be 
safe or effective

Electronic Air 
Cleaners – EACs, or 
additive air cleaners



• On the fly air disinfection: Minimum target UVC dose 

(254 nm) of 1,500 µW•s/cm2 (1,500 µJ/cm2) to get 99% 

removal.

• Should be coupled with mechanical filtration

H o w  m u c h ?

• Air and/or surface

• Upper room, in duct, portable

W h a t ?

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

UVGI and UVC

https://www.ashrae.org/technical-resources/filtration-disinfection



Challenges



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



CADR Scales With Volume of Test Chamber
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Consider the following test result:

• 99.99% removal in 30 minutes

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

What is the CADR if the 
tested in a chamber with 
volume…

100 ft3 ? 

1000 ft3 ?

10 ft3 

?
3 cfm

30 cfm

300 
cfm

CADR



https://www.pdx.edu/healthy-buildings/ace-it

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

Consider the following test result:

• 98.3% removal in 60 minutes

• Table/graph concentration: control, test

 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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Calculation of efficiency in realistic indoor 
environments



Air cleaner
efficiency η =98%

Removal rate difference in a  14.2 m3 chamber: CADR=50-13=37 m3/h (2.5 h-1)

Other removal
mechanisms 40%

(ca. 1h-1)

(ca. 3.5h-1)

More examples



Removal effect (ε) Effectiveness (f)

• 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

Thresholds
Measuring 

space /volume
Measuring 

time
MethodsStandard/Protocol

50 ppb
Chamber/ 

33.1m324 h
Measuring 

ozone 
concentration

Standards for Electric Air Cleaners, US 
Underwriters Laboratory (UL standard 
867)

20 ppb
Chamber/Simila
r to UL standard

24 h (8h time 
weight average)

Measuring 
ozone 

concentration

Electric Air Cleaners, Canadian 
Standard Association (CSA C-187 
C1.7.4)

-Chamber/ 55m3-
Calculate ozone 
generation rate

Reduced Energy Use Through Reduced 
Indoor Contamination in Residential 
Buildings, NCEMBT (NCEMBT 061101), 
US report

(suggest not 
exceed 50 ppb)

Chamber/ 55m3-
Calculate ozone 
generation rate

National Research Council Canada 
(NRC) standard

Sources: Afshari et al. (2022)



Byproduct generation, incomplete oxidation

• Aldehydes → formaldehyde, formic acid, CO

• Alcohols → aldehydes → acids → shorter carbon chain alcohols and acids 
→formaldehyde, methanol → CO2 and H2O

• 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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New evidence:
human oxidation field

• 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



Toxic
pollutants?

Particles Gaseous 
toxic 

pollutants



Noise

Sources: DTI (2022)



Impact on energy use, cost-benefit



Unpublished: Tsafara (and Wargocki) (2021)



Energy Implications, Danish School 

Unpublished: Tsafara (and Wargocki) (2021)



Power

Sources: DTI (2022)



Cost vs. Benefit - Boston 50k ft2, 250 Occupants

Ideal
(6 ACH)

Excellent
(5-6 ACH)

Good
(4-5 ACH)

Bare Minimum
(3-4 ACH)

n/an/an/a100% OA 

HEPAMERV 13 MERV 11 MERV 7 

VRP+30% 

VRP 

IAQP 

$85,827

$46,566

$44,871

$41,838

$19,834

$17,182

$12,261

$18,738

$16,047

$11,050

$18,100

$15,384

$10,340

Total Annual Outside Air + Filtration Cost
Ideal

(6 ACH)
Excellent
(5-6 ACH)

Good
(4-5 ACH)

Bare Minimum
(3-4 ACH)

n/an/an/a100% OA 

HEPAMERV 13 MERV 11 MERV 7 

VRP+30% 

VRP 

IAQP 

$14,305

$7,761

$7,479

$6,973

$3,967

$3,436

$2,452

$4,685

$4,012

$2,763

$6,033

$5,128

$3,447

Cost per Effective ACH

Courtesy of Zaatari



110 

20
16

9

100% OA MERV 13
VRP +30%

MERV 13
VRP

MERV 13
IAQP

Million Metric tons of CO2/year
All US Office Buildings

110 MMT CO2/year
28 coal power plants

110 MMT CO2/year
28 coal power plants

23 million cars

20 MMT CO2/year
5 coal power plants

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

3.5 million cars

9 MMT CO2/year
2 coal power plants

2.1 million cars

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

US Office Carbon Impact of Different Strategies

Courtesy of Zaatari



Epilogue



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



Thank You
pawar@dtu.dk




