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Executive Summary

UV-C radiation in the wavelength range 200 — 225 nm (i.e., ‘far UV-C radiation’) has received public
attention for claims of disinfection capabilities and safety of human skin and eye exposure; this is
contrasted to ‘conventional’ germicidal ultraviolet irradiation (UVGI) in the wavelength range 240 — 280
nm, which is well accepted as an effective disinfectant but also known to be hazardous to human skin and
eyes under direct exposure. Lamp technologies covering both spectral ranges have existed for many
decades, though far UV-C has not been widely applied. Laboratory studies have shown that far UV-C
sources can inactivate microorganisms at comparable rates to, or faster than, conventional UVGI sources.
The two technologies share common disinfection pathways, where direct photolysis of DNA/RNA and/or
proteins inactivates the target pathogen. Radiation across the UV-C spectrum is a known disinfectant,
though the volume of research on far UV-C disinfection is substantially smaller than that of mature UVGI
technology.

‘Skin safe’ claims for far UV-C are based on the concept that the higher energy radiation at these shorter
wavelengths is absorbed by outer protective skin cells (stratum corneum), or in the case of eyes, the outer
tear layer, and therefore does not reach susceptible tissue to cause damage. By contrast, bacteria and
viruses do not have such shielding and are directly exposed. Skin and eye safety claims are supported by
several studies in live mouse models, mouse tissue, and human tissue models with promising findings;
though more work is required, the evidence suggests the absence of conventional skin damage indicators
that would typically result from UVGI. To date, no clinical or long-term studies of human exposure have
been conducted and the effect on injured skin or eyes is unknown. Such work is essential in determining
the safety of this technology before any wide-spread application

While initial findings are positive, further investigations are required on any secondary impacts of the
technology when used in the presence of humans. For instance, the potential for unexpected
photochemical reactions, e.g. in cosmetics or clothing; the potential for generation of ozone during
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continual operation or within enclosed spaces; and determination of threshold limit values (TLVs) for safe
daily exposure are all topics that need to be better understood.

Far UV-C is a promising technology application, though currently in the early stages of research. There is
not yet sufficient evidence to support widespread application where direct human exposure is
anticipated. The IUVA recommends that far UV-C not be implemented as an unshielded disinfection
technology until sufficient evidence for safety is presented, and suitable protocols for application are
established.

Scope

This white paper was produced by a working group of the International Ultraviolet Association (IUVA), an
organization established to provide a forum for the discussion of all scientific and technological issues that
relate to the use of ultraviolet light. This particular working group consists of IUVA members ranging from
UV equipment manufacturers, scientists, engineers, to consultants, and members of the medical
profession.

The objective of this work is to provide an impartial presentation of the available facts on the technology
commonly referred to as ‘far UV-C’ and an analysis based on expert interpretation and knowledge of the
field of UV disinfection, safety, and public health. The IUVA does not endorse any private entities discussed
herein, nor will it pass comment on the accuracy or validity of claims made by individual vendors.

The UV spectrum & far UV-C

The ultraviolet spectrum is a band of electromagnetic radiation at higher energies than visible light, split
into four major categories: UV-A (400 — 315 nm), UV-B (315 —280 nm), UV-C (280 — 200 nm), and vacuum-
UV (VUV, 100 — 200 nm). Far UV-C is a sub-classification of UV-C in the 200 — 225 nm range.
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Figure 1. Electromagnetic spectrum and the position of ultraviolet radiation within it.

Disinfection by ultraviolet radiation

UV-A and UV-B are present in sunlight at the earth’s surface; these parts of the ultraviolet spectrum are
common causes of sunburn and, with longer-term exposure, various forms of skin cancer including
melanoma. The risks of human exposure to UV-A and UV-B are well known. Solar UV may be used for
disinfection purposes (SODIS), where exposures on the order of several hours to days can be effective at
treating surfaces and water. Artificial sources of UV-A and UV-B are not commonly used for disinfection.

UV-C radiation, and more specifically germicidal ultraviolet in the 240 — 280 nm range (UVGI), has been
used for pathogen disinfection for over a century, with applications in water treatment, in air systems,
and on surfaces. The use of UVGI as a disinfectant is supported by decades of scientific research. UV-C
radiation is absorbed by DNA and RNA (the genetic code for all lifeforms), changing its structure (Jagger
1967; Harm 1980). This damage inhibits the ability of the affected pathogens to reproduce, meaning that
they cannot infect and are no longer dangerous. Whereas the UV exposure required to inactivate different
microorganisms varies there are no known microorganisms that are immune to this treatment; UVGI is
regularly used against bacteria, viruses, and protozoa. Far UV-C radiation functions in a similar manner to
UVGI, though the absorption by proteins in this wavelength range may play a larger role in inactivation
(Taylor 2020).

VUV is not commonly used for disinfection. High-energy VUV photons break apart oxygen molecules in
air, ultimately leading to ozone formation, which causes irritation of the human respiratory system and
some external tissues; this chemical by-product limits air and surface disinfection application of VUV. In
water treatment applications the strong absorption of VUV by water can limit reactor efficiency. Similar
effects are also observed in short-wavelength UV-C radiation, along with the attendant limitations to
application.
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UV disinfection is controlled by two key parameters: wavelength and total UV exposure (commonly
referred to as UV dose). Germicidal efficacy varies with UV-C wavelength and is unique to the pathogen
being targeted—the germicidal action spectrum describes this response. Though germicidal action spectra
vary among microbial species (Beck 2015) a common feature is a local peak in the 260 — 270 nm region,
and hence the historic focus of conventional UVGI systems. Wavelengths below 230 nm are typically highly
effective for inactivation but have been less widely researched.

Krypton chloride excimer (KrCl*) lamps with peak emission of 222 nm are the most commonly studied far
UV-C range sources. Studies have shown KrCl* lamps to be effective against a wide range of pathogens,
including: viruses such as influenza (H1IN1), alpha and beta coronaviruses, and adenovirus (Welch 2018,
Buonanno 2020, Beck 2014; Hull and Linden 2018); vegetative bacteria such as Staphylococcus aureus,
Escherichia coli, and Bacillus subtilis (Clauss 2009, Matafonova 2008).

For a given wavelength, the degree of inactivation (measured as log reduction) is governed by the UV
dose, being the product of irradiance (UV power per unit area) and exposure time. The design of a
disinfection system must define a microbial target and a desired degree of disinfection. Decades of
dedicated research has provided a large database correlating conventional UVGI dose to degree of
disinfection (Malayeri 2016). Though data exists for far UV-C, it is relatively sparse and requires more
careful definition of required doses for inactivation. Like conventional UVGI, the efficacy of far UV-C is
species-dependent and each application must be assessed based on its requirements.

Though the capability of far UV-C radiation as a disinfectant is well demonstrated, validation of its
performance in field applications is generally lacking. For conventional UVGI, protocols have been agreed
by academia, industry, and regulators for the validation of systems prior to use; this allows for the safe
and effective application of UVGI. However, no such accord exists for far UV-C application and bespoke
protocols must be defined to assess manufacturers’ claims.

Sources of far UV-C radiation

UV-C disinfection relies on the generation of radiation from artificial sources. The most common far UV-C
sources are KrCl* excimer lamps (tubular or micro-plasma type), in which a voltage applied across a sealed
chamber containing the gas mix causes spontaneous generation of UV-C photons. Emission spectra from
KrCI* lamps show a dominant peak at 222 nm with full-width-half-maximum ~4 nm and often a long-
wavelength ‘tail’ through the UVGI UV-C range; these off-nominal emissions represent ~5% of the total
power output of a typical unfiltered KrCl* lamp. Though optical filtering can be used to limit emissions
outside of the 222 nm peak, excimer sources are not monochromatic (Figure 2) and the full emission
spectrum must be considered when evaluating their safety.
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Figure 2. Emission spectra from three commercially available KrCIl* lamps, data collected independently within authors’
laboratories.

Safe for human exposure?

UV-C radiation is absorbed by biomolecules and can damage cellular processes. However, multi-cellular
organisms which have evolved environmental protection mechanisms, such as the stratum corneum in
humans, may be shielded from these effects by absorption of harmful radiation by these means
(Buonanno 2013, Brenner 2017). The biophysical rationale for the ‘skin safety’ of far UV-C follows exactly
this principle, i.e., that the harmful radiation cannot reach the live skin cells and thus cannot cause harm.
Ocular damage (e.g. photokeratitis) under UV-C exposure is also a concern, though it is claimed that the
tear layer affords a similar protection to the live cells (cornea) underneath (Welch 2018) the authors were
not able to identify an evidence base for this claim within the literature.

Chronic and acute exposure to far UV-C has been studied in mice and human skin models (Narita 2018,
Buonanno 2017, Yamano 2020). These works focus on 222 nm radiation (from optically filtered KrCI*
sources) and observation of any conventional UV damage indicators such as DNA lesions. 207 nm sources
and wider skin damage indicators have also been considered, including indicators for skin inflammation
and differentiation. Protein damage is known to be more prevalent at shorter UV-C wavelengths (Beck
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2018), resulting in viral capsid damage and inhibition of viral infectivity (Vazquez-Bravo 2018); however,
more work is required to build a comprehensive understanding of this process.

One in vivo study of human skin exposure is presently known in the literature (Woods 2015). This study
used a KrCl* excimer lamp as provided by the manufacturer, without any additional optical filtration;
erythema and DNA damage were observed at moderate irradiation levels (40 — 101 mJ cm?). The article
claims that such exposure would not provide sufficient disinfection, though more recent literature (cited
above) indicates that UV doses in this range could result in meaningful disinfection. Due to the impure
spectrum of this source, the study is neither evidence for or against the safety of far UV-C radiation for
human; however, it is a strong indication of the need for careful consideration of the technology when
discussing potential human exposure.

Common limits are agreed for the maximum daily exposure to artificial UV-C by the International
Committee on non-lonizing Radiation Protection (ICNIRP 14/2007), American Conference of
Governmental Industrial Hygienists (ACGIH 2008), European Commission (2006/25/EC), American
National Standards Institute/llluminating Engineering Society (ANSI/IES RP-27.1-15), and International
Electrotechnical Commission (CEI/IEC 62471:2006). Agreement on a spectral weighting and overall
exposure limit allows for these standards to be summarised into Figure 3, showing the expected daily (8-
hour equivalent) safe exposure limit as a function of wavelength across the UV-C spectrum. It should be
noted that these limits are set for a maximum unintentional exposure and are not intended to define
repeated exposure guidelines.

Consider these limits in terms of an acceptable exposure to even a low irradiance of 0.1 mW c¢cm: the
maximum exposure of a 254 nm source would be 1 minute, and less than 4 minutes for a 222 nm source.
Though expected safe exposure limits of far UV-C are higher than those of conventional UVGI far UV-C
remains widely considered to represent a skin and eye damage hazard to be managed.
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Figure 3. Summary of daily exposure limits as a function of UV-C wavelength as determined by ACGIH, ICNIRP, 2006/25/EC,
ANSI/IES RP 27.1-15, CEI/IEC 62471:2006 (common limits), and as per GB/T 21005 and CIE 187 for human skin erythema.

An outlier to the agreed limits is GB/T 21005:2007, UV erythema reference action spectrum, standard
erythema dose and UV index (China), which defines the daily exposure limit as a flat value of 10 mJ cm?
from 250 — 280 nm; wavelengths below 250 nm are not considered. The supporting evidence is drawn
from the same dataset as CIE Technical Report 187:2010 (recently made freely available online:
https://bit.ly/2C7fbn0) and makes similar considerations. The report concludes that the risks associated
with erythema and non-melanoma skin cancer from chronic exposure are lower than as reported by the
ACGIH. However, CIE 187:2010 does not consider acute exposure risk, considers only 254 nm low pressure
mercury lamps, does not extend their analysis to wavelengths below 250 nm, and explicitly considers risk
from upper-air disinfection systems not intended for direct human exposure. The report provides a
valuable contribution to the discussion of proper hazard weighting of UV-C to humans but does not
provide conclusive arguments relative to the application of far UV-C.

The disinfection effect imparted by a UV source is dependent on a number of design and experimental
factors and can vary substantially as a result. In summary, the fluence required to achieve common
disinfection targets often exceeds these limits, and where the limit is higher, it is not by more than an
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order of magnitude. Thus, a broad ‘safe disinfection window’ does not exist and any application must be
carefully reviewed.

These standards and legislation were not developed within a risk-based framework to determine a safe
dose of UV irradiation for continued human exposure. Instead, the intent was to define the harm
threshold for the maximum unintentional exposure that might occur from incomplete containment of a
UV source. They do not recommend the limits for direct exposure of human tissue to UV-C radiation and
do not establish protocols for intentional exposure.

Further considerations

Besides the direct interaction of far UV-C radiation with living tissue, other photochemical reactions with
clothing, cosmetics, environmental pollution, building materials, etc. should be considered when
assessing the suitability of a far UV-C application in populated areas. The limitation of UV-C study to
controlled settings means that comprehensive evaluation of its interactions with human environments
has not been undertaken.

The Chapman Cycle (Chapman 1930) describes the competing processes of ozone generation/dissociation
from/to molecular oxygen by UV radiation. At its most superficial level, net ozone production occurs in air
under UV radiation <242 nm; net ozone dissociation occurs in air under UV radiation >242 nm (Fabian &
Dameris 2014). Therefore, systems designed to apply far UV-C radiation either to or through air will
generate some ozone during their operation; however, the risk posed by this generation will depend on
the UV power, air flow/stagnation, operation duty cycle, UV spectrum, etc. Accordingly, risk of ozone
exposure should to be included in an overall evaluation of safety for far UV-C irradiation in the presence
of humanes.

If plans to roll out far UV-C technology continue as proposed by its advocates there will not be sufficient
time for the scientific community to reach consensus on its safety. In this case, it may be fully reasonable
for members of the public to hold reservations against its application. Management of the rights of
individuals to not be exposed to a technology which is not proven to be safe may pose the greatest
challenge to its application.

Conclusion

Far UV-C radiation in the 200 — 225 nm range has been demonstrated as a broadband disinfectant. It is
reasonable to assume that far UV-C will be effective in a wide range of disinfection applications for air and
surface treatment. However, more work is required to understand the variation of its efficiency against a
wider range of pathogens of interest and the suitability of each application must be assessed on a case-
by-case basis.

Claims of skin and eye safety are supported by early findings in mouse tissues, live mouse models, and 3D
human tissue models, and at chronic exposure levels above those required to achieve a disinfection effect.
To date, these studies have not extended to the exposure of human individuals and so conclusive evidence
on acute and chronic exposure are lacking. Crucially these works should include considerations of risk
factors across a broad range of characteristics such as age, gender, race, and medical conditions.
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Besides scientific understanding, a better discussion of the core technology is required. Current excimer
lamp technology requires optical filtering of the long-UV-C wavelength emission spectrum if these are to
be used as far UV-C sources for general use. Promotion and sale of unfiltered lamps as ‘skin safe’ by
unscrupulous (or uninformed) manufacturers poses a notable risk to public health.

The systematic application of high-energy UV radiation across human environments requires greater
study into indirect or secondary risk factors, such as interactions with cosmetics, the generation of ozone
or other reactive species, and the degradation of materials in the built environment.

There is a burden of proof for overwhelming positive evidence when proposing the introduction of
widespread exposure of humans to radiation categorised by the US National Toxicology Program (NTP
2016) as “Reasonably anticipated to be a human carcinogen”. Far UV-C is a promising technology which
demands further investigation, though it is the opinion of the IUVA that this burden of proof has not yet
been met.
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