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Summary 

The information in this document is useful for HVAC professionals, facility engineers and specialists 

like employers and building owners and administrators seeking basic knowledge about ultraviolet 

germicidal irradiation (UVGI) technology.  

This annexe to the REHVA COVID-19 guidance explains the specific terms used in the UV field, reasons 

why UVGI is used for virus inactivation and the main fea tures of UV-C lamps. UVGI device typology is 

presented, and some general rules and limitations for safe usage are provided.  

Given the complexity of the UV transmission physics, specific software is needed for sizing UV 

systems. The sizing guidelines and design examples for different UV -C devices are not included in this 

document. This annexe scope is general and not limited to any specific building category (e.g., office 

buildings, educational buildings, shopping areas, sports premises, hospitals, healthca re settings, even 

residences). However, considering the negative effects on human health and some materials that UV -

C radiation could generate when the design is defective, the most important rule is to use only 

certified products that are properly sized a nd tested.  

 

 

Disclaimer:  

This document expresses REHVA expert advice and views based on the available scientific knowledge 

available at the time of publication. In many aspects, SARS -CoV-2 information is not complete  and 

some evidence1 from previous airborne viruses may have been used for best practice 

recommendations. REHVA, the contributors and all those involved in the publication exclude all and 

any liability for any direct, indirect, incidental damages or any other damages that cou ld result from, 

or be connected with, the use of the information presented in this document.  

  

 
1 In the last two decades we have been confronted with three coronavirus disease outbreaks: (i) 
SARS in 2002-2003 (SARS-CoV-1), (ii) MERS in 2012 (MERS-CoV) and COVID-19 in 2019-2020 (SARS-
CoV-2).   
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1 Short history and terminology  

Germicidal lamps with UV -C radiation have been used since the last years of the nineteenth century 

to inactivate or destroy microor ganisms like bacteria, mould, yeast, and viruses that severely affect 

indoor air quality (IAQ). Niels Ryberg Finsen was the first scientist to discover UV rays for treating 

diseases and was awarded the Nobel Prize for Medicine in 1903. He invented the Finsen curative 

lamp, which was used successfully during the 1950s. Westinghouse co-developed the first commercial 

UV-C germicidal lamps during the 1930s. They were used mainly in hospitals.  

The applications for UV -C lamps grew after the Second World War when they were used anywhere 

microbiological contamination was a concern: for sterilising air and surfaces in hospitals, 

pharmaceutical plants and animal labs. Eventually, they were incorporated into air handling 

equipment .  

Many studies run under the Integrativ e Emergency Services (IES) or the Center for Disease Control 

and Prevention (CDC) in the United States [1]  proved that UV-C irradiation could easily inactivate or 

kill different pathogens. UV -C became a major component in the control and eradication of 

tuberculosis [1] .  

Recently, many researchers have proven that UV-C technology can be safely utilised in many fields 

of applications [2] , and scientific reports [3,4]  have shown that UV-C can successfully be used in 

HVAC and the fight against COVID-19. 

A portion of the electromagnetic spectrum is shown in Figure 1. Table 1 shows the five types of UV 

radiation defined according to their wavelength range in nm: vacuum UV, far UV-C, UV-C, UV-B and 

UV-A. Table 1 gives information regarding the safety of use, the plastic degradation speed 

(photodegradation) and the practical uses for each UV radiation type. The most powerful germicidal 

effect is obtaine d at around 265 nm, as the graph shows. UV-C lamps emit radiation at 253.7 nm.  

UV-C is a low-penetrating form of UV radiation compared to UV -A or UV-B (Figure 2). Measurements 

on human skin exposed to a wide range of UV wavelengths, from 250 to 400 nm, showed that a small 

 

Table 1 - types of UV radiation  

UV type
Wavelength 

(nm)

Safe for 

skin&eyes

Degradation of 

plastic/rubbber
Practical uses

VUV Far-UV 100-200 YES rapid Medical equipment

Far-UVC 207-222 YES rapid Germicidal desinfection

UV-C 200-280 NO rapid Germicidal desinfection

UV-B 280-315 NO rapid Tanning, medical treatment

UV-A 315-400 NO very slow
Curing, printing, lithography, 

sensing, medical applications

Figure 1 ð electromagnetic spectrum and germicidal effectiveness of a UV lamp  
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amount of UV-C is transmitted through the epidermis. Only 4 to 7% of UV -C is absorbed in the first 2 

Õm of the outer, dead layer of the human skin [2] . However, because UV is far more energetic than 

visible light and invisible to humans, exposure to UV -C may result in inflammation of the cornea 

(photokeratitis) or inflammation of the conjunctiva, called photo -keratoconjunctivitis. Other 

symptoms, like the sensation of sand in the eyes, tearing, and even eye pain, can occur 6 to 12 h 

after UV exposure. Acute  overexposure to UV-C radiation leaves no permanent damage to human 

eyes, and generally, the symptoms fully disappear within 24 to 48 h. Cutaneous damage consists of 

erythema, a reddening of the skin without tanning. The maximum effect of erythema occurs a t a 

wavelength of 296.7 nm in the UV -B band. Erythema produced by UV-C radiation at a wavelength of 

253.7 nm is less likely.  

Ultraviolet radiation, in general, is carcinogenic, and even if the radiation from germicidal lamps 

does not penetrate the eyes and  the skin over short time intervals, health and safety measures are 

compulsory in the case when the exposure to the irradiation is long. Human skin and eyes must be 

protected against UV-C by using shielded or enclosed UV-C lamps. 

 

An exposure dose in general, or a particular UV dose, D, represents the amount of radiant energy 

absorbed by an organism living in a droplet nucleus; it is calculated as (UV irradiance) times (t ð the 

time of exposure); a UV dose is usually expressed as µW·s/cm2 or µJ/cm 2.  

 

D = I × t [mJ/cm 2]  (1) 

 
The term fluence (total radiant energy incident on the outer surface of an infinitesimal sphere) is 

linked to a UV lamp. It differs slightly from UV dose because the latter implies total absorption of UV 

energy received, whereas fluence represents irradiation energy transmitted over a given duration. 

Those two are, however, considered to be equal (µJ/cm 2).  

The dose-response correlates with the amount of energy received by a population of microorganisms 

and the resulting effect. Fo r example, the UV -C dose-response of the SARS-COV-2 is the inactivated 

fraction or the survival fraction among that coronavirus population.  

If one exposes a microbial species to an increasing UV irradiation, then the number of inactivated or 

killed pathoge ns will increase, or the number of surviving ones will decrease, and the result is a curve 

whose shape and slope will depend on the microbial species' susceptibility or sensitivity to UV. The 

inactivation rate constant (k) is the slope of this survival cur ve (Figure 3). k has a unique value for 

each species (Table 2). k is also called UV rate constant, or decay rate constant and is measured in 

cm2/mJ. Its value is used to size UV -C devices. 

 

Figure 2 - penetration power of different UV types for the human eye or skin [5]  
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Table 2 - k values for different pathogens [17,18]  

There are no standard methods for the determination of k. Furthermore, k values depend on the one 

hand, on the conditions under which the UV dose is transmitted, for example, in air, in water, on 

surfaces; on the other hand, k depends on the measurement me thods of the number of the 

measurement methods of the number of the microorganisms surviving.  

Figure 3 - dependence curve of the sur vival fraction to UV dose [6]  
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The survival fraction of a microbial population that was not inactivated after UV -C exposure is 

determined by one of two similar equations:  

 

ln (
Ἒ

Ἒ
) = k × D or 

Ἒ

Ἒ
 = e-k × I × t  (2) 

 
where 

N0 = initial concentration of active microorganisms before disinfection  

N = concentration of active microorganisms after disinfection, for example, after applying an 

exposure UV-C dose over the virus population  

D = exposure dose or UV irradiation dose (or fluence, mJ/cm2)  

k = UV inactivation rate constant as explained before  

t  = time of the exposure measured in seconds 

I  = irradiance measured in mW/cm2  

These equations are valid only if the shoulder effect and the second stage effect that may affect the 

disinfection process are neglected. The shoulder appears because there is a delay in response of a 

microorganism exposed to UV, similar to a threshold dos e. This effect could appear when the air 

velocity is too high and the dose becomes insufficient. Studies [6] showed that most microbial species 

are characterised by two -stage inactivation curves in which each stage has a different rate constant 

(k1 and k2, according to Figure 4).  

 

During the first stage, the decay rate is higher than that of the second stage, when the most resistant 

fraction will be finally inactivat ed. For some viruses, this resistant fraction could reach even 10%; for 

others, it is only 0.01%. The more complex inactivation process can be modelled by the equation 

below, where F is the fraction of the total initial population subject to fast -decay response: 

 

╝

╝
 = F × e-k1 ķ I ķ t + (1ĬF) ķ e-k2 × I × t  (3) 

 

In 1972, the CDC and the National Institute for Occupational Safety and Health (NIOSH) published the 

UV REL value, which is the recommended exposure limit to UV -C, defined to prevent adverse eff ects 

on human eyes and skin. In the United States, this value is 6000 mJ/cm 2 for a wavelength of 254 nm.  

Figure 4 - two -stage inactivation curve [adapted by CL from 6]  
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According to Artificial Optical Radiation Directive 2006/25/EC European , the maintenance operators 

of the UV-C devices shall not exceed 3000 mJ/cm² for a wavelength equal to 253.7 nm and for a 

working day of 8 hours, which means that irradiance equals 0.1 mW/cm 2.  

The permissible exposure time PET (sec) for EU workers in healt hcare can be calculated with the 

equation:  

ἜἏἢἻἭἫἷἶἬἻ
ἠἏἘ 

mἔ

╬□
ἩἼ ἶἵ

ἙἭἩἻἽἺἭἬ ἱἺἺἩἬἱἩἶἫἭ ἴἭἾἭἴ ἩἼ ἶἵ 
mἥ

╬□

 (4) 

 

The PET values can be then computed if the irradiance values are kn own (measured). The permissible 

irradiance level can be determined if the exposure time is limited to a certain level (Table 3).  

 

 

In ventilation ducts, for example, due to very short exposure time, UV lamps shall generate between 

1000ð10,000 mW/cm2 to ensure the needed exposure dose for at least a 99.9% inactivation rate, 

meaning at least 30 mJ/cm 2, according to the maximum values displayed in Table 2 for viruses. The 

permissible exposure time is less than 3 s for 1000 mW/cm 2 or 0.3 s for 10,000 mW/cm 2.  

The average effective life of a UV lamp is measured between the first use (u sually after a 100 -hour 

break-in period) and the moment when the UV output is 50% of a specific level based on testing the 

lamps from the same production lot. For example, Phillips considers that the effective UV -C lamp 

life is 9000 h with a 20% decline in  the UV output, determined for a specific bulb. Normal values for 

the average effective lamp life depend on the gas in the glazed balloon and can vary between 5000 

and 20,000 h. 

  

Permissible exposure time * Effective irradiance

(seconds) (mW/cm2)

28800 0.10

14400 0.21

7200 0.42

3600 0.83

1800 1.67

900 3.33

600 5.00

300 10.00

60 50.00

30 100.00

10 300.00

3 1000.00

1 3000.00

0.5 6000.00

0.3 10000.00

0.1 30000.00

Table 3 - PET values for different irradiance (measured) values  
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2 Types & technical features of UV -C lamps 

Modern UV-C lamps (Figure 5) are like fluorescent lamps found in the ceiling or wall fixtures. The 

similarities of UV -C and fluorescent lamps offer several benefits to producers: the same type of 

production machine, same shapes, diameters and lengths, the same manner of storage and recycling. 

UV-C lamps require reduced manufacturing, packing, and shipping costs that compensate for much 

higher material costs.  

Both types of lamps operate using identical electrochemical processes: an  electric discharge inside 

the glazed tube strikes argon gas and mercury vapour particles and generates photons in visible and 

UV-C spectrum (Figure 6).  

The phosphors that coat the inner surface of the ordinary glass in fluorescent lamps totally absorb 

UV radiation. The transparent glass envelope of a UV -C lamp is highly engineered, allowing unfiltered 

transmission of the 253.7 nm wavelength (UV -C radiation is invisible).  

A typical UV-C lamp streams about 90% of its radiative energy in the whole UV -C range, from 200 to 

280 nm. About 4ð5% of absorbed electric energy is given up as heat, and the rest (approx. 5%) is in 

the visible light range ð mainly blue light.  

Low-pressure UV lamps are also called germicidal lamps because UV-C inactivates or destroys 

microorganisms in both air and water. About 25 ð35% of their electric energy absorbed is converted 

directly into UV -C radiation with monochromatic emission at 254 nm for germicida l applications. 

Approximately 2% of the input power is converted into irradiation at 185 nm, used mainly for ozone 

generation [20] .  

UV low-pressure amalgam lamps contain solid amalgam inside the envelope that is an alloy of mercury 

with titanium, gallium, iron, or lead. The low -pressure amalgam lamps have a very long operating 

life (up to 20,000 hours) and a UV -C efficiency of up to 45% at 254 nm, compared to the average 

value of 30% for traditional low -pressure lamps. The efficiency of a UV -C lamp is the ratio between 

Figure 5 - UV-C lamps [7]  

Figure 6 - main operating principle of 
a UV-C lamp [8]  
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the UV-C power in watts, after 100 hrs burn -in period, and the lamp wattage.  

Medium-pressure lamps have the advantage of a much higher power density than traditional low -

pressure or amalgam low-pressure lamps. 

All lamp technical features are b ased on measurements performed under laboratory conditions in air, 

at ambient room temperature, on a high -frequency current, using limited electronic ballast and with 

average values measured at a 1 m distance from the light source.  

The glazed tube of a UV-C lamp is generally made of highly thermal, mechanically stable quartz; 

quartz glass has high transmission efficiency and is highly transparent to UV radiation. Three different 

kinds of quartz glass are used, according to the type o f ultraviolet lamp to be produced: synthetic 

quartz, natural quartz and Ti -doped quartz (Figure 7). The latter has the advantage of blocking the 

185 nm wavelength radiation that generates ozone, so Ti -doped quartz lamps are ozone-free UV-C 

lamps. Note that  O3 is at least irritating for occupants if its concentration exceeds the safe level of 

120 mg/m 3.  

Generally, UV-C lamps can provide more than 80% of their initial output over a 20,000 -hour period 

(minimum 8000 hours). The average effective life of a UVGI  lamp depends on the location 

temperature, the lamp surface temperature, the number of on -off cycles (or switching rate) and the 

air velocity. The first three graphs in Figure 8 show the correlations between a UV -C lampõs 

percentage output and the number o f operating hours, the switching rate, and the lamp surface 

temperature. The fourth graph shows the correlation between three parameters: the air temperature 

around the UV-C lamp, the airspeed and the UV-C output of the lamp.  

Figure 7 - Different quartz glass transmissivity of UV 
radiation [8]  
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The temperature of the location where a UVGI system is mounted may affect the efficiency of the 

germicidal effect, depending on the lamp type. Firstly, higher or lower tem peratures may decrease 

the UVGI output of low -pressure mercury lamps or decrease the microorganisms' susceptibility to 

UVGI. Second, the old (but still commonly used) mechanical/magnetic ballasts may be affected by 

high or low temperatures. A relationship exists between lamp operating temperature and output in 

all low -pressure mercury lamps. The UV efficiency of the lamp is directly related to the (saturated) 

mercury pressure, which, in turn, depends on the spot with the lowest temperature on the lamp. The 

decrease in UV output will be even greater if there is air movement around the lamp because air flow 

causes the lampõs mercury vapour to lose heat faster; in addition, low temperatures reduce the 

lamp's operating life.  

One interesting use of a special lamp  type using UV-C is the Wood lamp employed in the fight against 

the counterfeiting of banknotes. It is also used to search for cracks in metal structures coated with 

materials responsive to UV rays. A Wood lamp produces the so-called ôblack lightõ used to illuminate 

materials that produce fluorescent and phosphorescent effects when illuminated with this light. Black 

light is so named because UV-C radiation is not directly visible to the human eye.  

  

Figure 8 - UV output change [%] with different parameters [10,16]  
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3 Why UV-C for air disinfection?  

UV-C irradiation inactivates or even kills all viruses, including SARS-COV-2 that produces RNA and 

DNA mutations (Figure 9). 

 

The high energy photons of the UV-C radiation are absorbed by the cell proteins' DNA/RNA. The result 

is that the protein structure is damaged, causing metabolic disruption of the DNA and RNA, so 

microorganisms, or viruses in our case, can no longer metabolise and replicate.  

In conclusion, UV-C is very useful for disinfec ting water, building air, transportation, and the surfaces 

of different objects or products. UV -C is effective for all microorganism species: bacteria, viruses, 

and fungi. The germicidal effect of UV -C is simple, non-chemical and does not generate toxic by -

products. UV-C technology requires low -to-medium investment, and UV -C devices are relatively easy 

to maintain. UVGI lamps do not affect the environment if they are collected correctly and recycled. 

If Ti -doped quartz glass is used, a UV-C lamp will not pr oduce ozone. 

This disinfection technology can be used practically anywhere infection risk is high: hospitals, retreat 

houses, sport facilities, in the food or pharmaceutical industry, in HVAC systems, and for 

transportation safety.  

UV-C devices used in ventilation systems have two major advantages: 1) they reduce contamination 

of AHU elements, especially cooling coils and filters, and 2) they control infection transmission in 

ventilation systems with recirculation, implying major energy savings.  

  

Figure 9 - UV-C radiation effect on SARS-COV-2 [11]  


















