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Safety and Effectiveness Assessment of  
Ultraviolet-C Disinfection in Aircraft Cabins
Kris Belland; Diego Garcia; Charles DeJohn; Gary R. Allen; William D. Mills; Stephen P. Glaudel

	 INTRODUCTION:	 Aircraft cabins, susceptible to disease transmission, require effective strategies to minimize the spread of airborne 
diseases. This paper reviews the James Reason Swiss Cheese Theory in mitigating these risks, as implemented by 
the International Civil Aviation Organization during the COVID-19 pandemic. It also evaluates the use of airborne 
ultraviolet-C (UV-C) light as an additional protective measure.

	 METHODS:	 Our approach involved a thorough literature review by experts and a detailed risk-vs.-benefit analysis. The review 
covered existing research to understand the scientific foundation, while the analysis used established techniques to 
assess the impact of influenza and COVID-19 in terms of infections, deaths, and economic costs.

	 RESULTS:	I ntegrating UV-C light in aircraft cabins, when applied with appropriate scientific understanding and engineering 
safeguards, has the potential to reduce in-flight disease transmission. This additional mitigation strategy can work 
synergistically with existing measures.

	 DISCUSSION:	T he research and risk-vs.-benefit analysis present strong evidence for the safety and effectiveness of continuous UV-C 
disinfection in aircraft cabins. It suggests that UV-C light, maintained below exposure limits, can be a valuable addition 
to existing measures against disease transmission during flights.

	 KEYWORDS:	 UV-C disinfection, ultraviolet-C, UV-C, aircraft, sanitization, airborne pathogen, disease disinfection, disease transmission, 
disease translocation, risk mitigation strategy.
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The use of ultraviolet (UV) light to decrease in-flight dis-
ease transmission has received attention as a potential 
measure to reduce the spread of infectious diseases, par-

ticularly during the COVID-19 pandemic. This paper is pre-
pared in support of adding UV-C light-emitting diode (LED) 
lighting aboard aircraft to reduce the transmission and translo-
cation of airborne diseases. Infectious diseases claim millions of 
lives globally each year.12,57,58 The World Health Organization 
(WHO) addresses this situation as a major global health chal-
lenge, especially for low- and middle-income countries.57 Many 
respiratory pathogens, including severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), influenza, respiratory 
syncytial virus, common colds, tuberculosis (TB), etc., are 
transmitted via three principal mechanisms: 1) inhaling infec-
tious airborne droplets (from unshielded coughs or sneezes) 
before they fall to the floor (within 1–2 m);40,42,53 2) touching 
contaminated surfaces (fomites) before the pathogen decays; 
and 3) exposure to infected persons even by simple breathing or 

talking, which can produce aerosols that linger for minutes  
to hours and travel much farther than the 1–2 m traveled by 
droplets.8,9,53 Early in COVID-19 pandemic, it was recognized 
that aerosols are a significant route of infection in indoor 
environments.31 All pathogens that possess either DNA or 
RNA—viruses, bacteria, fungi, protozoa—are susceptible to UV 
disinfection.1 This by no means suggests that UV-C airborne 
use is the only risk-mitigation strategy, but that it supplements 
other multiple layers including high efficiency particulate air 
(HEPA) filters, air flow, outside air ventilation, masks, vaccines, 
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education, training, engineering design, public health mea-
sures, and policies, to name a few.36,44,50 In the extremely dry air 
of an aircraft in flight, with typically less than 20% relative 
humidity, all exhaled droplets smaller than 10 µm in diameter 
will quickly lose their moisture and shrink to a diameter of less 
than 1 μm in about 1 s or less due to evaporation (becoming 
almost “weightless”) and, thereafter, remain airborne as aerosols 
indefinitely. The largest exhaled droplets of up to 100 μm, like-
wise, become aerosolized in less than 10 s.40,53 Because of this 
uniquely dry environment in flight, the cabin presents an 
unusual situation where virtually all exhaled virions (particles 
containing viable virus) remain aloft as aerosols and do not 
alight onto surfaces due to gravity. Once aerosolized, the only 
opportunity for mitigation is to disinfect exhaled viruses and 
inactivate them while airborne (i.e., between passengers), either 
by continual ventilation and/or continuous UV disinfection. 
Surfaces (fomites) are not a primary path for respiratory viral 
infections such as corona and influenza; therefore, surface dis-
infection is not as easily employed continuously while in flight, 
and must be done episodically, prior to the flight.

A significant number of cases of onboard transmission have 
been reported for a number of respiratory diseases, including 
TB, influenza, SARS, measles, and meningococcal disease, 
since the late 1970s.16,32,38 Following the SARS outbreak of 
2003, international air travel stakeholders and other umbrella 
organizations worked together to develop guidance for cabin 
crew for the management of a suspected case of communicable 
disease onboard a commercial aircraft. This guidance is pub-
lished on the International Air Transport Association website 
and is used by most international airlines.18 Recent information 
published during the COVID-19 crisis from aircraft manufac-
turers on the dynamics of pathogen distribution onboard air-
liners offered a new perspective on the matter and called for a 
review of the guidance.23,24,60

Aviation Safety Management System (ASMS) is a systematic 
approach to managing safety in the aviation industry. It focuses 
on identifying and managing potential safety risks and contin-
uously improving safety performance. ASMS encompasses a 
range of processes, including hazard identification, risk assess-
ment, and continuous monitoring and review. One excellent 
example of an integrated ASMS, which includes a multilayered 
risk management process, is the International Civil Aviation 
Organization’s (ICAO) and WHO’s “Considerations for imple-
menting a risk-based approach to international travel in 
the context of COVID-19,” which is considered essential in the 
context of a public health risk management framework. The 
objective of the ICAO/WHO processes is to identify the resid-
ual risk of unknowingly transporting an infectious passenger or 
translocating the SARS-CoV-2 virus, considering various risk 
mitigation measures in place. This approach is scalable in com-
plexity and considered the baseline for more sophisticated pro-
cesses (e.g., end-to-end risk assessment models).19

Risk mitigation is the most appropriate strategy in the con-
text of pandemic risk management in air transport. In multilay-
ered defense models, the various mitigation measures are 
depicted as layers (e.g., based on the James Reason Swiss Cheese 

Model). Risk-free travel is not possible, but the risk can be 
reduced through the combined application of these mitigation 
measures. Currently, scientific, peer-reviewed, and evidence- 
based efficacy measures for these mitigation strategies are lim-
ited; therefore, in some cases, the scope of their impact on 
transforming the inherent risk must be based on expert consen-
sus, modeling, and available evidence. As a result, much of the 
risk assessment is qualitative and provides the flexibility to be 
adopted and integrated into national public health and aviation 
plans. The risk assessment process will consider the chosen 
mitigation measures and regularly re-evaluate how they affect 
the likelihood and impact of the inherent risk. A state can then 
determine if the residual risk is within its public health manage-
ment capacity.19 Current evidence suggests that utilization of 
UV-C light in flight can be an additional effective, synergistic 
risk-mitigation strategy that will ultimately reduce transmission 
of infectious diseases, including existing and emerging airborne 
infections (viral, bacterial, fungal).10,29,33

In their recent study, Allen and Mills (Allen GR, Mills WD. 
Personal communication; 2023; [Detailed analysis is available 
from the first author of this paper on request]) provide a com-
prehensive analysis of the impact of in-flight transmission of 
airborne diseases, including influenza and the Delta variant of 
COVID-19. Their findings indicate a significant annual burden 
attributed to in-flight transmission of influenza, estimated at 
nearly 950,000 cases, over 600 fatalities, and an economic impact 
of approximately $1.6 billion. The period of the COVID-19 
Delta wave (February 2020 to September 2021) saw a substantial 
increase in these figures, with over 2 million infections, 8000 
deaths, and an economic cost exceeding $200 billion.

The study further explores the efficacy of implementing 
far-UV-C disinfection technology in aircraft cabins. The results 
suggest that such an intervention could potentially reduce infec-
tion and mortality rates associated with in-flight transmission by 
up to 80%. This reduction is pertinent not only to established air-
borne diseases, like TB, measles, and meningitis, but also holds 
significant promise for emerging pathogens including COVID-19, 
SARS-CoV-2, and future infectious disease outbreaks.

The research also presents a comparative analysis of the 
impact of far-UV-C implementation against increased air- 
exchange rates in airliners. It was observed that the addition of 
far-UV-C equates to enhancing the air-exchange rate by 2–4 
times during flight and approximately 12 times when the aircraft 
is on the ground. Consequently, this could lead to an 80% reduc-
tion in residual airborne pathogen concentration during flight 
(assuming 30 air exchanges per hour) and up to a 96% reduction 
when the aircraft is grounded (with 5 air exchanges per hour).

Furthermore, the study addresses safety concerns regarding 
UV-C disinfection. Previous research, spanning several 
decades, affirms the safety of UV-C application for disinfection 
purposes. The maximum permissible exposure to UV-C is rel-
atively low, comparable to less than 5 min of exposure to sum-
mer sunlight. It is important to note that these findings are 
particularly significant considering the reduced number of air 
passengers during the study period and the implementation of 
mask mandates.
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Fig. 1 illustrates the electromagnetic radiation spectrum, 
highlighting the range of UV germicidal irradiation, which, par-
ticularly in the UV-C range (200–280 nm), is a well-established 
method for disinfecting air, water, and surfaces. This is primarily 
achieved at a wavelength of 254 nm, where UV-C disrupts the 
base pair bonds in DNA and RNA, rendering them incapable of 
transcription or translation (as detailed in Fig. 2).13,28,34

Earlier methods using UV irradiation for decontamination 
(e.g., potable water) had to rely on high-power (tens of Watts), 
low-pressure mercury lamps, which, due to their high output, 
could not be used to directly irradiate the air or surfaces in an 
occupied space without greatly exceeding the published expo-
sure limits (EL) for UV irradiation. Therefore, mercury lamps 
could only be used in unoccupied spaces, shielded from humans 

(e.g., at least 7 ft above the floor or inside the heating ventilation 
and air-conditioning ducts); however, none of these are ideal 
methods because they are limited by the airflow in the space.

In the last decade or so, excimer lamp technology has pro-
vided two excimer combinations: krypton with bromine that 
emits strongly at 207 nm and krypton with chlorine that emits 
at 222 nm. The latter, krypton with chlorine excimer emission 
at 222 nm, has proven a promising path toward safe and effec-
tive disinfection of pathogens with direct exposure of skin and 
eyes. The reason this region, called far-UV, is of such interest is 
that the American Conference of Governmental Industrial 
Hygienists threshold limit values, or ELs, are much higher than 
at the 250–280 nm range. The irradiance at 222 nm can be 
raised at least one, possibly two, orders of magnitude higher 
than for irradiance between 250–280 nm. This increase in irra-
diance allows much faster disinfection of pathogens without 
harming skin or eyes. Much research on the effectiveness of 
excimer lamps in the disinfection of various pathogens is ongo-
ing, as is research in the short- and long-term safety to skin and 
eyes from exposure to 222-nm irradiation.

More recently, the use of low-power UV-C LEDs for the 
inactivation of pathogens, especially airborne pathogens, using 
UV radiation emitted directly into occupied spaces and expos-
ing occupants to a dose below the accepted actinic ELs, has 
been successfully developed. This method is referred to as 
direct irradiation below exposure limits (DIBEL).1 It has been 
demonstrated that UV-DIBEL can be an effective component 
of efforts to combat airborne pathogens such as SARS-CoV-2, 
influenza A, the common cold, healthcare-acquired bacterial 
infections, and others.1 DIBEL technology can achieve signifi-
cant levels of pathogen inactivation by providing direct, contin-
uous radiation into the occupied breathing zone while adhering 
to actinic dose EL.1 Over the last several decades, photobiolog-
ical studies have evaluated the sensitivities of a wide array of 

Fig. 1.  The radiation spectrum (from the National Institute of Health, National Eye Institute. Protecting your eyes from the sun’s UV light. July 5, 2022. Available 
from https://www.nei.nih.gov/about/news-and-events/news/protecting-your-eyes-suns-uv-light).

Fig. 2.  Inactivation of a virus by UV-C light. Adapted from “Ultraviolet (UV) 
photons harm the DNA molecules of living organisms in different ways”; 
illustration by David Herring. In: Allen J. Ultraviolet radiation: how it affects 
life on earth. NASA Earth Observatory; September 6, 2021. Available from 
https://earthobservatory.nasa.gov/features/UVB.

https://www.nei.nih.gov/about/news-and-events/news/protecting-your-eyes-suns-uv-light
https://earthobservatory.nasa.gov/features/UVB
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bacterial, fungal, and viral organisms to UV, particularly 
UV-C.25,35,47 The Allen and Mills study (Allen GR, Mills WD. 
Personal communication; 2023) has shown that inactivation 
rates of aerosolized SARS-CoV-2 and other pathogens have 
been experimentally measured using 275-nm LEDs emitting 
UV light below the EL in a controlled room-sized aerosol 
chamber, confirming the expected D90 dose and the expected 
inactivation times for aircraft application.

According to the ICAO Aviation Multi-Layered Disease 
Defense Strategy, multiple independent methods should ideally 
be used to disinfect both surfaces and air in the aircraft cabin. 
UV-C DIBEL is primarily an air disinfection technology with a 
lesser impact on surface pathogens. Regarding surface disinfec-
tion, the primary methods are manual wiping with chemical 
disinfectants and a one-time sweep of the cabin, while unoccu-
pied, using an intense UV-C source such as a “robot.” Both 
techniques are effective only on surfaces where the manual wip-
ing is done, or where the line-of-sight path from the UV source 
of the robot can “see” the surface. Both techniques are done 
when the cabin is unoccupied and not repeated after the pas-
sengers board the cabin. Both techniques likely leave a signifi-
cant fraction of surfaces that could be touched by passengers 
uncleaned (e.g., under armrests or seats, crevices around but-
tons or controls), and the application of UV-C LED DIBEL 
using current UV-C LED technology will likely not remedy 
those missed sections. If there is no line of sight from the missed 
sections to the UV source of the robot, then there may also not 
be a line of sight to the UV-C LED in the DIBEL system, either.

However, as soon as the cabin is occupied, any surfaces that 
had been cleaned manually or by the robot while unoccupied 
can immediately be recontaminated by a contaminated passen-
ger or article introduced into the cabin. Fortunately, transmis-
sion of most airborne pathogens (and especially SARS-CoV-2) 
via contaminated surfaces (called fomites) is not the primary 
path of transmission between people. Instead, the dominant 
transmission paths are via (large) airborne droplets and, more 
typically, by (small) aerosolized pathogens. This transmission 
would not be due to aerosols left behind by the robot, but rather 
by aerosols exhaled by infected passengers, starting as soon as 
boarding commences.

Even after boarding, when the option for broad cabin disin-
fection with intense “above-EL” UVC doses using robots 
becomes unavailable, it is possible for “above-EL” sources to be 
safely employed as long as they can automatically and redun-
dantly sense the absence of personnel in generally unoccupied 
areas of the aircraft (such as in the lavatories), thus safely disin-
fecting those areas in-between passenger visits. This important, 
most likely path of infection transmission for many respiratory 
pathogens, which is currently missing in the ICAO Aviation 
Multi-Layered Disease Defense Strategy, is addressed by the 
extra layer of UV-C DIBEL protection.

Pathogens may be physically removed from the air in an 
occupied environment by ventilation or filtration of the air. The 
air is first moved to an unoccupied space, where the pathogens 
are inactivated and/or mixed with outside air, and then the 
decontaminated air is returned to the occupied zone.1 Since 

most airborne infectious diseases are either bacteria (or bacte-
rial spores), viruses, or fungi, these pathogens may be inacti-
vated and rendered unable to infect a host by UV radiation in 
the unoccupied space.25,33,55

HEPA filters are capable of filtering viruses of submicron 
sizes, including SARS-CoV-249; however, there are shortcom-
ings of this technology. First, it should be noted that some air-
craft, including most smaller private aircraft and most business 
jets, are not equipped with HEPA filtration. For instance, certain 
private jets and regional airliners, such as the Embraer 145 fleet 
operated by United and American Airlines, lack HEPA filters, as 
do all CRJ200 aircraft flown on behalf of United and Delta. 
Additionally, most regional turboprop aircraft, such as the Dash 
8-1/2/3 Series, Embraer 120, and Fokker 50, provide minimal 
to no filtration of cabin air, as well as the ATR-42/72. Even 
Gulfstream private jets (all models) do not contain HEPA filters. 
Second, in order for HEPA filters to function properly, cabin air 
must flow through the filters, potentially moving air past infec-
tious passengers toward susceptible passengers. Unfortunately, 
airflow patterns created by aircraft ventilation systems can result 
in uncirculated pockets of air, creating dead zones within the 
cabin, reducing the effectiveness of the HEPA system, and 
potentially allowing airborne transmission of disease. Most 
importantly, the most aggressive use of ventilation in aircraft, 
providing up to 30–35 air changes per hour (ACH, described 
below), is overwhelmed by the extreme crowding of passengers 
in the aircraft cabin. Additionally, ACH rates are markedly 
reduced during ground passenger-loading or during times when 
environmental controls are reduced or turned off (engine start 
or external ground support). It has been shown that the ACH 
should be increased by 5–10× to reduce the risk of airborne 
infection to levels comparable to crowded terrestrial settings 
(Allen GR, Mills WD. Personal communication; 2023). Only the 
addition of UV-C disinfection can provide the required supple-
mental ACH inside an aircraft cabin, whereas UV radiation 
applied in DIBEL mode, while occupied, provides direct inacti-
vation of pathogens in the air between the passengers.25,44,60 
Most airborne infectious diseases are easily inactivated by UV 
radiation rendering them unable to infect a host.1,47

The UV-C subset of UV radiation between 200–280 nm has 
been employed extensively in germicidal applications.11,33,34 
Extensive scientific literature exists confirming the applicability, 
efficacy, and safety of UV-C environmental irradiation.26,27,37 
Over the UV-C range, the detrimental effect on pathogens 
occurs because their intracellular components (RNA, DNA, 
and proteins) can absorb UV-C photons.7,25,35 Absorbed UV-C 
photons cause critical damage to the genomic system of micro-
organisms, preventing them from replicating.33 UV light in the 
traditional UV-C range has photon energies that are nearly res-
onant with the absorption bands of DNA and RNA, enabling 
very effective inactivation of many types of viruses, bacteria, 
and bacterial spores, as well as fungi and protists.28,30,41

Although viruses have no active metabolic processes that 
can be interrupted, UV-C primarily inactivates pathogens 
through the creation of dimers in adjacent pyrimidine bases of 
their nucleic acids, interrupting transcription or translation, 
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thus rendering the pathogens inactivated.1,25,34 Therefore, the 
effect of UV irradiation on such pathogens is called “inactiva-
tion” and not “killing.”34 This process is depicted in Fig. 2.

UV-C light is significantly attenuated by the human stratum 
corneum (the outer dead-cell skin layer), the ocular tear layer, 
and the cytoplasm of individual human cells (Fig. 3). Thus, 
very little UV-C light reaches the living cells in the human skin 
or the human eye, causing negligible damage compared with 
the longer wavelengths of UV-A and especially UV-B, which do 
effectively penetrate these sensitive cells.11

Far-UV light (207–222 nm), produced by excimers, has been 
shown to be as efficacious as conventional germicidal UV light 
(low-pressure mercury emission is primarily at 254 nm) in 
inactivating microorganisms,10,11,33 with the advantage that 
shorter wavelengths have shallower penetration into the skin 
and ocular tear layer compared to the conventional, longer- 
wavelength germicidal UV light.37,39,45

Some research groups (e.g., Columbia University), manu-
facturers (e.g., Ushio, Far UV, and Eden Park), and lighting sys-
tem providers (e.g., Acuity) have endorsed the use of far-UV-C 
light (222 nm) in occupied public locations, using excimer 
lamps, as a safe and efficient antimicrobial technology.11 The 
approach is based on the biophysical principle that far-UV-C 
light has a limited ability to penetrate biological materials and 
can effectively inactivate viruses. It cannot penetrate the outer 
dead-cell layers of human skin or the outer tear layer on the 
surface of the human eye.11,45,46 However, if shorter wavelengths 
like 222 nm are used, the potential dangers of emitted ozone 
should be considered. Other limitations of far-UV excimer 
sources for aircraft applications include the possibility that the 
system could be too large (the “bulb” plus its electronic “ballast”, 
and/or to accommodate optics that may be needed to control 
the direction of the UV light), the greater expense than UV-C 
LEDs (ref: Haitz’s Law), and the shorter operating lifetime,1 
pointing to the parity of 222-nm excimer sources relative to 
265-nm LED sources at the present time for aircraft cabin 
applications.

Because of the shallower penetration depth of shorter wave-
lengths of UV-C, the actinic hazard function allows for a higher 
EL at the shorter wavelengths; for example, 229 J ⋅ m−2 at 222 nm 
vs. 60 J ⋅ m−2 at 254 nm, and 37 J ⋅ m−2 at 265 nm (a 6.2-fold 
advantage for 222 nm vs. 265 nm). It is often misstated that this 
means that far-UV (shorter wavelength) is “safer” than conven-
tional UV-C; however, this is not the case.

Far-UV (shorter wavelength, e.g., 222 nm) is allowed a 
higher EL (again, dose = irradiance × time) than conventional 
(longer wavelength, e.g., 254 nm) UV-C, but it is not “safer.” If 
the dose onto a person’s skin or eyes is below the EL of 37 J ⋅ m−2 
at 265 nm, that is comparably safe as a dose below the EL of  
229 J ⋅ m−2 at 222 nm. A 222-nm system will typically be de
signed to operate with a safe margin below the EL of 229 J ⋅ m−2, 
and a 265-nm system will typically be designed to operate with 
a safe margin below the EL of 37 J ⋅ m−2, so that they are com-
parably safe.4 However, as wavelengths become even longer 
(into the UV-B range, above 280 nm), skin-depth penetration 
rises dramatically. This validates that the absorption of UV-C 
by the skin increases rapidly below 240 nm. Thus, the penetra-
tion of the UV irradiance into the basal layer is significantly 
decreased at 222 nm compared to 265 nm.

The question then is how efficacious the 222-nm system is 
when operating somewhat below 229 J ⋅ m−2 vs. the 265-nm 
system when operating somewhat below 37 J ⋅ m−2. At first 
blush, the answer is that the 222-nm system can be 6.2× more 
efficacious, but that is not true. The excimer light source oper-
ating at 222 nm is too large (about 30 mm) to accommodate 
optics to spatially confine the irradiation, while a UV-C LED 
(about 1 mm) can provide a narrow beam using a lens having 
only about a 10-mm diameter. By contrast, LEDs are small 
solid-state compound-semiconductor devices, which can be fit-
ted with lenses to direct light as needed, such as in unoccupied 
spaces. The optical advantage of a small LED (1 × 1 mm) vs. a 
much larger excimer lamp (45 × 60 mm) is readily apparent.

A typical application of DIBEL technology in an occupied 
aircraft cabin is depicted in Fig. 4, showing the UV-C intensity 

Fig. 3.  Penetration of human skin by ultraviolet energy (with Permission, David Sliney, Ph.D., 2023).
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distribution emitted from a single UV-C Puck mounted in the 
ceiling above the aisle, midway between opposing rows of seats. 
Fig. 4 indicates both a narrow “UV-C spot cone” and a broad 
“UV-C flood cone.” Typically, in this application, a linear array 
of UV-C Pucks is mounted along the center of the ceiling of the 
aisle, with UV-C Pucks spaced a few feet apart, sufficiently close 
together that the overlap of the UV-C flood cones provides 
nearly uniform irradiance throughout the occupied space, not 
to exceed the maximum allowed EL.1

Even though the UV-C flood cones provide a dose well 
below the EL to a seated passenger, if a passenger stands up or 
raises a hand in close proximity to the LED source, the EL may 
be exceeded. In fact, the UV-C irradiance (dose) increases with 
the inverse square of the distance between the UV source and 
the subject (i.e., “Inverse Square Law), such that a dose that is 
safe at a distance of 2 ft from the LED will be 4× higher at a 
distance of only 1 ft from the LED. A pair of redundant passive 
infrared (IR) detectors determine if a passenger’s head or hand 
enters the zone where the irradiance exceeds the EL, and then 
turns off the LEDs in that UV-C Puck until the passive IR sen-
sors detect the absence of personnel within the EL range.

In contrast, the UV-C spot cones have a beam width narrow 
enough to be limited to the aisle, with negligible (≪ EL) UV-C 
shining on a passenger seated in a seat adjacent to the aisle. The 
UV-C dose within the spot cone exceeds the EL so that the con-
taminated air within the aisle may be disinfected at a much 
higher rate than that provided by the lower irradiance flood 
cones. To ensure safety, the spot cone is monitored by both a 
pair of redundant ultrasound sensors and a pair of redundant 
LIDAR sensors for each UV-C Puck. The sensing range of the 
sensors is such that if any passenger is standing, kneeling, or even 
lying down in the aisle, the LEDs of that UV-C will be turned off 
until the zone is again unoccupied. Further, if a passenger’s arm 
is extended more than a few inches beyond the armrest, the 

sensors are likewise activated to turn off that UV-C Puck. The 
installation is configured such that within the occupied zone 
(the top of which is depicted by the dashed line in Fig. 4),  
the irradiation is within the allowable EL.1

METHODS

This study employed a rigorous methodology consisting of a 
comprehensive literature review by subject-matter experts, as 
well as a risk-vs.-benefit analysis. The literature review encom-
passed existing research, ensuring that both a thorough under-
standing of the current scientific landscape and a baseline 
understanding of the current foundational scientific under-
pinnings are provided (Allen GR, Mills WD. Personal com-
munication; 2023). In addition, a meticulous risk-vs.-benefit 
analysis was performed using established analytical techniques 
that showed the combined negative impact of influenza and 
COVID-19, including millions of infections, thousands of 
deaths, and substantial negative economic costs, on an annual 
basis (DeJohn CA, Garcia DM, Belland KM. Personal commu-
nication; 2023).

The efficacy of UV irradiation for air disinfection may be 
quantitatively compared with traditional air disinfection tech-
nologies by a method related to ACH. A straightforward exam-
ple of a traditional air-cleaning technology used in aircraft is 
the introduction of outside air and the filtering of recirculated 
air by the cabin ventilation system. A common metric used to 
compare air-disinfection technologies is the air-exchange rate 
(AER) measured in ACH, defined as:

=ACH Q / V

where Q is the airflow rate (m3 ⋅ h−1) and V is the volume (m3).1  
The American Society of Heating, Refrigerating and Air Con-
ditioning Engineers recommends AERs between approxi-
mately 6–8 ACH for residences, 10–12 ACH for offices, and 
14–18 ACH for restaurants and public buildings.22 A typical 
AER in wide-body aircraft is variously quoted between about 
5 ACH on the ground and up to 35 ACH when cruising.52 
When ventilation is used to replace existing, potentially con-
taminated air with fresh air, the air is not flushed through like 
a piston, but rather flows and diffuses from the air inlet to the 
air outlet through the volume of the cabin. When a volume of 
air equal to the volume of the cabin is introduced, only 63% of 
the original air exits the cabin, along with 37% of the newly 
introduced fresh air. With 63% of the existing air replaced by 
fresh air during each air change, it takes 2.3 air changes to 
replace 90% of the original air with fresh air. For example, if 
the AER in the cabin is 15 ACH, then 90% of the cabin air is 
replaced by fresh air in about 9 min. If a susceptible person 
inhales enough airborne pathogens to become infected in less 
than about 9 min, typical for infection by SARS-CoV-2, then 
an ACH of 15 is only marginally good enough to mitigate the 
risk of infection.15,21,60

Air disinfection by UV irradiance can be quantitatively 
compared to air disinfection by ventilation by introducing an 

Fig. 4.  Typical application of DIBEL technology (used in an array fashion) in 
an occupied space. The array in this application could be a linear array along 
the center of the aisle ceiling, with UV-C Pucks spaced a few feet apart, for 
example.
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equivalent ACH (ACHeq) for UV disinfection that is derived 
quantitatively.1

=ACH x E D2.30 /eq 90

where E is the UV irradiance (J ⋅ m−2) averaged throughout the 
volume of the cabin, and D90 (J ⋅ m−2) is the UV dose required to  
achieve 90% inactivation of a pathogen in or on a solid, liquid, 
or gas medium. For example, D90 for SARS-CoV-2 in air in the 
UV-C is about 6 J ⋅ m−2, and23 the irradiance, E, when operated 
at the allowable EL for 265 nm, is 36 J ⋅ m−2, so that the theoret-
ical ACHeq is about 14 per hour if the dose is limited by the EL. 
In practice, an engineering margin of at least 20% below the EL 
should be used and the irradiance cannot be perfectly uniform 
throughout the irradiated volume (assume the average is 50% of 
the maximum), so that ACHeq is reduced by a factor of about 
0.5 × 0.8 = 0.4, so that the theoretical ACHeq = 14 may be about 
5 per hour in practice. Using sensors, controls, and optics, 
ACHeq may be enhanced by a factor of about 10–50. A practical 
system using 275-nm LEDs has been demonstrated with an 
estimated ACHeq of ∼40 per hour.

D90 values for UV disinfection in air at 254 nm for various 
viruses, bacteria, and spores are shown in Table I.1,28 D90 for 
influenza A, common colds, pneumonia, TB, measles, etc., are 
typically about 2–5× higher than for SARS-CoV-2 in the air 
(i.e., about 10–25 J ⋅ m−2), so these other airborne pathogens 
will be inactivated at lower ACHeq rates up to about 50 per hour, 
following the above examples.

Another commonly used designation for dose is D99, which 
is simply twice the D90 dose. That is because the first D90 dose 
inactivates 90% of the pathogens and then another D90 dose 
inactivates 90% of the remaining 10% of pathogens, leaving 
only 1% of the original pathogens.21 Similarly a D99.9 dose 
will be three times that of the D90 dose. The linearity of this 

relationship typically holds through 99–99.9% inactivation, 
then begins to saturate at higher doses.21 This is an enabling 
feature of providing continuous disinfection, whereby the con-
tamination level continuously declines unless additional con-
tamination is added after some initial contamination.

ACHeq is proportional to the UV irradiance (flux density) 
and inversely proportional to D90, as shown in the equation 
above.1 Therefore, to provide the highest possible ACHeq, a UV 
disinfection system (e.g., DIBEL and/or spot) should maximize 
the UV flux throughout the occupied space without exceeding 
the EL. For a UV disinfection system that is limited to DIBEL 
only (without spot beams that locally exceed the EL), Table II 
shows ACHeq values for D90 for 8 h of continuous DIBEL for low, 
medium, and high categories of pathogens in the air at 254 nm.1 
The ACHeq values for 275-nm irradiation would be lower by 
twofold, and for 222 nm, it would be higher by a factor of 3.8.

The DIBEL efficacy estimates in Table II apply only to the 
flood beam in a flood-plus-spot system. The present-day values 
of ACHeq are not hypothetical. They have been confirmed by 
actual measurements of ACHeq, using a flood beam only, in 
a room-sized aerosol chamber provided with aerosolized 
SARS-COV-2 virus using the UV-C LED DIBEL technology as 
presented in this paper. The addition of a spot beam leverages 
the ability to exceed the EL at locations in the cabin that are not 
occupied for long periods of time, such as the aisles, galley, or 
lavatory, by sensing occupancy in the region of the spot beam 
and turning off the spot beam while that zone is occupied. The 
ACHeq in an aircraft cabin is typically enhanced by up to 10× by 
the addition of occupancy-controlled spot beams, such that a 
typical combined efficacy is 30–60 ACHeq, or higher, depend-
ing on the spatial control of the spot beam and the amount of 
UV-C emission available from today’s LEDs, which are rapidly 
improving year by year.

Table I.  D90 Values for UV-C Disinfection in Air at 254 nm for Various Microbes.

PATHOGEN TYPE D90 IN AIR (J/m2) D90 CATEGORY
SARS-CoV-2 Virus 5 Low
Mycobacterium tuberculosis Bacteria 5 Low
Staphylococcus aureus (e.g., MRSA) Bacteria 5 Low
Coronavirus (some common colds) Virus 6 Low
Pathogens responsible for pneumonia: S. aureus (5), Klebsiella pneumoniae 

(7), Pseudomonas aeruginosa (4), Streptococcus pneumoniae (∼5)
Bacteria 6 Low

Escherichia coli Bacteria 8 Low
Influenza A Virus 19 Medium
Adenovirus Virus 44 High
Candida auris Fungus ∼50 High
Clostridioides difficile Bacterial Spore ∼50 High

MRSA = methicillin-resistant Staphylococcus aureus.

Table II.  ACHeq Values for D90 for 8 h of Continuous DIBEL.

D90 CATEGORY IN 
AIR (J/m2) EXAMPLE PATHOGENS

ACHeq (h−1)

2020 (275 nm)
2021  

(275 nm + OPTICS)
2025  

(255 nm + OPTICS)
POTENTIAL 

(225 nm + OPTICS)
Low ∼5 SARS-CoV-2, tuberculosis, 

pneumonia-causing bacteria, MRSA
1.1 4 8 150

Medium ∼20 influenza A 0.3 1.2 2.2 40
High ∼50 adenovirus, C. auris, C. difficile 0.1 0.4 0.8 15
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It is anticipated (although not yet verified) that a flood-only 
(DIBEL) system will provide ACHeq in aircraft applications 
exceeding 100 ACHeq within a few years (see “Potential” col-
umn in Table II), which may be further enhanced by adding 
spot disinfection. This is to be compared with the current typi-
cal range of ACH in aircraft of about 5–30 per hour.

Because of the method used to mathematically derive ACHeq 
for UV disinfection, the ACH values for ventilation and the 
ACHeq values for UV disinfection are additive. For example, if 
the aircraft provides 30 ACH of ventilation and the UV disin-
fection provides 120 ACHeq, then the total ACH in the cabin is 
150 per hour. So, while the ventilation alone would disinfect 
90% of the cabin air in about 9 min, the combination of ventila-
tion and UV disinfection would disinfect 90% of the cabin air in 
about 2 min, or five times faster.12,48

Although the dose is not exactly linearly proportional to the 
risk of infection, the risk of infection will also be significantly 
reduced, comparable to the fivefold factor. This scale of ACHeq 
has been demonstrated in prototypes with today’s LEDs and 
optics. With the rapid advent of improved UV-C LEDs and UV-C 
optics at shorter wavelengths, this 5-fold factor is expected to 
become approximately 30-fold or more within a few years. The 
30-fold improvement will reduce the time to 90% inactivation 
from 2 min down to about 20 s. Notably, from Table II, this 20-s 
disinfection time applies to SARS-CoV-2, TB, pneumonia, and 
methicillin-resistant Staphylococcus aureus (MRSA), while the 
90% disinfection time for influenza A would be about 1 min. The 
eventual capability of UV-C disinfection inside the cabin (90% 
disinfection of many airborne viruses in 20 s) will be comparable 
to the transit time for aerosols from an infected person’s mouth to 
a susceptible person’s mouth a few meters away.

RESULTS

Integrating UV-C light in aircraft cabins, when applied with 
appropriate scientific understanding and engineering safe-
guards, has the potential to reduce in-flight disease transmis-
sion. This additional mitigation strategy can work synergistically 
with existing measures.

DISCUSSION

Every wavelength of light, from UV through IR, can poten-
tially pose a health risk to humans if the dose exceeds the 
allowed EL. The EL for actinic hazard (as provided in Interna-
tional Electrotechnical Commission Standard 62,471:2006) is 
30 J ⋅ m−2 in any 8-h period.1,20 This regulation is based on the 
maximum sensitivity of the human eye, which was found to 
be at approximately 270 nm, and pertains to the fairest skin 
and eye phenotypes, but does not apply to individuals with 
rare drug-induced or genetic hypersensitivity to UV.17,20,39

The known side-effects of overexposure to UV-C radia-
tion include transient corneal and conjunctival photo- 
keratoconjunctivitis and erythema of the skin.1 The National 
Toxicology Program has stated that UV-C radiation is reasonably 

anticipated to be a human carcinogen, and the International 
Agency for Research on Cancer has reported that UV radiation 
(including UV-A, UV-B, and UV-C) is carcinogenic to humans.2

Most skin cancers are a result of exposure to the UV rays 
in sunlight. Both basal cell and squamous cell cancers 
(the most common types of skin cancer) tend to be found 
on sun-exposed parts of the body, and their occurrence 
is typically related to lifetime sun exposure. The risk of 
melanoma, a more serious but less common type of skin 
cancer, is also related to sun exposure, although perhaps 
not as strongly.2

Fortunately, radiant energy in the UV-C band has very 
shallow penetration depths, which accounts for the superficial 
nature of any injury from excessive exposure. These effects are 
transient, lasting 24–48 h, because only the corneal epithelium 
and the superficial epidermis are significantly affected, and 
normal cell turnover soon causes the signs and symptoms to 
resolve.45,46,56

Recent studies show no evidence of induced skin cancer or 
other skin abnormalities after long-term (66 wk) chronic expo-
sure to 222-nm far-UV-C radiation, which underscores that 
there is little to no anticipated risk associated with in-flight ger-
micidal use of far-UV-C. In short, the use of UV-C as a disin-
fecting tool outweighs safety issues with the standardization of 
dose.37,41,54

UV is no more hazardous than visible or IR light when the 
dose is maintained below the appropriate EL. Conversely, when 
received at a dose exceeding the EL for visible light, visible light is 
more hazardous than UV light when the UV light is maintained 
below its respective EL.1,16 DIBEL protocols can ensure that the 
dose (irradiance × exposure time) received by individuals in the 
irradiated space remains below the EL. The limits defined by 
these protocols represent the conditions to which individuals can 
be repeatedly exposed for 8 h ⋅ d-1 over a working lifetime with-
out the risk of photobiological effects such as skin or eye damage. 
For perspective, a DIBEL system operating for 8 h below the 
allowed EL for UV-C poses less risk than 5 min of sunshine per 
day.1 In addition to the superficial short-term risks, the long-term 
risk from an accumulated daily exposure to 254-nm radiation at 
the EL received over 8 h, 5 d ⋅ wk-1 for 20 yr, would increase the 
risk of nonmelanoma skin cancer by a factor of about 0.37%.1

Furthermore, per the well-established photobiological effect 
of time-weighted averaging (TWA), receiving an irradiance 
exceeding the EL for a brief, or even extended, time does not 
create a hazard to the skin or eyes, unless the dose (irradiance × 
time) exceeds the 8-h allowed dose per the EL. In other words, 
a person may receive 10× the allowed irradiance for 30 min and 
accrue only five-eighths of the TWA dose that is allowed for 8 h. 
In addition, the TWA is a time-moving 8-h average, such that 
the allowed dose is effectively renewed every 8 h due to the rel-
atively short recovery time of the human skin and eyes to the 
UV-C dose.3,48

With the increasing application of UV-C lamps for disin-
fection, questions regarding the generation of ozone in the air 
have been raised, making ozone concentration an important 
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design consideration when using UV-C emitting lamps.13 The 
Occupational Safety and Health Administration limit for 8-h 
exposure to ozone is 0.1 ppm, and the Food and Drug 
Administration limit for long-term exposure is 0.05 ppm. The 
minimum detectable (smell) level for a typical person is 
0.01–0.04 ppm. Fortunately, current DIBEL protocols result in 
ozone production which is 10−3× lower than the Food and 
Drug Administration long-term limit with a 1-MW UV LED 
at 254 nm.51

UV devices for disinfection of frequently touched surfaces 
and circulating air streams are in use in public, high-traffic 
spaces worldwide, including vehicles, hospitals, airports, and 
shopping malls.30–32 Although UV irradiation has been used 
for disinfection for many years, in the past it has mostly been 
limited to applications where humans are absent or shielded 
from the UV source. DIBEL is a method of applying germicidal 
UV radiation in a way that occupied spaces may be directly dis-
infected by limiting UV to doses that are below industry-accepted 
ELs for repeated exposure of humans, while simultaneously 
maintaining doses above those required for acceptable reduc-
tions of pathogenic organisms in the space.1

The benefits of a DIBEL technology that differentiate it from 
conventional disinfection technologies include:

•	 continuous, direct disinfection while occupied; and
•	 no required air movement, so that disinfection occurs in the 

space between an infected person and susceptible people, 
providing an effective shield between infectious and suscep-
tible individuals that is proportional to the ACHeq provided 
by the DIBEL system.1

In the event of accidental overexposure, the risks are also 
well-established and demonstrated to be minor relative to the 
benefits of disease prevention.45,54,56 High-traffic areas with 
increased risks of aerosolization and dissemination due to air-
craft airflow dynamics (such as lavatories) should, at a mini-
mum, be equipped with UV-C disinfection.14,24,59

In summary, far-UV-C light is anticipated to have about the 
same antimicrobial properties as conventional germicidal UV 
light, but with higher allowed exposure limits than for longer UV 
wavelengths.11,37,39 The findings in this document are supported 
by peer-reviewed datasets and accepted analytical techniques. 
Current evidence suggests that utilization of UV-C light in flight 
can be an additional effective, synergistic risk-mitigation strategy 
that will ultimately reduce transmission of infectious diseases, 
including existing and emerging airborne infections (viral, bacte-
rial, and fungal).5,6,43 The risk-vs.-benefit analysis favors the con-
tinuous use of airborne UV-C below exposure limits.
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