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Coronavirus disease (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In indoor environments, a structured strategy is needed to reduce the risk of infection. In addition to maintaining proper ventilation and wearing face masks, the development of effective technologies for limiting the transmission of SARS-CoV-2 through infectious respiratory particles (IRPs) has been studied. UV-C devices have already proved effective against other types of microorganisms and have also been investigated for their potential in inactivating SARS-CoV-2. This work aims to review and discuss these findings while also presenting recommendations for future research. Based on the available data, UV-C proved to be effective in the inactivation of airborne SARS-CoV-2 or its surrogates. The main gaps in this research have also been highlighted, and some outlooks for future studies have been suggested. In some studies, the use of surrogates with higher susceptibility to UV-C than airborne SARS-CoV-2 or the consideration of total bacterial counts alone may have led to misleading results. The question “how much variables affect the inactivation rate of airborne SARS-CoV-2 by UV-C in indoor environments?” is still unsolved, considering that the number of studies on the inactivation of this virus in real indoor environments is quite limited. The outcomes of this study can be useful for the scientific community, the technical stakeholders (e.g., managers in the healthcare and transport sectors), and the common people, providing important information about the performance of these technologies to improve the quality of air in indoor environments.
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1 INTRODUCTION
Considering that, in industrialized countries, several studies estimate that people spend more than 80%–90% of their time in indoor environments, there has been increasing concern in recent years about the effect of the indoor air quality (IAQ) on human health (Leung, 2015; Spiru and Simona, 2017; Cincinelli and Martellini, 2017). In indoor environments, even the position of furniture can impact the IAQ by affecting the ventilation efficiency (Hormigos-Jimenez et al., 2019).
In the literature, to avoid or reduce the impact of bad IAQ on human health, three approaches are generally followed: (i) reducing the number of sources of emissions, (ii) reducing the amount of pollutants emitted, and (iii) improving the distribution of flows in indoor environments (Batault et al., 2017; González-Martín et al., 2021; Ahmadzadeh et al., 2021; Zuazua-Ros et al., 2023). In this last case, CO2 could be a valid indicator of the bioeffluents released by the occupants of the indoor environment and, therefore, can highlight when the air exchange rate is not adequate (Settimo et al., 2020; Settimo and Avino, 2021; Settimo et al., 2023). However, these strategies are not always feasible or effective and can depend on several factors, such as the pollutants, the characteristics of the indoor environment, and the interactions with the outdoor environment, and may generate additional energy consumption (Batault et al., 2017).
Among the pollutants, the control of airborne microorganisms in indoor environments, especially pathogenic microorganisms, represents a priority. They can be released by infected people or entered through natural and mechanical ventilation systems and transported by dust and particulate matter (PM) (Kumar et al., 2022). Several types of pathogenic microorganisms can be present in the indoor air with potential adverse impacts on human health, such as bacteria (e.g., Escherichia coli, Pseudomonas fluorescens, Legionella pneumophila, and Mycobacterium), viruses (e.g., MS2, Norovirus, and adenovirus), and fungi (e.g., Aspergillus versicolor and Aspergillus niger) (Song et al., 2022).
Several types of treatments for indoor air pollution have been investigated for their effectiveness in removing microorganisms (e.g., fibrous filters) or inactivating them (e.g., ultraviolet (UV) lamps and plasma devices) (Feng et al., 2021; Assadi et al., 2022). Filtration technologies can remove up to 99% of microorganisms, but if proper maintenance is neglected, the possibility of potential re-emission of fungi or bacteria is significant (Mata et al., 2022). Plasma devices seem to be promising in the inactivation of pathogens with an inactivation efficiency of more than 99% for total microbial counts and total fungal counts (Jangra et al., 2023). Furthermore, the use of UV irradiation proved to be an effective approach for air disinfection (Blatchley et al., 2023). UV-A (315–400 nm) and UV-B (280–315 nm) wavelengths are very dangerous for humans and animals because they can penetrate the skin and cause skin cancer and immune system disruption (Memarzadeh, 2021). For this reason, they are generally not used for indoor air disinfection.
UV-C technologies exploit the spectrum of wavelengths from 200 to 280 nm to damage the microorganisms affecting the replication of DNA and RNA (Szczotko et al., 2022). This does not directly kill the microorganism but has an inactivation effect, disrupting its replication and viability (Szczotko et al., 2022; Nguyen et al., 2022a). Generally, UV-C can be produced by (i) low-pressure mercury vapor lamps, (ii) excimer lamps, (iii) light-emitting diodes (LEDs), (iv) pulsed-xenon, or (v) special lamps specifically designed to emit the desired wavelength of UV light, such as far UV-C lamps (emission at 200–230 nm wavelength) (Memarzadeh, 2021; Demeersseman et al., 2023).
The application of UV-C radiation is a well-known strategy for the disinfection of indoor air, with several examples of application, especially in healthcare facilities and indoor public spaces (Atci et al., 2021; Nguyen et al., 2022b; Pereira et al., 2023). Generally, the UV-C lamps can be placed (i) directly in the room which requires air disinfection, irradiating the upper air or the entire room (in this case, in the absence of people), or (ii) within enclosed air systems that recirculate the air in the room (Corrêa et al., 2021).
Despite the absence of the need for chemical reagents, some drawbacks of UV-C disinfection have been highlighted. For instance, in the case of human overexposure, conventional UV-C lamps emitting at 254 nm can determine the effects on skin and eyes. To overcome this drawback, far UV-C lamps that emit at wavelengths less than 230 nm have been investigated (Görlitz et al., 2024). The limited penetration depth in the human skin reduces the potential damage to human health, but they could generate ozone as a byproduct due to the interaction of UV rays with oxygen in the air, and if inhaled, it can cause adverse effects on human health (Görlitz et al., 2024; SCHEER, 2017). Graeffe et al. (2023) discussed the unwanted indoor air quality effects, highlighting that commercial high-intensity UV-C lamps can determine a significant increase in gas concentration and particle numbers with potentially adverse effects on human health. Recently, the scientific community has also focused on the use of LEDs as UV-C sources, given the high power density, the low energy consumption, and the absence of production of ozone (Palma et al., 2024).
In any case, this technology remains promising for the disinfection of indoor environments. For instance, Pseudomonas aeruginosa was effectively inactivated by UV-C (emission at 265 nm) up to 90% with a dose equal to 984 μJ cm−2 (Nguyen et al., 2022a). UV-C devices were also investigated for their effectiveness in healthcare facilities, showing encouraging results for the inactivation of Gram-negative bacilli (de Souza et al., 2022). This approach also proved to be useful for removing the vaccinia virus (as a surrogate for the smallpox virus) from the air of a simulated hospital scenario in order to reduce the risk of infection in indoor environments (McDevitt et al., 2008).
The recent COVID-19 outbreak posed a challenge to the scientific community in finding solutions to limit the spread of the pandemic. COVID-19 is caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Al-Aly et al., 2022). Studies have confirmed that the disease can also be transmitted through airborne particles by asymptomatic infected people, making it difficult to contain the spread of the virus (Wang et al., 2020). For this reason, many governments imposed severe lockdowns in order to limit social activities and contact between people (Lai et al., 2020; Collivignarelli et al., 2021b; Wang H. et al., 2022). In some countries, the use of face masks was also imposed both in indoor and outdoor environments to prevent the release of infectious respiratory particles (IRPs) and the subsequent inhalation by non-infected people (this last protection is not provided with surgical masks) (Wang et al., 2021; Ma et al., 2022).
Another study showed that SARS-CoV-2 remains viable in the air for up to 3 h (Wang et al., 2020), where it can be transported and accumulate on surfaces, persisting for more than 1 day on materials such as plastic and steel (van Doremalen et al., 2020). Although the chronic role of air pollution in increasing the severity of the disease among exposed people has been confirmed, studies on the acute effect of PM on SARS-CoV-2 transmission outdoors are conflicting due to the potential rapid inactivation of the adsorbed virus (Travaglio et al., 2021; Belosi et al., 2021; Paital and Agrawal, 2021; Collivignarelli et al., 2021a; 2023; Pivato et al., 2021). In indoor environments, the role of PM in the spread of SARS-CoV-2 is not completely clear, with studies presenting conflicting results regarding the presence of viral RNA adsorbed onto particles (Santurtún et al., 2022).
To date, it is not clear not how much the different environmental variables affect the rate of inactivation of SARS-CoV-2 in indoor air as this process generally depends on a combination of factors rather than a single variable. In any case, SARS-CoV-2 is very sensitive to high temperatures and sunlight (Jarvis, 2020), so it is plausible to think that the virus could potentially easily spread in indoor environments (e.g., hospitals, transports, and offices), where these conditions are not always granted. Specifically, it has been proved that high-intensity sunlight (such as in summer) can reduce the infectious concentration by 90% in the IRPs, three times faster with respect to low-intensity sunlight conditions such as in winter (Azuma et al., 2020). In general, the distribution and spread of infectious respiratory particles can be influenced by several factors such as the type of pathogen, particle size, health status of the host, mode of expulsion, and environmental conditions (WHO, 2024). In addition, proper ventilation of the environment (artificial or natural) helps reduce the risk of SARS-CoV-2 airborne transmission by reducing the IRPs in the indoor environment (Chen et al., 2021). However, proper ventilation is not always granted (Chen et al., 2021; Ding et al., 2022), and wearing masks can significantly reduce the risk of being infected in an indoor environment by at least two orders of magnitude compared to the “no-mask” scenario (Liu and Qian, 2022). However, this cannot be assumed as a resolutive control measure if not properly coupled with other preventive strategies, such as air disinfection. For instance, even with mask protection, the airborne SARS-CoV-2 in the hospital environment is reduced but not completely avoided (odds ratio of 0.41 vs. 2.56 in case masks are not worn) (Ribaric et al., 2022). In another study, Andrejko et al. showed that wearing an N95/KN95 mask reduces the odds ratio of testing positive after indoor events by 83%, but complete protection (100%) against infection is not provided (Andrejko et al., 2022).
As reported by Niazi et al. (2021), IRPs with dimensions smaller than 2.5 µm can remain suspended in the air for hours. In this case, the use of an adequate face mask, along with other measures, such as maintaining distance, may not be sufficient to reduce the risk of infection with airborne SARS-CoV-2 due to the ability of these IRPs to penetrate/circumnavigate the masks (Niazi et al., 2021).
For this reason, the use of adequate devices for removing or inactivating SARS-CoV-2 from indoor air environments is necessary. Several approaches have been tested, such as filtration, ionization, non-thermal plasma, reactive oxygen species, use of chemical aerosol disinfectants, and heat (Berry et al., 2022; Dowell et al., 2022). However, these studies were mainly carried out in laboratory conditions, especially for chemical and physico-chemical disinfection, with few data on the potential production of polluting and reactive byproducts—potentially harmful to human health. In this field, UV-C devices were also investigated to prevent the spread of the disease in indoor environments, but, to date, the number of reviews on the application of this type of device is strictly limited. For instance, Pertegal et al. (2023) reviewed possible technologies for the inactivation of pathogenic microorganisms in indoor environments, but they did not focus specifically on UV-C (including also, for instance, electrochemical technologies, filtration membranes, and irradiation systems) and SARS-CoV-2. Blatchley et al. (2023) discussed the advantage of using these systems for pandemic control but focused only on far UV-C devices (without considering the effectiveness of emissions at higher wavelengths). García de Abajo et al. (2020) mainly focused on the different configurations of UV-C systems and integration with heating, ventilation, and air-conditioning systems for preventing COVID-19 spread, but they did not provide details on the results of the previous tests conducted on SARS-CoV-2 or its surrogates. Memarzadeh (2021) discussed the potential application of UV for indoor disinfection but without focusing on the application of UV-C devices for SARS-CoV-2 inactivation in the IRPs.
Bhardwaj et al. (2021) reviewed the application of UV-C radiation for indoor air disinfection from coronaviruses while also reporting details regarding the performance of these devices in the inactivation of SARS-CoV-2. However, this last work dates back to the end of 2021, and according to our bibliometric analysis in Scopus® (see Section 2 for search criteria), half of the documents on this topic have been published since 2022.
This work aims to review and discuss the effectiveness of UV-C treatment for SARS-CoV-2 inactivation in IRPs, highlighting the current gaps in the research and suggesting some outlooks for the new studies.
The outcomes of this study can be useful for (i) the scientific community, suggesting tips for future studies according to the main gaps in the research; (ii) the technical stakeholders (e.g., managers in the healthcare and transport sectors), discussing the main application of UV-C for controlling the spread of SARS-CoV-2, other coronaviruses, and pathogenic microorganisms in indoor environments; and (iii) the common people, providing important information about the performance of these technologies to improve the quality of air in common spaces (e.g., houses and offices).
2 METHODOLOGY
This work aims to present and discuss the results of the application of UV-C as disinfection technologies for the inactivation of SARS-CoV-2 in indoor air. The paper wants to determine if UV-C could be considered a tool for preventing COVID-19 spread in indoor environments.
Considering the aim of this work, the literature was screened following the preferred reporting items for systematic reviews and meta-analysis (PRISMA) guidelines (Page et al., 2021). In order to avoid overlooking relevant documents, the search was restricted to only articles dealing with SARS-CoV-2 during a second manual screening.
Therefore, in the first screening, the equation “(UV-C OR UVC) AND (virus OR microorganisms) AND indoor” in the “abstract, title, and keywords” field has been used. Scopus® was chosen as the database in order to avoid non-peer-reviewed documents. To discuss novel results, only research articles were considered, excluding review papers, conference proceedings, and books. Documents not written in English were also excluded. After this first screening, 59 documents were selected (Figure 1).
[image: Figure 1]FIGURE 1 | Results of the literature search and studies included in the analysis.
The documents were subjected to a second screening in order to retain only papers directly related to the topic. For instance, documents (i) not referring to SARS-CoV-2, (ii) only based on data estimated by models, (iii) referring to UV-C application for outdoor environments, (iv) reporting only aspects such as built criteria and energy optimization, or (v) presenting data on the effectiveness of UV-C only on surfaces were excluded. Papers focused on UV-C applications for air disinfection of other coronaviruses were taken into account, considering the possible similarities with SARS-CoV-2 (Xu et al., 2020; Bassetti et al., 2020; Zhou et al., 2021). In total, 12 articles were reviewed and included in the manuscript.
The number of cited references in this work is higher because the documents related to aspects such as (i) the concept of indoor air quality, (ii) the general characteristics of UV-C systems, (iii) the effectiveness of UV-C devices on other microorganisms, and (iv) the spread of SARS-CoV-2 and health issues have been retrieved using specific keywords (e.g., “indoor air quality,” “UV-C AND air,” and “(COVID-19 OR SARS-CoV-2) AND human AND health”) and/or referring to the gray literature (e.g., reports and working papers of official agencies).
3 UV-C DEVICES FOR INDOOR AIR DISINFECTION AGAINST SARS-COV-2
Several authors proposed exploiting the effectiveness of UV-C devices in microorganism inactivation in order to prevent infections from SARS-CoV-2 in indoor environments.
Wells–Riley (W-R) is a well-known model to estimate the probability of infection by COVID-19 in an indoor environment using ventilation and quanta generation rates (a representation of infectious doses) (Feng et al., 2024; Riley et al., 1978). This model has the great advantage of not needing unknown viral infectivity parameters, but it assumes that the air in indoor environments is well-mixed. However, when the geometric layout is complex, W-R is often coupled with computational fluid dynamics (CFD) simulations to overcome this limitation (Wang Z. et al., 2022).
CFD models were generally applied to estimate the impact of this technology on SARS-CoV-2 inactivation. For instance, Won et al. (2023) investigated the performance of an upper-room UV-C system emitting at 254 nm wavelength. Their model highlighted that the effectiveness of this device was affected by the recirculation rate and ventilation strategy (Won et al., 2023). Srivastava et al. (2021) used the CFD model to prove that it is possible to reduce the infection risk by adopting limited changes in the existing ventilation systems of an office building. The use of 100% outside air combined with a UV-C device represented the best option that allows reducing the infection risk in the office from 27% (10% of outdoor air and without UV-C treatment) to less than 2% (Srivastava et al., 2021).
Coupling the W-R model with CFD overcomes the main limitation of Riley’s model and provides a better estimate of the breathing and coughing effects of infected people in indoor environments. For instance, Wang Z. et al. (2022) highlighted that the distribution of IRPs in indoor environments is non-uniform and dependent on the type of ventilation, suggesting that a non-coupled approach could lead to the misinterpretation of the infection probability.
The main disadvantage of this combined approach is the need for a robust set of real infection data. However, models were often applied without referring to a previous structured campaign of field tests for estimating the influence of each factor on SARS-CoV-2 inactivation but mainly based on limited literature data on its resistance in indoor environments and potential inhibition factors. Although the number of studies that propose UV-C devices through the application of CFD models is relevant, to date, the documents studying the effectiveness of this technology on SARS-CoV-2 are quite limited and mainly based on simulated environments or model organisms (Table 1).
TABLE 1 | Results of UV-C disinfection for SARS-CoV-2 removal from indoor air. n.a, not available; WEP, wavelength of the emission peak; TCID50, 50% tissue culture infectious dose; BCoV, bovine coronavirus.
[image: Table 1]One of the first studies on this topic was conducted by Fischer et al. (2022), who used model animals. They studied the response of the “target” hamster placed in a box that was forcibly ventilated with air (flow rate: 934.5 L h−1; duration: 4 h) from a “contaminated” box with a hamster infected with SARS-CoV-2. Their results proved that treating the “infected” air with UV-C (particularly with a germicide wavelength of approximately 254 nm) completely prevented infection in the “target” hamsters (Fischer et al., 2022). A surrogate of SARS-CoV-2 (HCoV-229E) was inactivated up to 90% using UV-C (emission at 222 nm wavelength) with a 55 μJ cm−2 radiation dose (Singh et al., 2023). The same surrogate virus, HCoV-229E, along with HCoV-OC43, was used by Buchan et al. (2021) to estimate the influence of far UV-C (emission at 222 nm) on SARS-CoV-2, highlighting the high sensitivity of these viruses to radiation at this wavelength. The high sensibility of HCoV-OC43 to far UV-C emissions was also confirmed by Welch et al. (2022), who evaluated a susceptibility constant of 12.4 cm2 mJ−1.
Shang et al. (2023) tested the effect of a combined filtration and UV-C device of f2 and MS2 phages, discovering that MS2 phages were less sensitive to ultraviolet radiation than f2 phages due to their more resistant protein capsid. After 30 min of UV-C irradiation at a dosage of 9.0 × 103 mJ cm−2, more than 90% and 99% of MS2 and f2 phages retained by the filter, respectively, were inactivated (Shang et al., 2023).
MS2 and bovine coronavirus (BCoV) were effectively inactivated after only a single pass in the UV chamber equipped with lamps emitting at 254 nm. MS2 needed a higher UV dose for complete inactivation than BCoV (11.1 mJ cm−2 vs. 5 mJ cm−2) (Snelling et al., 2022). Bacteriophage Phi6 sensibility to UV-C LED was investigated by Mariita et al. (2022) in order to test the feasibility of this technology for the disinfection of cabin air. They found that 1 log-reduction value was obtained after only 1 min of treatment, which is equivalent to more than 3.5 log-reduction for SARS-CoV-2, being more sensitive to UV-C radiation (Mariita et al., 2022). The Escherichia coli bacteriophage MS2 was used by Guo et al. (2023) to validate a CFD model in which far UV-C devices were used to estimate the disinfection of SARS-CoV-2 in dental clinics and offices. They found that this device can reduce the risk of being infected but not completely. After 10 min of treatment, UV-C can inactivate the virus up to 39% in offices and up to 52% after 20 min of treatment in the clinic with a significant residual amount of virus that can be present in the air (Guo et al., 2023).
In any case, the type of UV source seems to impact the performance against SARS-CoV-2. The in vitro study by Liang et al. (2021) found that UV-C LEDs (emission at 275 nm wavelength) were more effective than a mercury lamp (254 nm) with a log-reduction value higher than 6 after 10 s and 20 s of exposure, respectively, while the excimer lamp (222 nm) was quite ineffective on SARS-CoV-2, showing a log-reduction value lower than 2 after 40 s.
In other studies, model airborne bacteria, which were generally more sensitive than airborne viruses to UV-C effects, were used (Guridi et al., 2019). Santoso et al. (2023) tested a commercial UV-C lamp emitting at 254 nm wavelength (100 mJ cm−2) in several university classrooms and laboratories to evaluate its effect on total bacteria as a predictor of the effect on SARS-CoV-2. They found that UV-C did not remove all bacteria (from 38% to 86%), with the results significantly affected by factors such as air circulation and the equipment placed in the rooms (Santoso et al., 2023).
Baldelli et al. (2022) investigated the effectiveness of UV-C LEDs (emitting at 275 nm wavelength) for SARS-CoV-2 disinfection in a train using E. coli as a model bacterium. They found that more than 90% of bacteria were effectively inactivated, suggesting promising results on human coronaviruses (Baldelli et al., 2022). Gaillard et al. (2023) evaluated the impact of the integration of UV-C technology in the heating, ventilation, and air-conditioning systems of an open-space office. Analyzing bacteria in the indoor air, IAQ is significantly improved, and they assumed that the level of active SARS-CoV-2 could also be strongly reduced by increasing the UV-C intensity (600 J m−2), which is higher than the level required for 90% virus inactivation (Gaillard et al., 2023).
4 DISCUSSION
Providing a single range of effectiveness remains difficult as it is strongly variable depending on the conditions of tests, type of UV lamp, and “target” microorganism. For instance, to date, it is difficult to say which is the best wavelength for SARS-CoV-2 inactivation, given that each study differs for at least one condition (e.g., surrogate, UV dose, and configuration of the UV system). Only in one study, Liang et al. (2021) compared the results obtained in similar conditions except from three different wavelength emissions (222, 254, and 275 nm) and highlighted that treatment with UV-C at 254 nm and 275 nm allowed to obtain comparable results, much higher than those obtained with far-UV-C. However, this study was carried out in vitro, therefore simulating conditions far from the real conditions.
In any case, based on the analysis of the literature, UV-C proved to be effective in the inactivation of SARS-CoV-2 or its surrogates. In 2 out of 12 studies, UV-C rays were tested for preventing the spread of airborne SARS-CoV-2. In one study, model animals were used (Fischer et al., 2022), while in the other, the tests for evaluating the resistance of the virus were carried out in in vitro conditions (Liang et al., 2021). In four studies, the effectiveness against SARS-CoV-2 has been proved by studying model bacteria or evaluating the change in the total bacteria count (Baldelli et al., 2022; Snelling et al., 2022; Santoso et al., 2023; Gaillard et al., 2023), while 6 studies out of 12 reported on the performance of UV-C devices on other viruses, mainly coronaviruses (HCoV-229E, HCoV-OC43, and BCoV) and phages (Buchan et al., 2021; Welch et al., 2022; Snelling et al., 2022; Mariita et al., 2022; Singh et al., 2023; Shang et al., 2023; Guo et al., 2023) (Figure 2).
[image: Figure 2]FIGURE 2 | Summary of data available in the selected studies. WEP, wavelength of the emission peak.
The choice of using surrogates in previous studies is due to the need to respect stringent laboratory protocols in the case of direct SARS-CoV-2 testing. Therefore, the phase of selection of proper surrogate(s) became crucial (Abkar et al., 2022). Generally, airborne viruses are more sensitive to UV-C rays than airborne bacteria (Guridi et al., 2019), but susceptibility strongly depends on the species, and this assumption cannot always be valid (Zhang and Lai, 2022). There are several reasons for the different inactivation rates among pathogens, such as (i) the dimension of the genome, (ii) the different proteins composing the capsid in viruses, and (iii) the presence of a wall in bacteria (Abkar et al., 2022). Beggs and Avital (2020) suggested that the inactivation rate of airborne SARS-CoV-2 with UV-C is in the range of 0.038–0.059 cm2 mJ−1.
In future studies evaluating the effectiveness of UV-C devices on airborne SARS-CoV-2, the choice of the “target” should focus on an appropriate surrogate, avoiding, for instance, the sole consideration of the variation in the total bacteria count. Furthermore, other bacteria, such as Escherichia coli, may not be a valid choice, given their higher inactivation rate in the case of UV-C exposure compared to SARS-CoV-2 (Abkar et al., 2022).
Most of the studies also avoid considering the influence of variables such as the airflow rate (1 study did not report this information but 11 studies did), initial concentration (2 vs. 10), air temperature (5 vs. 7), relative humidity (6 vs. 6), UV dose (2 vs. 10), and interactions of the virus with other pollutants that can strongly affect the performance of UV-C devices (Elsaid and Ahmed, 2021; Piscitelli et al., 2022). In this last case, the selected studies did not investigate this aspect. This raises the following question: how much do these variables affect the inactivation rate of airborne SARS-CoV-2 by UV-C in indoor environments?
The question is still unsolved, considering that the number of studies regarding the inactivation of this virus in real indoor environments is quite limited and that each study differs for at least one condition. Some studies tried to answer this question with the application of mathematical models or focusing on in vitro response, but the number of studies on real indoor environments is scarce (four vs. eight). This represents an essential point for obtaining reliable and comparable results. Moreover, it is not clear how much the infiltration rate can potentially affect the performance of this technology against SARS-CoV-2 since the influence of this variable has not yet been investigated in depth.
To date, 5 of the 12 examined studies showed the high efficacy of far UV-C lamps in inactivating the target microorganisms, but only 1 of these has evaluated the potential release of ozone, highlighting ozone concentrations below the detection limits of 0.01 ppm even in the presence of a functioning UV lamp (Singh et al., 2023). In any case, in-depth studies on the release of potentially toxic byproducts are still necessary to carry out a complete risk/benefit assessment and evaluate the correct procedure for using far UV-C lamps.
The study and development of effective technologies in the inactivation of pathogens in the air in indoor environments are of fundamental importance in order to quickly limit the spread of future pandemics. Furthermore, the development of technologies that are effective in preventing the spread of pathogenic viruses in indoor environments can potentially present a greater benefit-cost ratio compared to pharmaceutical post-treatment of infected patients (Fischer et al., 2022). Recent studies also highlighted that UV irradiation modules added to the artificial ventilation system were very efficient in the inactivation of pathogens but can also lead to a reduction in the energy required for the ventilation, with a strong energy saving, if coupled with a better air distribution strategy (Gaillard et al., 2023). Moreover, for these reasons, the study on the applications of UV-C disinfection systems as a technology to reduce the infectious risk of SARS-CoV-2 in indoor environments should be stimulated.
5 CONCLUSION
In this work, the effectiveness of UV-C technologies against airborne SARS-CoV-2 in indoor environments has been reviewed. The following aspects should be taken into account:
• Based on the analysis of the literature, UV-C proved to be effective in the inactivation of SARS-CoV-2 or its surrogates. However, given the different conditions in which the tests were performed, providing a single range of performances (e.g., in terms of log-removal values) remains difficult.
• In some studies, the incorrect selection of the surrogate with a higher susceptibility to UV-C than airborne SARS-CoV-2 (e.g., E. coli) or the evaluation of the total bacteria count could have led to misleading results. In this regard, the selection of a proper surrogate is suggested for future studies.
To date, the question “how much do variables, such as the type of ventilation, air temperature, humidity, and interactions with other pollutants, affect the inactivation rate of airborne SARS-CoV-2 in indoor environments?” is mainly answered by the application of mathematical models, but the number of studies about the inactivation of this virus in real indoor environments is quite limited. Further studies are also needed to accurately define the potential ozone release due to far UV-C disinfection although preliminary data have shown that the ozone concentration in the vicinity of operating UV-C devices is not significantly different from that in the environment.
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Test condition

Environment: simulated room with a
continuous flowrate (0.0042 m*)
Airflow rate: 0.72 m*h™"

Initial concentration: n.a
Temperature: na

Relative humidity: n.:

UV dose: 5-20 Jm™

WEP: 222 nm

Installation of UV lamps: external to
the chamber

Environment: “clean” box with the
ventilation system injecting air from the
“infected” box (almost 0.031 m*)
Airflow rate: 0.935 m h™!

Initial concentration: n.a

Temperature: na

Relative humidity: n.a

UV dose: 214 ] m™*
WEP: 254 nm
Installation of UV lamps: inside the
ventilation system

Environment: simulated room
(approximately 6.1 m3)
Airflow rate: 219.6 m* h™!
Initial concentration:
3'106-6"106 PFU m™
Temperature: 24°C

Relative humidity: 60%

UV dose:n.a

WEP: 222 nm

Installation of UV lamps: in the ceiling
of the room

Environment: in vitro

Airflow rate: not present

Initial concentration: 10°7-107 TCIDs,
mL-!
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UV dose: 1.40 ] m-2 (WEP: 222 nm);
170] m-2 (WEP: 254 nm); and

7.98 ] m-2 (WEP: 275 nm)

WEP: 222-254-275 nm

Installation of UV lamps: above the
containing medium

Environment: simulated car cabin
(35m’)

Airflow rate: 2,500 m* h™!

Initial concentration: 6.17°102 PFU
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UV dose: 400 m™
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Environment: filter enriched with
viruses

Airflow rate: not present

Initial concentration:
50°10°-5.0"107 PFU (£2 + MS2)
Temperature: na

Relative humidity: n.a

UV dose: 9] m™2

WEP: 254 nm

Installation of UV lamps: above the
containing medium (filter enriched
with viruses)

Environment: pilot scale device
(0.016 m*)

Airflow rate: 17 m*h™'

Initial concentration: 9°103 PFU mL™
Temperature: 21.1°C

Relative humidity: 54.3%

UV dose: 0.55 ] m™

WEP: 222 nm

Installation of UV lamps: external to
the device

Environment: pilot scale device
(0.018 m’)

Airflow rate: 7524 m*h™!

Initial concentration: Mean log count
24 TCID;, mL-' (BCoV), Mean

log count 6.48 PFU mL™" (MS2)
Temperature: 18°C

Relative humidity: 50%

UV dose: 50 ] m™* (BCoV),
111-133] m (MS2)

WEP: 254 nm

Installation of UV lamps: arranged in
series along the length of the chamber

Environment: simulated room
(0.0045 m*)

Airflow rate: 0.696 m* h™!

Initial concentration: 10°~107 TCID,
mL!

“Temperature: 24°C

Relative humidity: 60%-70%

UV dose: 24.7 ] m™

WEP: 222 nm

Installation of UV lamps: external to
the chamber

HCoV-229E: 6°10°* survival fraction
HCoV-0C43: 7°10™ survival fraction

‘The target hamsters in the “clean” box
were not infected, despite 4 h of air
injection from the box with infected
hamsters

MS2 concentration with the UV lamp.
was slightly lower than that without UV.
‘The removal by ventilation is still
dominant

1.83 log-removal (WEP: 222 nm)
6 log-removal (WEP: 254 nm)
6 log-removal (WEP: 275 nm)

1.5 log-removal

99% inactivation (f2)
90% inactivation (MS2)

1log-removal

BCoV: 2.4 log-removal
MS2: 6.48 log-removal

5.94'10°° survival fraction

Reference

Buchan et al. (2021)

Fischer et al. (2022)

Guo etal. (2023)

Liang et al. (2021)

Mariita et al. (2022)

Shang etal. (2023)

Singh et al. (2023)

Snelling et al. (2022)

Welch etal. (2022)

Bacteria

Escherichia coli

Total bacteria

Total bacteria

Staphylococcus aureus

Environment: train

Airflow rate: 4,000 m* h™!

Initial concentration: 1.19 +
045°105 CFU m™ (+50-200 CFU m™*
in the background)

Temperature: 19°C-24°C

Relative humidity: 43%-57%

UV dose: 3.99-10.32] m™*

WEP: 275 nm

Installation of UV lamps: inside the
ventilation system

Environment: office (1,131 m®)
Airflow rate: 6,260 m* h™!
Initial concentration: almost
101-102 CFUm™
Temperature: n.a

Relative humidit
UV dose: 600 ] m ™

WEP: 254 nm

Installation of UV lamps: inside the
ventilation system

Environment: four university rooms
(volume not provided)

Airflow rate: n.a

Initial concentration: almost
2°102-2°103 CFU m™*
Temperature: na

Relative humidity: n.a

UV dose: n.a

WEP: 254 nm

Installation of UV lamps: placed in the
rooms

Environment: pilot scale device

(0,018 m’)

Airflow rate: 75.24 m3h™!

Initial concentration: Mean log count
47 CFUmL™

Temperature: 18°C

Relative humidity: 50%

UV dose: 83-111 ] m™?

WEP: 254 nm

Installation of UV lamps: arranged in
series along the length of the chamber

92.7%-95.5% inactivation

90%-100% inactivation (with respect to
the outdoor value)

68.8%-86.1% inactivation (active
sampling)
37.7%-82.8% inactivation (passive
sampling)

4.7 log-removal

Baldelli et al. (2022)

Gaillard et al. (2023)

Santoso et al. (2023)

Snelling etal. (2022)
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