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ABSTRACT
The present paper is a review on methods and technologies for air cleaning from micro organisms and
viruses, which are applicable with the present HVAC practices. The advantages and the drawbacks of
air dilution, filtration (HEPA, ULPA), ultraviolet germicidal irradiation (UVGI), photocatalytic oxidation
(PCO), plasmacluster ions and other technologies for air disinfection and purification is critically
analyzed with respect to the used today air distribution principles. The importance of indoor air
characteristics, such as temperature, relative humidity and velocity on the efficiency of the methods is
analyzed with consideration of nature of the pathogens themselves. Recent encouraging studies show
the benefit of using essential oils as antimicrobial and anti-fungal agents (thyme, bay, cinnamon, clove,
etc.). Though their application is confined to the food industry and pharmaceutics, some promising
results show possible applicability in the field of ventilation and air conditioning to deactivate the
airborne micro-organisms. The applicability of the methods with different types of ventilation used at
present indoors, i.e. total volume ventilation (mixing and displacement), as well as advanced air
distribution techniques (such as personalized ventilation) is discussed.
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INTRODUCTION
Majority of people live, work and recreate in densely populated environments, which facilitate to a
greater extend their susceptibility to different pathogens. The threat of getting sick has health related
and psychological issues. It reduces the well-being of the population as well as has a strong
economical impact due to absenteeism and reduced productivity. Human history remembers a lot of
outbreaks of pandemics during its existence, e.g. the Spanish flue of 1918-1919 (H1N1), which was by
far the most lethal flue pandemic of the 20th century, infecting about a quarter of the global population
and killing more than 40 million people (WHO 2002).
The increased mobility allow the fast spread of new diseases and a greater risk of pandemics, e.g. the
Severe Acute Respiratory Syndrome (SARS), emerging of old well known diseases but resistant to the
existing drug treatment (Sarita Shah et al.. 2007), etc.. Another thread imposes the fast mutation of
some pathogens and their adaptation as a causative of human diseases, e.g. H5N1 strain of avian flu
(WHO 2006).
All these factors predetermine the importance of making the indoor environment an “oasis”; a place
free from any dangers from pathogens, with high air quality and able to satisfy the thermal preferences
of its habitants. Unfortunately, most of our indoor work places are not designed to prevent the spread
of airborne pathogens. Even more, the air distribution system could enhance this transmission.
Therefore in order to solve this multi-disciplinary problem successfully, knowledge in different fields is
necessary: the nature of the pathogen (virulence factors), its generation and survival mechanism
before and after affecting the host, possible disinfection methods to eradicate it and the transmission
mechanisms among people.
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Taking into account the knowledge required, engineering solutions could be proposed in order to
reduce effectively the pathogen loads transmitted in air, disable their virulence, and make them
harmless for the healthy inhabitants. The methods applied, should be neither life nor health
threatening, nor deteriorating in any way the air quality of occupants nor their thermal comfort, user
friendly (if people are to operate them), with low noise emission, high ergonomics and aesthetics.
Airborne Pathogens, Generation
Airborne pathogens are those pathogens that are generated in the respiratory system and transferred
in the air as a way of propagation. In her review article Morawska 2005 describes the generation
mechanism and sites of pathogens’ droplet formation, the factors influencing the process, as well as
the fate of the expelled droplets via occupants’ respiratory activities. She concludes that though lots of
understanding exists, still, more knowledge is needed on the mechanism of pathogen transfer in
occupied places.
In her article Fiegel 2006 shows that pulmonary activities generating bio-aerosols are the main source
for deep lung and environmental transport of airborne pathogens. She marks that applying “saline
therapy” (aerosol approach to immobilize bio-aerosols in the lungs) would reduce the airborne
pathogen generation, allowing natural clearing mechanisms.
Another form of airborne contamination with infectious bio-aerosols could occur at vomiting or flushing
of toilets in public premises. Barker et al. 2001 investigations showed that a sick person can produce
107 viruses per 1 ml of vomit and 1012 viruses per 1 g of stool material. So with some pathogens
promoting vomiting of the host or diarrhea like conditions (SARS, Escherichia coli, Neisseria
meningitidis etc.), there is a high risk of spreading the disease. Rusin et al. 1998 found that droplets
produced by flushing the toilet could either be inhaled or deposited on surfaces.
The virulence, pathogen generation and the infective dose are other important factors determining the
infectivity of a pathogen. Different microorganisms have different methods of breaking the defense of
their host and successfully hiding. Also the generation of pathogens is different depending on the
stage of the disease (early, advanced or latent). Another point of importance is the infective dose:
sometimes a single organism can cause a disease, and is also related to the immune system and/or
age of the patient: immuno-compromised people as well as old and very young are more susceptible
(Greenwood et al. 2002).
Survival of Pathogens in Air
In order to be able to reach their host and infect him, airborne pathogens need to survive in the
surrounding environment, which makes factors like relative humidity and temperature important.
Nowadays the knowledge on the influence of relative humidity on pathogenic bacteria is scarce and
the little data available is on opportunistic representatives. In general mid-range humidity conditions
(40-60%) are shown as more lethal to non-pathogenic bacteria (Hatch et al. 1969). Viruses with more
lipids tend to be more persistent at lower relative humidity, while viruses with lesser or no lipid content
are more stable at higher relative humidity (Assar 2000). Loosli 1943 showed that humidity levels of
80-90% for 30 minutes could render the influenza virus noninfectious to mice, while exposure to lower
humidity levels (17-24%) provided the greatest infectivity. In other studies the survival of some viruses
has been shown to be independent of relative humidity (Elazhary 1979). Harper 1961 and Miller et al.
1967 showed that picornaviruses and adenoviruses, respiratory disease causatives and members of
non-enveloped virus groups, survive better at high relative humidity. Measles and influenza, both
enveloped viruses, survive best in aerosols at low relative humidity (de Jong et al. 1964, Hemmes et al.
1960). Other enveloped viruses have been demonstrated to be least persistent at intermediate relative
humidity (de Jong et al. 1976).
Studies also report that the effects of relative humidity on virus survival can be influenced either
positively or negatively by temperature. At 20ºC human coronavirus (upper respiratory tract diseases)
was reported to be most stable at intermediate humidity, but was also relatively stable at low humidity
(Ijaz et al. 1985). Same study also points out that virus survival at 6º C and 80% humidity was very
similar to the best survival at intermediate humidity. Lower temperatures have also been shown to
enhance rhinovirus survival at high relative humidities (Karim et al. 1985). Enveloped viruses and their
patterns of survival at different temperatures (Mayhew et al. 1968 and Ehrlich et al. 1971) may not be

the same like for non-enveloped viruses, especially when the viruses are on surfaces (McGeady et al.
1979).
Still more research is needed in this field, since from safety point of view scientists work with nonpathogenic organisms, which have different structure from their pathogenic relatives (Greenwood et al.
2002).

DISINFECTION METHODS
A great effort has been made to find engineering techniques to keep the airborne pathogens away
from occupants in buildings, or at levels low enough to be unable to cause a disease: dilution, filtration,
Ultra Violet Germicidal Irradiation (UVGI), etc. The airborne pathogens could be generated from a sick
person, from the building itself (HVAC system, building materials etc.) or by an intended release:
terrorist attack (LaForce 1984, Kowalski et al. 2003).
Dilution
Dilution of room air with clean disinfected air is one of the easiest methods to remove pathogens and
to decrease the risk of infections in rooms. Natural, mechanical and hybrid ventilation are often used to
supply clean air in rooms. However this method has its limitations, which will be discussed in the
following.
Filtration
A method widely used today is the filtration of air in HVAC systems. Classification and guidelines exist
for applying filtration as part of the ventilation system and are widely used by designers
(ANSI/ASHRAE Standard 52.2-1999, ISO 14644-1 1999). Studies show that filtration is a good method
to stop outside pathogens into penetrating the building envelope through the mechanical ventilation.
Kowalski et al. 1998, Kowalski et al. 2002 showed that “80- and 90-per-cent filters can produce airquality improvements that approach those with HEPA filters, but the most at much lower cost”. Another
finding is that microorganisms of penetrating size range of HEPA filters are predominantly nosocomial
infections (HEPA filters remove 99.97% of all particles 0.3 µm or larger in diameter).
UVGI irradiation
UVGI light is emitted by mercury vapour arc lamps at a wavelength of 253.7 nm usually. UVGI
damages the pathogen DNA/RNA and makes them harmless: they cannot reproduce once they have
entered their host. Laboratory research has shown that the germicidal effect of UVGI is a function of
two factors mainly: the intensity of the UVGI energy and the time span of exposure (Luckiesh 1946,
Riley et al. 1976, Chang et al. 1985, Ko et al. 2002). These studies found dependence on pathogen
susceptibility on the presence or absence of cell wall and its thickness. Since smallpox, influenza and
adenovirus lack cell wall they are more easily inactivated (Jensen 1964), while spores (e.g. Bacillus
anthracis) are the most difficult to inactivate due to their protective cover (Knudson 1986). There are
two ways to use UVGI application in practice: ceiling/wall mounted or in-duct application.
Disinfection of air by upper room mounted UVGI started in the 30s in USA (W. F. Wells 1935, W. F.
Wells 1955). The inactivation process occurs when the pathogens enter the UVGI zone (1.8m above
the floor). The inactivation rate of UVGI in rooms could be enhanced by either increasing the intensity
of light, or promoting higher velocities in rooms (better mixing), or creating a temperature gradient to
facilitate transport of pathogens (Riley and Permutt 1955, Riley et al. 1971a, 1971b). Another
important factor for the UVGI efficiency is the level of relative humidity. Studies (Peccia et al. 2001, Xu
et al. 2005) show that with increased humidity in the environment the pathogens are more likely to
survive the germicidal effect of the UVGI lamp. An adverse health effect of UVGI on humans is the
mild form of erythema of skin or painful photokeratitis of eyes. Therefore UVGI lights are kept in deep
louver enclosures to prevent overexposure at eye level or excessive reflection from ceilings, but those
casings absorb a big amount of the useful UV energy, making it less efficient. So far, there are some
guidelines for upper-room UVGI application published (First et al. 1999a, 1999b).
In buildings with lower than 2.4m ceilings duct UVGI irradiation must be applied. The problems of
direct eye contact or skin contact are not relevant here, so the systems could be operated at even
higher intensities. Several studies concentrated their effort in understanding the location of the UVGI
system as part of the HVAC, the intensity at which to operate, considering the multiple reflections

within the metal ducts (Kowalski et al. 2000, Kowalski et al. 2001).
Photocatalytic oxidation
Photocatalytic oxidation (PCO) is a process where a chemical compound is oxidized to simpler
radicals using a strong reduction agent (TiO2, WO3, ZnS etc) in the presence of a light source
(Fluorescent or UV light). This technology is innovative and still in research phase, especially in
purging airborne bacteria. The results are somewhat encouraging, since some pathogens are readily
destroyed after treatment with a TiO2 coated PCO unit (Krishna et al. 2005, Pal et al. 2007). An
enhancement of the germicidal effect could be achieved by doping TiO2 photocatalyst with Ag+ ions
(Vohra et al. 2006). The process of pathogen inactivation is still under explanation and further research
is required (Pal et al. 2007).
Plasmacluster Ions
New and interesting technology that emerged commercially on the market and claims to neutralize 26
kinds of harmful airborne substances is the Plasmacluster Ions technology (PCI). It uses negative (O2-)
and positive (H+) ions that inactivate the pathogen by binding on their surfaces, changing the structure
of the proteins/polysaccharides by stealing an OH-radical and thus changing the properties of the
pathogen rendering it “impotent” to infect (Sharp Corporation 2005).Possible elevated levels of ozone
(O3) could also be the case.
Essential oils
Latest studies show that essential oils used in pharmaceutics, cosmetics and food and beverage
industries have a strong germicidal effect and could be applied in ventilation industry. Furthermore,
essential oils’ antimicrobial effect is enhanced in air environment rather than when in solution media
(Hammer et al. 1999, Pibiri et al. 2003, Inouye et al. 2003). But their application is still going through
an intensive research. Another factor limiting their application is the hypersensitivity reaction of some
occupants to certain essential oils (mint, thyme, oregano etc), and the fact that some of those oils also
exhibit cytotoxic activity (Inouye et al. 2003).

DISINFECTION METHODS AND AIR DISTRIBUTION TECHNIQUES
The following discussion is limited to mechanical ventilation only. Essentially, two principles of room air
distribution are commonly used in practice: mixing and displacement ventilation. Mixing ventilation
aims to create a homogeneous environment in the occupied zone: the clean air is supplied at high
velocity which promotes mixing with the room air and thus with the pathogens generated by a sick
occupant. The mixing will enhance the risk of disease transmission for the other habitants. On the
other hand, displacement ventilation introduces the conditioned air at a slightly lower temperature (360C) than room temperature through floor or wall mounted diffusers. The cold air spreads along the
floor and moves upwards, entrained by flows generated from heat sources (people, equipment etc.),
and then it is exhausted close to the ceiling. Due to high risks of draught, supply velocities are kept low,
which promotes easy destruction of the displacement pattern at certain human activities like walking,
coughing, sneezing etc. Though more efficient in removing contaminants, particulate matter and
droplets from the occupied zone compared to mixing ventilation, already at a speed of 1.0 m/s of a
moving person in a closed environment with displacement ventilation, close to complete mixing
situation is reported (Mattsson 1999, Bjørn et al. 1997). Mundt (2001) and Mattsson (2002) showed
that displacement effect starts to decline for particles already in the range 5-10 µm, suggesting
influence of gravity forces. Therefore bigger droplets with more pathogens would deposit on surfaces
and contribute contaminating hands or fomites. Dilution could solve to some extend the problem of
controlling the level of pathogens, but the limiting factor here would be the induced local thermal
discomfort of the occupants: both with mixing and displacement this would be associated with draught
problems. Another issue could be the cost effectiveness of this scenario: bigger ducts, more powerful
fans, over-sizing of the HVAC unit. To overcome the associated problems with diluting the air, UVGI
technology could be used instead. Mounted at the ceiling level, louvers with a UVGI encased, would
work quite well with the mixing principles. The generated mixing would bring faster the pathogens to
the upper part of the room, where they would be inactivated, but for sure this principle would not yield
feasible, when applied to displacement. Once taken by the hot convection flow around humans, the

pathogens would be exhausted close to ceiling. Therefore the UVGI technology here is the in-duct
installation, useful for large halls with displacement ventilation, where people spent most of the time
seated: theaters, concert halls, offices etc. (Buttolph 1948, Menzies et al. 2003). Filtration or PCO
could also be the case of controlling the pathogen levels in buildings. However filters are not efficient
in protecting occupants once pathogens are generated inside the occupied space: they are effective at
removing the microorganisms or toxins present in the outside air: in-duct installation. Sometimes filters
themselves can become source of bacterial growth and thus contribute to high pathogens’ levels of the
respirable range: less than 1.1 µm, especially at elevated humidity, higher than 80% RH (Möritz et al.
2001). On the other hand, the existing problem of PCO could be the by-products formation: a result
from oxidation. Some radicals produced can deteriorate the Indoor Air Quality (aldehydes etc.) or even
prove hazardous (formaldehyde), and thus make their application useless in occupied places. Other
feature is the economical point: filters need to be regularly changed as well as the coating of the PCO
unit, also both exert additional load on the HVAC system, resulting in more powerful fans. An
alternative solution, in rooms with mixing ventilation could be the usage of chill-beams or convectors,
recirculating part of the room air through a heat exchanger and a small local HEPA filter and an
incorporated UVGI unit as well. All these findings suggest new, more suitable for the purpose systems
of air ventilation: systems that would reduce to a minimum the airborne route of pathogens within the
occupied places. A possible solution is the personalized ventilation (PV), that aims to provide clean air
within the breathing zone of each occupant, and thus to improve the inhaled air quality. An improved
thermal comfort, by providing individual control to each occupant, is another benefit from the
personalized ventilation. Thus personalized ventilation has potential to increase occupants satisfaction,
to decrease reports on SBS symptoms, and to increase work performance (Melikov 2004). When
properly applied PV has greater potential to prevent occupants from airborne pathogens compared to
total volume. Research in the field is just starting but there are evidences suggesting that: “in rooms
with mixing ventilation the PV would always protect the occupants from airborne pathogens and is
superior to mixing alone” (Cermak and Melikov 2007). However in rooms with displacement ventilation,
PV promotes mixing of the exhaled air with the room air (Melikov et al. 2003, Cermak et al. 2004).
Similar observations are true for rooms with underfloor ventilation as well (Cermak and Melikov 2003,
2004; Cermak et al. 2004, Cermak and Melikov 2007). So there is a risk of transmission of airborne
infections to occupants, who are not protected by high efficiency PV i.e. occupants who are not at their
work stations. The positive feature of a PV system is its feasibility and the small flow rates used, as
well as the close proximity to the occupant. A small filter or UVGI unit could be included in the PV
system, which uses room air assuring that each occupant gets clean disinfected from pathogens air.
This would further enhance the effect of the PV system, however field studies to prove this are
necessary.

CONCLUSION
Perfect solutions to stop the airborne disease transmission does not yet exist, but the available
disinfection techniques can be successfully implemented, provided that air distribution in rooms, as
well as the flow interactions from human activities and the pathogen characteristics is understood. One
of the most highly efficient methods in neutralizing pathogens and rendering them harmless to the
occupants is the UVGI. Yet due to its adverse health effects its application is limited within the
occupied place itself, but could be readily used in the HVAC system itself together with filtration,
providing even better protection for habitants and reducing the risks of bio-terrorists' attacks.
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