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ABSTRACT 

Respiratory infection transmission is airborne and occurs almost exclusively indoors.  The 
COVID-19 pandemic has demonstrated an urgency to understand how respiratory infections 
spread within indoor spaces and to develop new methods to control cross-infections therein. To 
that end, infection based IAQ infectious dose models and risk management tools are needed to 
guide public health policy makers, regulators, and facility management.  

This paper presents a new method for characterizing & controlling cross-infections in indoor 
spaces, as quantified by a unified indoor air infectious dose model and IAQ risk assessment tool 
which utilize the dynamics and processes of indoor generation, transport, and fate of respiratory 
pathogens and is able to assess various mitigation strategies.   

The new method includes the steps of: (1) capture: lifting as much as possible, quickly & 
unobtrusively to the room’s occupants, up and away from the room’s breathing zone (i.e., from 
between 3-7 feet above the floor); (2) control:  safely & uniformly treating the captured air with 
the UV-C dose for 99.9% pathogen inactivation; and (3) return: using directed airflow, returning 
the treated air without mixing it with the pre-treated air.  In contrast with prior methods, the 
novel method addresses both critical cross-infection modes: (1) the long-term buildup of 
pathogen fog; and (2) short-term exposure to respiratory jets. This highly effective approach 
also optimally meets ESQ benchmarks as it creates no waste or ozone, uses nominal electronic 
power and has a small carbon footprint in comparison with other methods.   

In one embodiment of the method, a 5 ft 
diameter up-flow ceiling fan is used to 
unobtrusively uplift 2.000 CFM from 
the room’s breathing zone and directs all 
of the uplifted air into a 360° cowling 
around the fan.  The uplifted air passes 
through a uniform 254 nm light field 
contained within the cowling with a 
sufficient dwell time to receive a 99.9% 
disinfecting dose.  The treated air exits 
the cowling upward and is returned to the room with minimal mixing with the untreated air 
being uplifted by the fan for treatment. This embodiment of this method provides 20 equivalent 
ACHs in a 4,500 ft2 room for about $2/day of electrical power (approx. 16 kWh). 

The novel model utilizes a derived equation which takes into account a plurality of factors 
affecting airflow within the room, as well as room conditions, configuration and mitigation 



measures.  The model is uses to calculate the time for an infectious dose build up in the room 
given such conditions and measures.  The novel model provides a basis for an IAQ respiratory 
infection tool which may be used to comparatively access mitigation measures using a rating 
from 1-10, based upon the time to buildup of an infectious dose. Predictions are within 13% of 
the CDC’s 15-min guidance for close contact and potential COVID-19 exposure.   

The model and IAQ respiratory infection assessment tool verify the new cross-infection control 
method is quantitatively and substantively better than any other strategy to mitigate both short- 
and long-term respiratory infection risk.  With a continuous source actively shedding pathogens, 
the described upflow fan/cowling embodiment of the method is shown to be 40x better than the 
no mitigation measure baseline, 10x better than any other air disinfection option (including 
HVAC-based treatment/filtration or ventilation) and 3x better than social distancing with 
masks. 

THE PROBLEM WITH PRIOR METHODS 

Based upon a review of over 150 scientific references & academic studies, there are two 
methods of airborne pathogen spread that must be addressed in order to minimize the risk of 
cross-infection occurring when people are in indoor spaces together for periods of time greater 
than a few minutes.  First, there is the matter of long-term buildup of pathogen fog when one or 
more persons in an indoor space, such as an office, are actively exhaling virions. Second, there 
is the issue of proximal respiratory jets.   

In the past, the pathogen fog issue was addressed in various ways, one of which was the use of 
additional air changes per hour (ACHs) though the ventilation system.  It is known that each 
ACH will remove 63% of the pathogen fog.  Thus, by increasing the number of ACHs in a 
given indoor space, the less chance there is for pathogen fog to build up. The CDC has, for 
example, provided guidance that surgeries in hospitals should have at least 12 ACHs to 
minimize the chance of infecting or being infect by the patient during a surgical operation.  The 
introduction of clean (i.e., pathogen-free) outside air dilutes the concentration of any pathogens 
present in the indoor air, thereby retarding the buildup of pathogen fog.  Because surgical rooms 
represent a small amount of the overall indoor space of a hospital, the cost of increasing the 
ACHs is nominal in comparison to the benefit.   

Given the vast area of indoor 
spaces where large number of 
unmasked people gather, such as 
offices, schools, airports, train 
terminals, factories, churches, 
gyms, restaurants, theaters, etc, 
providing 12 ACHs to mitigate 
cross-infection risk is cost prohibitive and comes at an enormous energy cost. Moreover, the 
issue of both proximal jets and pathogen fog must both be addressed to minimize the chance of 
cross-infection, and ventilation do not address effectively address both of these substantial 
modes of transmission.   

THE PROBLEM WITH PRIOR MODELS   

A broad review of recent and pertinent literature revealed no published infectious dose model 
with rigorous and comprehensive characterization of respiratory infection risk with spatially-



variable pathogen exposure; respiratory jet dynamics for proximal and downwind receptors; 
multifaceted comparative depiction of common mitigation measures including face coverings, 
social distancing, transparent partitions/windows, natural draft openings (NDOs); bulk air 
currents in the room; breathing zone pathogen variability; and, treatment, filtration, and/or 
ventilation with non-equilibrium intake pathogen loadings.  For example, two representative 
studies exemplify how prior models can underestimate the cross-infection risk: 

• Peng (2022) provides a mathematical Wells-Riley “box model of 
infection” for airborne transmission and suggests a risk parameter to characterize 
the risk of cross-infection.  Model results are compared with known outbreak 
events for COVID-19 and other respiratory pathogens.  This model assumes a 
well-mixed space and acknowledges that it does not apply to (1) rooms with 
clear directional airflow, and (2) receptors within 2 m proximity, with 
overlapping breathing zones.  (See Section 3.8 and Table 6 for a side-by-side 
comparison of the Peng risk parameter to the APMI metric proposed herein.) 

• Bazant (2021-1) and Bazant (2021-2) discuss deviations from the well-
mixed assumption (all the air is instantaneously the same), yet the risk 
calculation equations and model do not incorporate such deviations.  The 
findings are consistent with the current study in that face masks were found to 
dramatically reduce short-term transmission risk.  For COVID-19, Bazant 
(2021-1) proposes an indoor safety guideline suggesting that “school 
transmission would be rare” over 80 hours with masked students and adequate 
ventilation, suggesting that inhaled SARS-CoV-2 virions remain active for up to 
80 hours.  (Neither Bazant reference provides evidence that inhaled COVID-19 
virions can continue to be infective in the human body for over 10 days of 
continuing exposure – for comparison, CDC (2021) provides 15-minute 
exposure guidance based on an incubation period at 24 hours, while Johns 
Hopkins (2021) suggests 4-6 days.) 

A need exists for a unified, comprehensive infectious dose model including all relevant source, 
transport, fate, and infection-related phenomenon.  Henceforth, the following attempts to 
quantify these factors with a simple-to-use parametric framework.  Assumptions for individual 
terms are presented as examples and may be updated as better information is available – there 
is recognized uncertainty for significant terms, such as the pathogen shedding rate for an 
infected individual, quantity of pathogen required to establish an infection, and duration over 
which pathogen uptake is cumulative towards an infection. 

THE NEW MODEL, TOOL & INDEX 

Boundary conditions and consolidated source/sink terms are incorporated in the model’s 
underlying equation: 

 N(t) = N0e-βt + (α/β)(1 - e-βt) 

where N(t) is the airborne pathogen loading at time t, N0 is the initial pathogen loading at t = 0, 
α is the generation coefficient for pathogen discharge into the air via human shedding 
mechanisms, and β is the depletion coefficient for pathogen attenuation by ventilation, 
treatment, filtration, and natural decay.  αand β incorporate multiple zone factors to represent 
localized, non-homogeneous conditions for each dynamic mechanism.  N(t) is proportional to 



the pathogen uptake rate and probability of a new infection based on the defined infectious dose 
for SARS-CoV-2 or other respiratory pathogen. 

The process of respiratory infection transmission includes three transient elements – (1) 
generation of respiratory viral particles by an infected, shedding individual (source); (2) 
transport of respiratory viral particles from the source into the common ambient environment; 
and, (3) fate – inhalation uptake of respiratory viral particles by uninfected persons (receptor) 
leading to infections. 

From pathogen generation to transport and fate through ultimate infection in a room with 
airspace volume V, the fundamental mass balance taking into account these three elements is: 

 N(t) = V • C̄PPQ 

  = Ninitial + Ngenerate - Nsettle + Nreentrain - Nexhaust - Ntreat - Nfilter - 
Ndecay - Ninhale 

 N(t) = N0 + NG - NS + NR - NE - NT - NF - ND - NI   

where 

 N(t) = airborne PPQ in the room at time t. 

 C̄PPQ = average concentration of airborne PPQ in the room (PPQ/volume).  
Represents well-mixed/stirred-tank conditions. 

 N0 = initial airborne PPQ, time t = 0. 

 NG = cumulative airborne PPQ generated (exhaled) by qINF sources.  Depends 
on the nature of infection and pathogen shedding rate, and specific activities (such as breathing, 
talking, coughing, sneezing, singing). 

 NS = cumulative airborne PPQ settling or deposition on surfaces and fomites.  
Depends on the total area of surfaces and fomites subject to gravitational settling of PPQ-
containing droplets. 

 NR = cumulative deposited PPQ that are reentrained in the air due to 
surface/fomite agitation, air currents, foot traffic, etc. 

 NE  = cumulative PPQ that are permanently exhausted, ventilated, or otherwise 
discharged from the room, via active or passive air-exchanges including recognized NDOs and 
the departure from C̄PPQ at exhaust intakes. 

 NT  = cumulative airborne PPQ that are actively treated or otherwise rendered 
inactive.  Depends on volumetric air treatment rate and pathogen-specific treatment efficiency 
and incorporates the departure from C̄PPQ at treatment system air intakes. 

 NF  = cumulative airborne PPQ that are permanently filtered out of the room 
air.  Depends on volumetric air filtration rate and pathogen-specific filtration efficiency and 
incorporates the departure from C̄PPQ at filtration system air intakes. 

 ND = cumulative airborne PPQ that naturally/statistically attenuate by dying or 
otherwise inactivating (half-life). 



 NI = cumulative airborne PPQ that are inhaled and permanently removed from 
room air.  Depends on the number of receptors breathing in the room, and ultimately guides the 
infectivity analysis, and incorporates the departure from C̄PPQ at receptor breathing zone 
location(s) of interest. 

Given the inhaled PPQ infectious dose, UINF, for a particular pathogen, the time to infection tINF 
for a given pathogen can be determined using the following formula:1 

 UINF = (1 - fM-I)v̇InB{(1/V)(1/β)fZ-I[αtINF + (N0 - (α/β))(1 – exp(-βtINF))] + (1 - 
s)(1 - fM-E)(g/Vx)tINF}  

This unified indoor air infectious dose equation addresses mitigation measures such as masks, 
social distancing, transparent partitions/windows, ventilation including NDOs such as windows 
and doors, and air treatment/filtration.    

Various indoor air disinfection strategies are discussed in the following section.  These are 
compared for effectiveness using this infectious dose model for a hypothetical classroom and 
the base case assumptions described below.   

Figure 1 depicts infectious dose results for the 
base case described below, with no mitigation.  
100% of the median infectious dose is inhaled 
by a receptor at just under 17 min, consistent 
with CDC’s15-minute close-contact guideline, 
where close contact is defined as within 6 ft – 
the base case uses a minimum distance x = 4.5 
ft.2 

At 17 min the source has exhaled around 16,000 
net airborne virions that remain infectious (real-
time airborne PPQ number), which would represent an uptake of 7 PPQ by a receptor in a well-
mixed room under steady state conditions.  If the receptor is proximate as in the base case, this 
model projects an infectious dose uptake of 150 PPQ in 17 minutes – over 95% of the 
accumulated dose is due to proximity and elevated PPQ concentrations in line of the source’s 
respiratory jet.  Without consideration of the spatial variability of PPQ concentration, the 
pathogen exposure is underestimated > 20x. 

ASSESSMENT OF MITIGATION STRATEGIES USING THE NEW TOOLS\ 

Social Distancing, Masks, Partitions  

Model results show that social distancing, masks, and partitions can have a significant impact 
on mitigating short-term exposure risk to PPQ in respiratory jets – extending tINF from 17 
minutes with no mitigation to over 3 hours with combined distancing and masks for source and 
receptors.  Social distancing, masks, and partitions break up respiratory jets and disperse the 

 
1 For the full paper explaining the derivation and variables of this equation, please go to:  
https://www.luvsystems.com/pages/pri-scientific-paper 
 
2 See Table 2 of full paper for all input value assumptions. 

https://www.luvsystems.com/pages/pri-scientific-paper


apex angle, providing a net benefit despite the adverse contribution of retarding respiratory jet 
forward velocity.  Social distancing is effective for reducing the localized PPQ concentration 
with distance cubed, and masks reduce the PPQ exhaled and/or inhaled in proportion to the 
mask efficiency. 

Ventilation and HVAC 

Atmospheric ventilation exchanges room air with fresh outside air. Ventilation and HVAC are 
important for comfort conditioning, replenishing depleted oxygen, and eliminating allergens 
and excess carbon dioxide generated by people, although ventilation and HVAC are not 
effective for reducing localized PPQ concentrations from dispersing respiratory jets. 

For example, model results for ventilation at 900 CFM with 99.9% PPQ treatment/filtration 
efficacy significantly reduces long term steady-state PPQ concentrations but has no effect on 
the short-term impact of respiratory jet exposure. 

Portable Air Purifiers  

Portable air purifiers and cleaning devices typically include a fan and method to filter or treat 
the air, including HEPA and MERV filters, ionization, chemicals, radio-frequency waves, 
ozone, activated carbon, or germicidal UVC lights.  The model was run using two purifiers, 
each at 300CFM.  The short-term results similar to the no mitigation base case, although a 
significantly reduced long term, steady-state PPQ concentrations. Portable air purifiers are not 
designed to break up respiratory jets or control the breathing zone. 

Ceiling-Based Systems (Troffers, Upper-Room UVGI and Ceiling Fans)  

Ceiling-based systems, such as troffers, ceiling fans, and other upper air disinfection units 
including are used to disinfect upper room air.  Disinfection may be provided by filtration, 
ionization, chemicals, radio-frequency waves, ozone, activated carbon, or germicidal UV. The 
model was applied using 4 x 50 CFM ceiling troffers, and again was run on two additional 
commercial units having assumed airflows of 530 and 500 CFM, respectively, one using 
upward airflow and the other a traditional ceiling fan with downward airflow and UV lights.  

The low upward airflows into the troffers and in to the other upper-room UVGI unit were 
insufficient to effectively control breathing zone air. Standard downflow ceiling fans blow air 
onto people in a room, hence mixing treated and untreated air in the breathing zone of a room.  
Other upper air units including troffers have low or no active air flow and do not effectively 
clear the breathing zone.  As a result, most ceiling-based systems do not clear potentially 
infectious air from the breathing zone in a room. 

Although not depicted here, model simulations for room-centered ceiling fans using no 
treatment/filtration still help prevent respiratory infection:  Upflow and downflow ceiling fans 
convert lateral currents including exhaled breath into vertical currents, with corresponding 
quick dispersion/dilution of PPQ and improvement in tINF to 49 minutes with a 2,000 CFM 
downflow fan (breezy), and 176 minutes for a 2,000 CMF upflow fan (almost imperceptible). 
Hence, running a simple ceiling fan, preferably in reverse or upflow mode, can provide limited 
short-term protection from respiratory infection. 

 

 



Airborne Pathogen Mitigation Index (APMI)  

While ACH, ACHe, and β are useful to characterize airborne pathogen mitigation strategies, 
they are not linear with tINF. To better inform the public and guide facility managers about the 
respiratory infection health risk in buildings, a more practical and actionable metric is correlated 
with tINF. A linear, non-dimensional parameter, APMI (Airborne Pathogen Mitigation Index) 
characterizes the relative airborne infection risk in a particular indoor setting. The normalized 
APMI ranges from 0 to 10, with 0 representing the least protection (e.g., no mitigation with 
ACHe = 2.8) and 10 representing the highest protection from cross-transmission risk of 
respiratory infection.  Because infection risk is determined by both the dose delivery rate (e.g., 
PPQ intake per breath) and exposure time, the APMI is calibrated from the base case with short-
term exposure ~ 15 min (CDC 15-min close contact standard) to full day exposure (8+ hours). 

Results of Model & APMI Tool on the New Method  

The model was applied to one 
commercial embodiment of the 
new method which uses a 5 ft. 
diameter upflow ceiling fan 
providing 2,000 CFM to collect 
the airflow and direct it for 
unform and safe treatment via a 
254 nm UVC light field 
contained in a cowling encircling 
the fan.  The disinfected air exits 
the cowling in a manner to 
minimize mixing with untreated 
air being uplifted for treatment 
within the cowling. Whereas 
prior indoor air disinfection methods had various limitations making them ineffective for 
preventing respiratory transmission for much more than an hour or so, the use of this method in 
a system located in the center of a room extending tINF more than 40x the baseline no-mitigation 
case, 10x any other disinfection method, and 3x better than social distancing plus masks. 

  



Conclusions 

The above-described unified infectious dose model and tool predicts and quantifies benefits and 
limitations of respiratory transmission mitigation measures including face coverings, social 
distancing, partitions, ventilation, and treatment/filtration of indoor air.  Results are as expected 
based on common-sense principles. 

• Masks/ partitions are effective at dispersing respiratory jets and localized PPQ 
concentrations for exposures < 1-2 hr. 

• Social distancing is effective at preventing short-term < 30 min exposure to high 
PPQ loading in localized respiratory jets. 

• For long-term exposures > 1 hr, ventilation and treatment/filtration are critical 
to mitigate the risk of respiratory transmission (maximizing β or the PPQ depletion rate). 

• The model and tool can generate probabilistic risk scores for indoor air and guide 
respiratory transmission mitigation strategies - predictions are within 13% of the CDC’s 
15-min guidance for potential COVID-19 exposure. 

• Without proper consideration of nonhomogeneous PPQ concentrations in 
localized regions within the breathing zone, such as proximal or downwind of an 
infected source, the risk of infection may be underestimated by > 20x. 

• For short-term exposures, dispersal/breaking up the respiratory jet is critical to 
mitigate respiratory transmission. 

• Any means to isolate potentially infectious air in the breathing air, including 
vertical air movement and minimizing mixing of treated and untreated air, is critical in 
mitigating the risk of respiratory transmission. 

• Running a simple ceiling fan, preferably in reverse or upflow mode, can provide 
limited short-term protection from respiratory infection. 

• A new metric, the APMI, provides a practical and actionable health-based index 
to inform and guide facility managers and the public with respect to respiratory infection 
risk.  APMI results are mostly consistent with the less versatile risk parameter proposed 
by Peng (2022), although infectious pathogen quanta generation rates are significantly 
different. 

• The best methodology to mitigate the risk of cross-infection in an indoor space 
is to (1) quickly but unobtrusively uplift the greatest volume of air possible from the 
breathing zone; (2) direct the uplifted air through an encapsulated UV light field for 
unfirm and safe disinfection; and (3) return the disinfected air directly back into the 
room. With an active pathogen source in the room, one embodiment of this methodology 
is quantified by the model and tool as 10x+ better than any disinfection alternative 
method, 3x better than social distancing and masks for all receptors, and 40x better than 
the no mitigation base case. Moreover, it provides a sustainable solution, providing no 
waste and having a low carbon footprint/energy cost, particularly in comparison to 
increasing ACHs via the HVAC system.  

 


