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Introduction and motivation 

•  Aerosol transmission has been shown to be a predominant 
route for influenza transmission 

•  Increased ventilation rates and lower occupant density may 
reduce respiratory illnesses 

•  What impact can HVAC filtration have on infectious disease 
transmission probability? 
–  At what costs relative to increased ventilation? 

•  We used a modified Wells-Riley equation to explore 
influenza transmission risk reductions by HVAC filtration in a 
hypothetical office environment 
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Methods of estimating infectious disease risks 

Dose-response models 

Wells-Riley model 

Markov chain models 
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Pinfection = the probability of infection 
cases = the number of infection cases 
susceptibles = number of susceptible individuals 
I = number of infector individuals 
p = pulmonary ventilation rate (m3/hour) 
q = quanta generation rate (1/hr) 
t = exposure time (hr) 
Qoa = clean air ventilation rate (m3/hour) 

Riley et al., 1978 Am J Epidemiology 107:421-432  

Sze To and Chao, 2010 Indoor Air 20:2-16 

Nicas and Sun, 2006  
Risk Analysis 26:1085-96 



Aerosol transmission: Particle size is crucial 
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Large 
droplets 

Small particle (droplet nuclei) 

Large droplet Droplet nuclei 
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Incorporating filtration and deposition into Wells-Riley 
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Loss by particle  
deposition (1/hr) 

Loss by HVAC 
filtration (1/hr) 

kfiltration = fHVAC
Qfilterηfilter

V
= λrecirculatedηfilter

fHVAC = fractional HVAC operation time (-) 
Qfilter = airflow rate through filter (m3/hr) 
ηfilter = particle removal efficiency of the filter (-) 
λrecirculated = recirculation rate through the HVAC filter (1/hr) 

To connect Wells-Riley with filtration, we need to know several 
specific building characteristics, as well as: 
•  Size-resolved quanta generation rates 
•  Removal efficiency of HVAC filters for infectious aerosols 

Azimi and Stephens 2013 Build Environ 70:150-60 



What particle sizes are emitted and remain airborne? 

•  When considering particle filtration of infectious aerosols 
–  It is crucial to consider particle sizes of infectious aerosols 

•  Commonly believed that droplet nuclei average 1-3 µm 
–  Recent studies show that 80-90% of particles expelled during human 

activities are actually smaller than 1-2 µm 
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What about infectious organisms within particles? 

•  Most particles emitted during human activities are smaller 
than 1-2 µm 
–  But particle volume scales with dp
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–  Does the amount of viral material contained in droplet nuclei scale 
similarly? 

•  Luckily, several recent studies have measured influenza 
virus content in size-fractioned indoor aerosols… 
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Viral RNA contained in size-resolved aerosol samples 
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qPCR reveals influenza 
viral RNA size distribution 
in human coughs: 
•  42% < 1 µm 
•  23% 1-4 µm 
•  35% > 4 µm 

Although ~90% of emitted particles (number concentrations) are <1 µm 
•  ~40% of viral RNA is contained in <1 µm fraction 



Size-resolved influenza virus indoors: Summary 
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Recent measurements of influenza RNA in size-fractioned indoor aerosols: 
•  Healthcare centers, ER, cough airstreams, daycare, airplanes, manikins 
•  Manually adjusted to fit into ASHRAE Standard 52.2 size bins 

Average influenza RNA size distribution: 
20% <1 µm                  29% 1-3 µm                   51% >3 µm 



Mapping viral size distributions to filtration efficiency 
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 Composite particle removal efficiency (%) 
MERV 0.3-1 µm 1-3 µm 3-10 µm 

1   <20 
2   <20 
3   <20 
4   <20 
5   20-35 
6   35-50 
7   50-70 
8   70+ 
9  <50 85+ 

10  50-65 85+ 
11  65-80 85+ 
12  80+ 90+ 
13 <75 90+ 90+ 
14 75-85 90+ 90+ 
15 85-95 90+ 90+ 
16 95+ 95+ 95+ 

 

Average influenza size distribution: 
20% <1 µm                  29% 1-3 µm                   51% >3 µm 

MERV table from ASHRAE 52.2 

Filtration Efficiency Viral size distributions 



Estimated airborne influenza removal efficiency 
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Assuming these viral size distributions, we can estimate the size-weighted 
removal efficiency of a range of filters for infectious aerosols (w/ uncertainty): 

Azimi and Stephens 2013 Building and Environment 70:150-160 



Case study: Influenza in an office environment 

•  Hypothetical office environments with 1 infector: 
–  A = 500 m2 
–  V = 1500 m3 

–  25 adult occupants 
–  ASHRAE 62.1 minimum ventilation rates 
–  25% OA 
–  QHVAC,total = 3044 m3/hr 
–  8 hours of occupancy per day 

•  Used mean quanta generation rate from 
previous studies 
–  Influenza (q = 100/hr) 
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Estimated probability of infection with HVAC filtration 
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From no filter to MERV 13 or greater: 
From 4 out of 24 occupants infected w/ influenza to 2 out of 24 

Azimi and Stephens 2013 Building and Environment 70:150-160 



Generalizing results 
•  Using relative risks across all estimates of influenza aerosol size 

distributions and all HVAC filters, we can generalize results 
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Estimating costs of filtration and ventilation 
•  Making assumptions about operational periods in each building type, 

costs of natural gas and electricity, and HVAC equipment efficiency we 
estimate the cost of conditioning each unit of outdoor air ventilation rate 
delivered in each of four cities: 
–  Chicago, Charlotte, Houston, and Phoenix 

 
•  We can also estimate the cost of filtration by combining filter costs, fan 

energy costs, and replacement costs (labor) 
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Eheating = λventilationVρairCp,airHDD
1

ηheating
α Ecooling = λventilationVρairCp,airCDD

1
ηcooling

β

Wfiltration =
QrecirculatedΔPavg
ηfanηmotor

Cfiltration =WfiltrationtoperatingPelectric

Procedure similar to Bekö et al. 2008 
Building and Environment 

Azimi and Stephens 2013 Building and Environment 70:150-160 



Estimated annual costs per unit removal rate ($ per 1/hr) 
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HVAC filtration OA ventilation 



Relative risk vs. estimated annual cost: Filtration vs. OA 
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MERV 13-14 predicted to offer greatest risk reduction at lowest cost 

Azimi and Stephens 2013 Building and Environment 70:150-160 



Important limitations and future research needs 

•  Need to identify the relative importance of large droplet vs. 
small droplet nuclei transmission for overall transmission of a 
range of infectious diseases 

•  Need to compare Wells-Riley model to other more 
sophisticated modeling methods (e.g., Markov chain and 
dose-response methods) 
–  PhD student Parham Azimi currently working on this 

•  Need validation with real data 
–  Observational studies of offices with various HVAC filters 
–  More measurements of infectious/expelled aerosol size distributions 

•  Working with a Sloan Foundation post-doctoral fellow Stephanie Kunkel this year to 
experimentally validate this model 
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Concept of quanta generation 

•  The unit quantum of 
infection is not an actual 
physical unit 

•  It is a hypothetical 
infectious dose 
–  Back calculated from 

epidemiological studies 

•  Accounts for emissions, 
transport, inhalation, 
infectivity, and susceptibility 
all in one term 
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