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Summary 

This study aimed to investigate the use of UV-C LED modules for creating a hybrid lighting-
disinfection solution suitable for healthcare institutions. High-quality UV-C LED modules were 
constructed using specific 275 nm wavelength UV-C LED chips. The constructed UV-C radiation 
source was applied to the LED luminaire to create the hybrid solution. The photometric and 
photobiological properties of the LED luminaires and UV-C radiation sources were investigated. The 
luminaire "X" was found to have high efficiency, excellent 92.2 colour rendering index (CRI), and a 
suitable colour temperature (CCT) of almost 4000 K for work requiring concentration. A specific 
polymethylmethacrylate (PMMA) de-glaring micro-prismatic diffuser (DPRZ) with a matt light 
scattering layer was used for healthcare premises applications. The photobiological measurements of 
UV-C radiation sources were conducted to determine the optimal duration of premises disinfection 
required to avoid potential transmission of diseases outside of healthcare institutions. The results 
showed that 3 UV-C LEDs had the best sterilization abilities of all measured variations. For the 
SARS-Cov-2 virus or coronavirus, which requires a 50 J/m2 dose for even 99% sterilization, the 
required time would only be 42 minutes assuming a distance of 2m between the UV-C light source 
and the objects in the healthcare premises. Other investigated microorganisms required higher doses 
and time for 90% sterilization, which were not suitable for safe surface disinfection. The outcome of 
the research provides valuable information about the properties and applications of recently invented 
UV-C LED sources. The hybrid solution created in this study has the potential to provide efficient 
and effective disinfection in healthcare premises, thereby reducing the risk of transmission of 
diseases. 
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Santrauka 

Šiuo tyrimu buvo siekiama ištirti UV-C LED modulių panaudojimą, kuriant hibridinį apšvietimo-
dezinfekcijos sprendimą, tinkamą sveikatos priežiūros įstaigoms. Aukštos kokybės UV-C LED 
moduliai buvo sukonstruoti naudojant specifinius 275 nm bangos ilgio UV-C LED lustus. 
Sukonstruotas UV-C spinduliuotės šaltinis buvo pritaikytas LED šviestuvui, kuriant hibridinį 
sprendimą. Ištirtos LED šviestuvų ir UV-C spinduliuotės šaltinių fotometrinės ir fotobiologinės 
savybės. Nustatyta, kad šviestuvas „X“ pasižymi dideliu efektyvumu, puikiu 92,2 spalvų perteikimo 
indeksu (CRI), tinkama beveik 4000 K spalvų temperatūra (CCT) darbui, reikalaujančiam 
susikaupimo. Specialus polimetilmetakrilato (PMMA) akinimą mažinantis mikroprizminis difuzorius 
(DPRZ) su matiniu šviesą sklaidančiu sluoksniu buvo naudojamas sveikatos priežiūros patalpų 
pritaikymui. UV-C spinduliuotės šaltinių fotobiologiniai matavimai buvo atlikti siekiant nustatyti 
optimalią patalpų dezinfekcijos trukmę, reikalingą siekiant išvengti galimo ligų perdavimo už 
sveikatos priežiūros įstaigų ribų. Rezultatai parodė, kad 3 UV-C šviesos moduliai turėjo geriausias 
sterilizavimo savybes iš visų išmatuotų variacijų. SARS-Cov-2 virusui arba koronavirusui, kuriam 
reikalinga 50 J/m2 dozė net 99% sterilizacijai, reikalingas laikas būtų tik 42 minutės, darant prielaidą, 
kad atstumas tarp UV-C spinduliuotės šaltinio ir objektų yra 2 m. Kiti tirti mikroorganizmai reikalavo 
didesnių dozių ir laiko 90% sterilizacijai, o tai netiko saugiai paviršių dezinfekcijai. Tyrimo rezultatai 
suteikia vertingos informacijos apie neseniai išrastų UV-C LED šaltinių savybes ir pritaikymą. Šiame 
tyrime sukurtas hibridinis sprendimas gali užtikrinti efektyvią dezinfekciją sveikatos priežiūros 
patalpose, taip sumažinant ligų perdavimo riziką.
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Introduction 

The COVID-19 pandemic has had a big impact on our daily lives and has made disinfection even 
more crucial to stopping the spread of infectious diseases. Disinfection, which is the process of 
bringing the number of microorganisms down to a safe level, is a crucial procedure in the medical 
field, the food industry, the water treatment industry, and other sectors. Traditional disinfection 
techniques like heat and chemical disinfectants have drawbacks like toxicity, environmental issues, 
and material damage. As a result, effective, secure, and environmentally friendly alternative 
disinfection technologies are required [1]. 

Since the early 1900s, ultraviolet (UV) light has been used to disinfect surfaces, and it has been shown 
to be effective against a range of microorganisms, including bacteria, viruses, and fungi. 
Microorganisms' DNA and RNA can be harmed by UV light, which prevents them from reproducing 
and spreading infection. However, there are some disadvantages to conventional UV-C lamps that 
use mercury vapour, including high energy consumption, protracted warm-up times, and the presence 
of toxic materials [2]. 

The advancement of UV-C LED technology in recent years has provided a promising disinfection 
solution. UV-C light from UV-C LED sources has a wavelength of 200–280 nm and is very effective 
at killing microorganisms. In comparison to conventional lamps, UV-C LED sources have several 
advantages, including low energy consumption, high efficiency, compact size, and long lifespan. 
They are also safe for the environment because they don't contain any hazardous materials, which 
makes them the best option for a variety of disinfection applications [3]. 

Aim of the research: To develop a UV-C LED light source optimized for healthcare institutions and 
investigate its irradiation properties based on standards. 

Research tasks: 

1. To construct a 275 nm wavelength UV-C LED module by applying UV-C LED chips on a 
PCB plate. 

2. To apply constructed UV-C LED light source to the LED luminaire that would be applicable 
to healthcare premises and surface/air disinfection. 

3. To investigate photometric, photobiological properties of constructed UV-C LED hybrid 
luminaire and theoretically evaluate its disinfection abilities. 
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1. Literature review 

1.1. LED luminaire 

The abbreviation LED meaning light emitting diode is one of the most important notations in this 
whole research work. It can be applied when using it together with other terms that include LED 
luminaire, LED chip, UV LED etc. LED luminaires are the most important electrical devices when it 
comes to premises illumination. It is rapidly changing the old, gas-containing tube light sources and 
offers a huge number of different applications and control possibilities.  

LED luminaire is the same lighting device as it was for 20-40 years already, just a few changes have 
been made. The light source and its controlling component have changed. Tubes and electric 
discharge lamps were switched to more compact, less energy wasting and easier light distribution-
controlled LED modules. It also contains a few more components that are very important such as 
reflectors, lenses, housing, shielding parts, LED drivers, emergency blocks to control light when there 
is no power and many other possible components that make the LED luminaire modern these days 
[4]. 

The principle defining the LED operation process is called electro-luminance. It is based on electron 
movement or in other words recombination with electron holes by jumping between p and n types of 
semiconductors which creates a p-n junction. When the right voltage is given to the leads the 
consequence of electron jumping is the released energy in the form of photons. Photons are the light 
that humans can see and their colour depends on the band gap energy [5]. 

LED luminaire has one more very important component which is called LED driver. It is responsible 
to convert the net voltage to the one that is suitable for LED modules according to their operating 
voltage window. Each driver has its operating windows as well and it needs to be carefully selected 
when trying to compose with LED modules. 

LEDs are utilized for the illumination of places and objects. Due to its small size, low energy 
consumption, long lifespan, and versatility in terms of use in many applications, it is applied 
everywhere. A few significant uses for LEDs include optical switching, burglar alarm systems, power 
ON/OFF indications, power level indicators etc. LEDs are also utilized in LED displays, vehicle 
lighting, TV and smartphone backlighting, as well as in dimming lights and LED displays [6]. 

LED luminaires have various photometric parameters that are important in general. Some of those 
would be correlated colour temperature (CCT), colour rendering index (CRI), luminous flux, glare 
control, cleanability, and cyanosis observation index (COI). Each of these parameters determines 
where certain LED luminaires should be applied, and it defines the quality of the light parameters. 
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Fig. 1. The colour temperature chart [7]. 

The one parameter which can be easily distinguished by the naked eye is the CCT which defines light 
source colour from the comfortable yellow-white at 2000 K to the dazzling and intense blue-white 
8000 K light. To take it simple it is separated into two divisions that would be warm and cold light 
and it is measured in Kelvin (K). An example of the different light sources relevance to the CCT is 
presented in Fig. 1. [7] [8]. CCT is a measure of the colour of light emitted by a light source. 
McCamy's approximation is a way to estimate the CCT of a light source based on its chromaticity 
coordinates. Chromaticity coordinates are two numbers that represent the colour of a light source in 
a standardized way. These coordinates are necessary for CCT calculations which can be obtained by 
measuring a light source with a light spectrometer. The chromaticity coordinates can be found on the 
CIE chromaticity diagram which is presented in Fig. 2. 

 

Fig. 2. CIE chromaticity diagram [9]. 
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After obtaining the chromaticity coordinated McCamy’s approximation can be used for CCT 
calculations with the following formula: 

��� =  −449�	 + 3525�� − 6823.3� + 5520.33 , (1) 
 
The formula involves the use of "n" which is a number that is derived from the chromaticity 
coordinates of a given light source. To determine the value of "n" the distance between the 
chromaticity coordinates and a reference point on the CIE chromaticity diagram must first be 
determined. This distance is then divided by a constant value that is dependent on the chosen reference 
point [10]. 

 

Fig. 3. Colour rendering index scale [11]. 

All of the mentioned parameters are important, but the most significant, besides the CCT, are CRI 
and COI. In comparison to a natural or conventional light source, a light source's capacity to faithfully 
portray the colours of various objects is measured quantitatively by the colour rendering index CRI. 
It is a comparison value that can be used to assess how a light source appears to be coloured. The 
scale goes from 0 to 100, with 100 being the finest possible ability to display colour and 0 being the 
least (Fig. 3.) [11]. The CRI is then calculated by taking the average of the individual colour rendering 
indexes (R1-R8) weighted by their importance to general colour rendering. ΔE is a measure of the 
colour difference between the test light source and the reference light source for a given colour. In 
other words, the Euclidean distance (ΔE) is a measure between the two-colour points in the colour 
space, which is a 3D colour space that takes into account the way humans perceive colour. It helps to 
obtain the important variable Ri (individual colour rendering index) which is necessary for total CRI 
calculation. The formula for CRI calculation is: 

��� = (
�

��
) ∑ ��  , (2) 

where Ra is the average of the first eight colour rendering indexes (R1-R8) and Ri is the individual 
colour rendering index for each of the eight colours [12]. 
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According to the AS/NZS 1680.2.5:2018 standard, the Cyanosis Observation Index (COI) is a 
parameter that assesses a light source's suitability for visual cyanosis detection which includes LED 
light sources. A spreadsheet calculator and the Spectral Power Distribution (SPD) data of a luminaire 
can be used to determine its COI. Skin and mucous membrane cyanosis, a bluish hue, is a sign of 
inadequate blood flow or low oxygen levels in the red blood cells. Because it makes cyanosis 
detection more precise, COI is significant in medical settings [13]. The COI is calculated based on 
the change in colour appearance of fully oxygenated blood (100% oxygen saturation) and oxygen-
reduced blood (cyanosed blood at 50% oxygen saturation) when illuminated by the light source in 
question compared with a 4000K reference light source. The spectral reflectance of oxygenated and 
cyanosed blood is multiplied by the spectral distribution of the light source being considered over the 
spectral range 380-780nm, in steps of 5nm. The resulting colour is then calculated in a specific colour 
space and compared with a 4000K reference illuminant to determine the COI value. The lower the 
COI value, the smaller the shift in colour appearance under illumination by the light source being 
considered. The COI is a measure of how much the chromaticity coordinates of the light source 
deviate from the chromaticity coordinates of a Planckian radiator with the same CCT. The higher the 
COI, the more the light source will affect the perception of cyanosis. The COI is calculated using the 
following formula: 

��� = (�� − �� )� + (!� − !� )� +  ("� − "� )�,  (3) 

where XS, YS, and ZS are the chromaticity coordinates of the light source, and X50, Y50, and Z50 are the 
chromaticity coordinates of the Planckian radiator with the same CCT as the light source [14]. 

1.1.1. LED modules 

In the previous section, there was a lot of information about LED luminaires and here the most 
significant component of the LED luminaire will be explained, it is called the LED module or the 
LED light source. The main principle of LED module operation was clarified in the previous section. 
Therefore, its advantages and disadvantages compared with conventional light sources will be defined 
in this chapter. 

Advantages start with the most obvious fact, that LED modules are very small and compact, they can 
fit in the smaller housing of the luminaire and yet provide the same or even better illumination. 
Compared to traditional lighting solutions, LEDs require very low voltage and current settings and 
have extremely fast response times. LEDs do not need any warm p time to provide their best 
performance. There is one more advantage of this type of light source, it would be a lifetime, which 
can reach up to 20 years while no other lighting solutions can not provide any better option. 

Despite all the positive things, LEDs also have some drawbacks. Even though it does not require high 
electrical resources, the minimal excess of current or voltage may damage the LED permanently. 
Some of the high-power LEDs tend to heat over time and require additional cooling devices like little 
radiators, or aluminium plates covered with thermal conductivity supporting materials. If an LED is 
overheated its light output may differ from the original at standard conditions [15]. 

LED modules can be used in a variety of applications, including lighting fixtures like recessed 
luminaires, various metal housing luminaires, wall or surface luminaires, emergency lighting, high 
bays, floodlights, and park and street luminaires. Due to their size and shape LEDs can be applied to 
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any type of housing and provide high-quality illumination over the chosen are whether it may be 
inside or outside [16]. 

1.1.2. LED chips 

An LED module typically requires two main components, which would be a printed circuit board 
(PCB) and LED chips that are a thin layer of semiconductors made of gallium nitride (GaN) or indium 
gallium nitride (InGaN) inserted between a few layers of other semiconductor material. This 
combination of semiconducting materials is responsible for the lighting of the LED module when the 
voltage is applied. An example of an LED chip is presented in Fig. 4. 

 

Fig. 4. Different sizes LED chip examples [17]. 

The special qualities that enable them to emit light when a current is run through them are the reasons 
that the semiconductor materials used in LED chips are chosen. In order to maximize the movement 
of electrons and holes (positively charged carriers) through the LED chip, which allows the 
semiconductor material to generate light, the layers of the LED chip are meticulously designed and 
constructed [16]. 

A p-type layer, an n-type layer, and an active layer are frequently found in an LED chip's construction. 
The photons are produced when the electrons and holes unite in the active layer (light). Electrodes 
that respectively inject electrons and holes into the active layer are the p-type and n-type layers. 
Typically, LED chips have a size of less than a square millimetre. To help with heat transfer and 
safeguard the delicate semiconductor material, they are frequently put atop a metal or ceramic 
substrate [16][18]. 

Besides the usual LED chips, there are recently released UV-C LED chips, specifically designed for 
microorganism sterilization or disinfection and the aim of such devices is to change the currently 
existing germicidal lamps. UV-C LED chips are a form of LED that emits UV-C light with a 
wavelength of 200 to 280 nanometers (nm). UV-C radiation is extremely powerful at killing viruses, 
bacteria, and other microorganisms, but it requires to be used very carefully to preserve human health. 
In order to kill microbes and inhibit their reproduction, UV-C LED chips emit photons with enough 
energy to sever the molecular bonds in their DNA and RNA. UV-C LED chips have an average 
lifespan of up to 10,000 hours or even more and are incredibly effective, way ahead of currently used 
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UV-C lamps. UV-C LEDs are safer to use because they do not contain any hazardous gas and their 
radiation direction can be easily manipulated by using silicon-based lenses. Also, they use less energy 
than conventional UV-C lamps, which makes them perfect for battery- and portable-powered 
applications [19]. 

1.1.3. Surface mounting technology 

Several Light Emitting Diodes placed on a printed circuit board make up a self-contained LED 
module. Resistors, capacitors, and inductors are common electrical components found on PCBs that 
are used to control the voltage and current sent to LEDs. Printed circuit boards frequently have LED 
chips mounted using surface-mount technology (SMT). The PCB is covered in solder paste, and the 
LED chips are inserted there before being placed in a reflow oven to melt the solder and affix the 
LED chips to the Board. For the LED module to last a long time and have strong electrical contact, 
this technique is essential. An LED module is a ready-to-use lighting system made up of LED chips, 
a driver, and a heat-dissipating enclosure. The main element of an LED module is an LED chip, and 
the semiconductor is what emits the light. There are various other ways of soldering LED chips on 
the PCBs, however, the explained one is the most common. If talking about a concrete example, a 
PC-white LED package is shown in Fig. 5. and includes several components, including an LED chip 
(also known as an LED die), phosphors, an encapsulant, bonding wire, die-attach, a lead frame, and 
housing. The epi-layer, current-spreading layer, chip substrate, chip electrodes, etc. are among the 
layers that further split the LED chip. The main task of converting the blue LED light into a yellow 
and red spectrum is carried out by the phosphors combined with an encapsulant. The housing serves 
as a sturdy shell to shield the pc-white LED from mechanical harm. The interior surface of the housing 
is always coated with reflecting materials, such as silver, in order to improve the light extraction 
efficiency of the pc-white LED. To connect the LED chip with the external circuit via bonding wires 
for electricity conductivity, the lead frame is embedded inside the housing. In addition to serving as 
a heat flow path between the LED chip and the lead frame, the die attaches layer with solder paste is 
used to fix the LED chip to the lead frame [20]. 

 

 

Fig. 5. Example of LED chip structure [21]. 

1.2. Ultraviolet radiation 

A form of electromagnetic radiation with a shorter wavelength (Fig. 6.) and more energy than visible 
light is ultraviolet (UV) radiation. The main source of UV radiation is sunlight, but it may also be 
created artificially by lamps and other sources like the recently mentioned UV-C LED modules. There 
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are four known regions of UV spectra: UV-A, UV-B, UV-C and V-UV [22]. UV radiation is known 
for more than 200 years, and it was discovered in 1801 by Johann Wilhelm Ritter. The beginning of 
UV investigation was at the end of the nineteenth century and some of the results are still used duo 
to its accuracy [23].  
 

 

Fig. 6. Ultraviolet spectra distribution [22]. 

 The longest-wavelength and least energetic form of UV light is UV-A (320–400 nm). It causes 
tanning and skin ageing and is a component of sunshine. 

 The middle-wavelength and more intense kind of UV light is known as UV-B (280–320 nm). 
It causes skin cancer and sunburn and is also a component of sunlight. 

 The shortest wavelength and most intense form of UV light is UV-C (200-280 nm). While it 
cannot reach the Earth's surface due to the Earth's atmosphere, it may be created artificially 
for sterilization and disinfection reasons. 

 An even shorter wavelength is V-UV, which can only travel freely in a vacuum (100-200 nm) 
[22][24]. 

Live organisms can be harmed by excessive UV radiation exposure, which can result in eye damage, 
skin damage, and a higher chance of developing skin cancer. Wearing protective clothes, using 
sunscreen, and limiting exposure to the sun and other UV radiation sources are all significant ways 
to protect oneself from UV radiation [24]. 

1.2.1. UV-A 

Ultraviolet (UV) radiation, which has a shorter wavelength than visible light but a longer wavelength 
than X-rays, is one of the forms of electromagnetic radiation that is invisible to the human eye. Long-
wave or black light UV, which has a wavelength range of 315 to 400 nm, is another name for UV-A 
radiation. Since UV-A radiation is less absorbed by the ozone layer than UV-B or UV-C radiation, it 
is the most common type of UV radiation to reach the Earth's surface (Fig. 7.). However, because 
UV-A radiation may penetrate the skin and the eyes more deeply than other forms of UV radiation 
and harm DNA, collagen, elastin, and other cellular components, it can also pose major health hazards 
to people and other living things. Premature ageing, wrinkles, skin cancer, cataracts, retinal 
degeneration, and other illnesses may occur from interaction with UV-A radiation. Contrarily, UV-
A radiation also has some beneficial applications, including causing fluorescence in some materials 
and substances, helping with forensic analyses and phototherapy treatments, promoting the 
production of melanin in tanning beds, and eliminating germs and viruses in sterilization equipment. 
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Additionally, some creatures with a different visual spectrum than humans, such as bumblebees, can 
perceive UV-A radiation and use it to find flowers and nectar sources. Thus, UV-A radiation is a 
fascinating and complex phenomenon that affects matter and life in both beneficial and detrimental 
ways [25]. 

 

Fig. 7. Demonstration of UV radiation types’ differences when interacting with the ozone layer [26]. 

1.2.2. UV-B 

The second type of ultraviolet radiation is called UV-B and it has a wavelength variating from 280 to 
315 nanometres, which makes it the middle band of UV light spectra. Figure 6 illustrates how much 
of each ultraviolet type can penetrate through the ozone layer, it is clearly seen that even if a major 
part of UV-B is stopped, a fraction of it still reaches the surface of the earth, especially in higher 
altitude areas. Of course, the penetration of the UV-B is not constant, it changes depending on season, 
time of the day and northern latitudes. For example, during the winter season in the north most of the 
radiation is stopped and attenuated, but in the southern regions in the summer more UV-B passes than 
usual. UV-B is not known for its ability to disinfect and sterilize various microorganisms like UV-C 
radiation, but it still has some effect on the skin cells and human DNA during its interaction. UV-B 
radiation is to blame for roughly 65% of occurrences of melanoma, the deadliest type of skin cancer. 
However, UV-B radiation can also encourage the skin's natural production of vitamin D, which is 
vital for strong bones and a healthy immune system. Lower COVID-19 death rates are linked to higher 
levels of UV-B exposure, probably because vitamin D1 has a protective effect. Additionally, UV-B 
radiation has medical applications, including the treatment of eczema, vitiligo, psoriasis, and other 
skin conditions [27][28]. 

1.2.3. UV-C 

With a wavelength range of 200 to 280 nanometres, UV-C light is the shortest wavelength band of 
UV radiation. Additionally known as germicidal UV. Natural UV-C radiation does not naturally reach 
the Earth's surface since it is primarily absorbed by the ozone layer and the atmosphere. However, 
lamps and other sources of UV-C light can create it intentionally. Because it can damage the DNA 
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and RNA of microorganisms like bacteria, viruses, fungi, and parasites, UV-C radiation has the 
potential to have potent disinfectant properties. This can stop them from procreating and spreading 
disease to people and other living things. Human coronaviruses and their viral proxies, such as SARS-
CoV-2, the virus that causes COVID-19, can be rendered inactive by UV-C radiation. Additionally, 
UV-C radiation has a variety of uses, including sterilising surfaces, tools, food, water, air, and 
personal protection equipment. Additionally, UV-C radiation can be used in a variety of locations, 
including homes, offices, public transit, hospitals, and schools. However, because it can lead to skin 
burns, eye damage, and cancer, UV-C radiation can also be dangerous to people and other living 
things. As a result, UV-C radiation is a potent and promising phenomenon that poses both health 
dangers and opportunities for disinfection [29][30]. 

1.2.4. UV-C LED 

A particular kind of LED called a UV-C LED emits ultraviolet radiation with a wavelength of 200–
280 nm, which can damage bacteria and viruses by destroying their DNA. The way germicidal lights 
are used to clean and sterilize surfaces, water, and the air is changing thanks to UV-C LED. Since 
Niels Finsen originally found them in 1893, germicidal lights have been in use for more than a 
century. He developed a method to treat tuberculosis using UV light, which earned him the Nobel 
Prize in Medicine. In 1910, a prototype for the first UV water treatment facility was built in 
Marseilles, France. The disadvantages of conventional germicidal lights include their limited lifespan, 
mercury content, ozone production, warm-up duration, and warm-up requirement. By being ozone-
free, instant-on, long-lasting, and mercury-free, UV-C LED eliminates these drawbacks. Compared 
to traditional germicidal lamps, they also offer better design flexibility and energy efficiency. Many 
applications that call for disinfection benefit from using UV-C LEDs, particularly in light of the 
COVID-19 epidemic. They can be used to disinfect personal items, clean air ducts, sterilize medical 
equipment, cleanse drinking water, and shield public areas from infections [31][32][33]. 

 

Fig. 8. Spectral comparison of germicidal lamps against UV-C LED on their effectiveness when sterilizing 
microorganisms [34]. 

Besides the huge number of advantages of UV-C LED when compared whit germicidal lamps, there 
is one more very important parameter. It is a UV-C LED wavelength. Fig. 8. displays the DNA 
absorption curve of microorganisms as well as the emission spectra of various UV light sources. The 
chart shows that UV-C LEDs emit more light in the 250–280 nm range, which is best for inactivating 
the DNA of bacteria than low-pressure and medium-pressure mercury lamps. This means that UV-C 
LEDs have a better emission spectrum for disinfection. The image also demonstrates that medium-
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pressure mercury lamps emit a wide range of wavelengths, including unwanted and potentially 
hazardous wavelengths for disinfection, while low-pressure mercury lamps produce a single 
wavelength at 253.7 nm, which is below the peak absorption of DNA. Figure 7 shows that UV-C 
LEDs are a more effective and focused source of germicidal light than conventional mercury lamps. 
It can be clearly seen by the area coverage of UV-C LED that it is superior technology compared to 
low and medium-pressure lamps. The graph illustrates the top peak of UV-C LED at 265 nm 
wavelength. Such wavelength it a recent invention by Japan scientists and is not so widely available 
[35]. However, there is another very popular type of UV-C LED with a wavelength of 275 nm which 
has similar abilities and it will be investigated in this work [34][36]. 

1.2.5. UV dose 

Ultraviolet is a non-ionizing form of radiation, however, some types of it for example UV-C is very 
harmful to living organisms at certain doses. Human skin and eyes are especially sensitive to this 
radiation type. It may cause symptoms similar to the sand in the eye feeling or burning and later 
consequences may lead to skin cancer development. UV-C radiation on our planet earth in only 
produced by artificial sources, because the ozone layer is protecting the UV-C radiation that comes 
from the sun. Various standards and scientific researches define what doses are safe for people and 
harmful for the majority of microorganisms, due to the UV-C radiation purpose of disinfection. The 
fluence or more common term dose describe the total radiant energy incident on a certain area or 
surface. The main units of dose are W·s/m2 or J/m2, but it may alter to other decimal units’ variations 
for simplicity reasons. The dose can be calculated when the intensity of the radiation and time of 
irradiation is known and is defined by the formula: 

D = I * t  (4) 

In this equation D – dose, I – intensity of radiation, t – time. The dose is measured by J/m2, intensity 
is measured by W (sometimes μW or mW), and time is measured in s.  

The dose required to sterilize different bacteria or viruses does not only depend on the type and 
structure of the microorganism but also depends on the medium where the germ is located whether it 
may be surface, water or air. Surface-located microorganisms need the highest doses due to the 
attachment and surface material properties, while germs in the air are the easiest to sterilize [37].  

Another important thing to mention is UVGI (Ultraviolet germs irradiation) effectiveness curve, 
which is a mathematically modelled curve that describes the UV-C radiation wavelength disinfection 
abilities. It is used as a response curve to determine how much area of the germicidal curve the used 
UV-C source is covering at a certain wavelength. Fig. 9. displays the example of a specifically 
designed 265 nm wavelength UV-C LED source in response to the UVGI curve. It can be seen that 
UV-C source intensity matches the germicidal curve peak at 265 nm and it shows that this wavelength 
is most effective during the disinfection process [38]. 
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Fig. 9. UVGI effectiveness curve in comparison to the 265 nm UV-C LED [39]. 

However, the given UV-C LED curve is produced by relatively new and expensive LED technology 
and is not yet commercially beneficial to use compared to the currently used UV-C germicidal lamps 
[40]. 

1.2.6. UV interaction with human eyes and skin 

In previous chapters, the interaction of UV-C and human eyes or skin was mentioned. UV-C radiation 
has a lethal impact on living organisms’ DNA and RNA structures, which is dangerous and harmful 
thing, but if it is used correctly, it can even save lives by sterilizing hazardous microorganisms from 
the environment. However, UV-C radiation is capable to penetrate the outer layers of human skin or 
the eye and cause serious damage due to its highly energetic exposure (Fig. 10.).  

 

Fig. 10. A – Human eye and B – skin interaction with UV spectra example [38]. 

The basic principle is that UV-C energy, which is photons get absorbed by the human body molecules 
that include DNA, proteins and lipids found in most of the human cells. Then reactive oxygen species 
(ROS) are created and the outer layers of cells are ruptured due to the lack of oxygen which is partly 

A B 
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responsible for nutrient transportation and finally the cell is dead without the possibility to replicate 
or regenerate [41][42][43].  

1.2.7. Short term effects 

Some of the UV-C source radiation effects can appear instantly or just in a short time. Of course, it 
depends on many variables that include the time under irradiation, the irradiation intensity, and 
personal human’s ability to heal which also depends on age and many other variables. Short-term 
effects are the ones that appear after a few hours of exposure. The main short-term effects on human 
eyes are photokeratitis which is inflammation of the cornea and photo conjunctivitis which is 
inflammation of the conjunctiva. A few more short-term UV-C exposure consequences for the skin 
are simple redness and swelling of the skin, in other words, erythema and oedema [44]. 

1.2.8. Long term effects 

As for the long-term effects, the dependence is the same as for the short-term, however, the 
consequence of this long-term radiation is way worse. Long-term effects appear after constant 
exposure every day that repeats for a few months or even years. First of all, UV-C radiation can 
weaken a person’s immune system as well as weaken autoimmune to allergic illnesses. The skin may 
no longer produce a “protective layer” of antimicrobial cells which also leads to a weak immune 
system and increases the chance to get an infection. Unwanted wrinkles, sagging and dryness of the 
skin are one of the symptoms, but these are not that harmful compared that at least three different 
types of cancer may occur due to UV-C exposure to the skin. Those are basal cell carcinoma, 
squamous cell carcinoma and the most popular skin cancer species melanoma. Pterygium is one of 
the long-term UV-C exposure to the eyes consequence which does not affect vision but changes the 
eye appearance if not treated in time. However, UV-C exposure to the eyes can lead to cataracts which 
means the eye lens is clouded and blindness may occur [44]. 

1.3. Microorganisms 

According to the scientists, there are at least a billion species of various microorganisms. Most of 
them are harmless and even provide good for humanity however, some of them are dangerous [45]. 
In general, all of these microorganisms are sorted into eight groups: fungi, protists, bacteria, archaea, 
viruses, viroid, satellites, and prions (Fig. 11.). Every one of those is different in its cellular 
composition, development rate, morphology or even replicating abilities. Nevertheless, the most 
popular that most of humanity is familiar with are bacteria and viruses, which have very similar 
cellular compositions and mainly consist of nucleic acids and proteins. However, many additional 
varieties of microbes are in charge of numerous global activities. While some are unhealthy and bring 
about illnesses in both people and plants, others produce oxygen, break down organic debris, provide 
plants nourishment, and protect people's health [46]. 
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Fig. 11. Map of biological entities according to microbiologists [43]. 

1.3.1. Human interactions with microorganisms 

Microorganisms are numerous, diverse forms of life that interact in a variety of ways with people. 
While some of these contacts are constructive, others can be detrimental. By carrying out vital bodily 
processes including food digestion, vitamin production, immune regulation, and thwarting disease 
colonization, microbes can benefit humans. By creating beneficial compounds like antibiotics, 
enzymes, hormones, and biofuels, microbes can also benefit people. Additionally, microbes can be 
utilized in biotechnology, bioremediation, and biosensing [47].  

Microbes can cause infectious diseases that affect many body organs and systems, but they can also 
cause harm to people. Microbes can enter the human body through a variety of channels, including 
ingestion, skin contact, and inhalation, and they can grow quickly in the right circumstances. By 
generating poisons, enzymes, or antigens that set off inflammatory and immunological reactions, 
microbes can harm the host cells and tissues. By changing, cloaking themselves, or building biofilms, 
microbes can also get around or outwit the host's defences. The common illnesses brought on by 
bacteria are COVID-19, HIV/AIDS, malaria, influenza, and tuberculosis [48]. 

A hospital is one of the environments where microorganisms present a significant risk of infection. 
Such a facility sees a lot of patients every day, some of whom may be carrying different infections 
from different sources. Additionally, it is challenging to stop the transmission and spread of bacteria 
and viruses because of the continuous movement of patients, visitors, and personnel inside and 
outside the hospital. Because nosocomial infections can harm both patients and healthcare providers, 
hospitals must take stringent action to prevent and reduce them. These precautions include good 
hygiene, cleaning, sterilization, isolation, and monitoring techniques. Due to these causes many 
people can catch various infections in such facilities and talking about viruses the most popular are 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Clostridium difficile, Methicillin-resistant Staphylococcus aureus [49]. 



26 

1.3.2. Bacteria and viruses’ interaction with the surface 

There are many places, rooms and facilities that have an enormous number of bacteria and viruses, 
and one of such places are hospitals or clinics. The ill patients can spread these harmful 
microorganisms very fast by coughing, sneezing or even talking and touching things around the area. 
The germs are so small that they can land on any surface or even stay floating in the air depending 
on their weight and density. Talking about airborne germs, it is not difficult to clear them from the 
environment. It can be done by simply opening windows periodically or by installing good ventilation 
systems in the buildings so that the air would be fresh and germ-free. However, surfaces require much 
more attention, because of course depending on the surface material, most of it provides perfect 
conditions for bacteria and viruses multiplication and spreading. These surfaces need to be cleaned 
and sterilized by a variety of specific chemicals and human labour as well, which can be expensive, 
time-consuming, and possibly dangerous. Therefore, minimizing the amount of bacterial and viral 
contamination of surfaces is crucial for infection control and prevention in health care facilities. 

Therefore, the interaction of these microorganisms with the surface must be discussed. There are 
various surfaces and there are a lot of materials that surfaces can be made of as well as their roughness, 
geometry and interaction angle. Some of those can be hydrophilic or hydrophobic, they can be just 
standard surface or antimicrobial types and have various effects on most bacteria or viruses. However, 
the most popular mechanisms of surface interactions for both bacteria and viruses are attachment, 
adhesion, activation, inactivation and coating. 

Attachment is the mechanism mostly applied for bacteria where the cells are capable to attach to the 
surface by using their flagella. Flagella are the tiny “tails” of the bacteria cell which are responsible 
for movement, sensation, and attachment. Due to the size of the flagella connection between cell and 
surface can happen by simple electrostatic forces depending on the charge of the cell and surface, 
however, this connection is temporal and easily disrupted [50]. 

Adhesion is already a steadier connection type which includes van der Waals forces and it overcomes 
the repulsion that microorganisms meet during a simple attachment process. Besides van der Waals 
forces there are additional hydrophobic interactions, hydrogen bonds and ligand-receptor interactions. 
The dipole-dipole interactions between molecules give rise to the van der Waals force, a weakly 
attractive force. The Hamaker theory, which considers the accumulation of all pairwise interactions 
between molecules, can be used to determine the van der Waals force. The van der Waals force is 
influenced by the molecules' proximity, orientation, and polarizability. The van der Waals force can 
be weakened by extending the distance or adding a material with a lower dielectric constant because 
it is typically dominant at close distances of up to ten nanometres [51]. The exclusion of water 
molecules from nonpolar regions due to entropy produces the hydrophobic interaction, an attractive 
force. The degree of hydrophobicity of the entities and the contact surface area determines the 
hydrophobic interaction. The hydrophobic interaction can be altered by lowering the humidity or 
raising the hydrophobicity because it often dominates at intermediate distances of 10 to 100 
nanometres [52][53]. 

Inactivation and activation are two processes based on reactive oxygen species' (ROS) properties. 
Inactivation is the process when the attached microorganisms’ connections are disrupted by metals, 
coating or polymers when the ions are released which disrupt membranes. Numerous physical 
processes, including photocatalysis, electron transfer reactions, Fenton reactions, oxidation-reduction 
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events, and plasma production are used in the inactivation techniques. The surface's composition, 
shape, and charge as well as environmental factors like temperature, humidity, and light have an 
impact on the inactivation efficiency [54]. As the inactivation was the mechanism of microorganisms’ 
destruction, the activation is the opposite. The materials on the surface such as titanium dioxide, zinc 
oxide or porphyrins help bacteria and viruses to replicate. Different physical processes, like 
photoexcitation, interfacial charge transfer, or photothermal effects, are involved in the activation 
mechanisms. The surface material, shape, and charge as well as external elements like light 
wavelength, intensity, and duration all affect how effectively a surface is activated [55][56]. 

By creating biofilms or aggregates, bacteria and viruses cover surfaces, it is called coating. Complex 
bacterial populations known as biofilms are encased in an extracellular polymeric substance (EPS) 
matrix. Clusters of bacteria or viruses known as aggregates are bound together by viral proteins or 
EPS. Different physical processes, such as self-assembly, phase separation, or gelation, are involved 
in the coating. The surface material, roughness, and chemistry, as well as the bacterial or viral strain, 
concentration, and phenotype, all affect the coating qualities [57][58]. 

1.3.3. UV interaction with microorganisms 

The mechanism of UV radiation interaction with various microorganisms is based on the UV ability 
to damage the nucleus which contains all DNA and RNA of the germ. Comparing chemicals that are 
used for disinfection and UV-C radiation, the radiation has the upper hand due to its ability to 
penetrate through the entire cell directly to the nucleus instantly. For instance, talking about bacteria, 
just after the UV-C radiation reaches the nucleus the pyrimidine dimers are formed in RNA and DNA 
structures (Fig. 12.). Such damages interfere with the cell's ability to reproduce and replicate. Latter 
formed reactive oxygen species (ROS) damage the cell structure form the inside and cause a lot of 
stress by disrupting all the mechanisms of a living bacteria cell leading it to death [59]. 

 

Fig. 12. Example of bacteria interaction with UV-C radiation [60]. 

The interaction between various microorganisms and UV radiation is already widely investigated 
with UV-C germicidal lamps that usually provide 254 nm wavelength. In recent years developed UV-
C LED source which is specialized in 265-275 nm wavelength is not explored so much. It is proven 
that specific UV-C LED wavelength is way more effective compared to low or medium-pressure 
sodium lamps (check section 1.2.4 Fig. 8.). Despite effectiveness differences, both wavelength 
radiation types are used for microorganisms’ sterilization. This process of disinfection depends on 
various factors, whilst the most important is the medium. Different UV-C radiation doses are required 
when the microorganisms are irradiated on surface, air and water. Surface disinfection needs the 
highest doses and air request the lowest. Sometimes surface may need ten or more times higher doses 
due to the distance, surface interactions, surface structure, geometry, and roughness. If disinfection 
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is applied in various premises, the objects may stand in the way of radiation as well, because UV-C 
radiation cannot go through most of the materials [61].  

The official doses required to kill 90% or D90 (dose 90%) of bacteria or viruses are given in various 
UV-C sources suppliers and the formula to determine higher percentages is given as well. However, 
this information is only suitable for 254 nm wavelength UV-C sources. The majority of the research 
is done using D90 doses and the median dose value when the main microbes are tested is 37 J/m2. 
Even if the investigations are made using low-pressure sodium lamps at 254 nm it is assumed that 
275 nm UV-C LED would provide similar results. In the previous section provided graph would 
suggest otherwise but as many researchers there were obtained similar results compared with 254 nm 
UV-C sources it may be a close call [61]. 

The most popular bacteria were mentioned in section 1.3.1 and here in Table 1 there are some of 
these bacteria D90 requirements for 254 nm wavelength provided by one of the biggest United 
Kingdom UV-related companies “UV Light Technology Limited”. These numbers can be valued as 
the 275 nm wavelength due to the small difference in nanometres and some other factors that include 
UV source stability and effectiveness. Of course, results would not be identical but because these new 
UV-C LED sources of wavelength 265-275 nm are not so widely investigated, the given doses in the 
table below can be used as a reference in this work [62]. 

Table 1. Various microbes and required D90 doses. 

Microbe Species D90 Media Source 

Escherichia coli Bacteria 55 J/m2 Surface Hollaender 1955 [63] 

Escherichia coli Bacteria 11 J/m2 Air Koller 1939 [64] 

Pseudomonas aeruginosa Bacteria 55 J/m2 Surface Hollaender 1955 [63] 

Pseudomonas aeruginosa Bacteria 4 J/m2 Air Sharp 1940 [65] 

Staphylococcus aureus Bacteria 66 J/m2 Surface Gates 1934 [66] 

Staphylococcus aureus Bacteria 20 J/m2 Air Nakamura 1987 [67] 

Coronavirus (ssRNA) Virus 4 J/m2 Air Walker 2007 [68] 

SARS-CoV-2 Virus 50 J/m2 (2 log) Surface Dr Anthony Griffiths [69] 

As a guideline, there is simple formula needed for higher log doses which goes by multiplying the 
D90 value as follows: 

 D90 * 2 gives a 99% (2 log) reduction; 

 D90 * 3 gives a 99.9% (3 log) reduction; 

 D90 * 4 gives a 99.99% (4 log) reduction; 

 D90 * 5 gives a 99.999% (5 log) reduction; 

 D90 * 6 gives a 99.9999% (6 log) reduction. 
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After comparing similar research it is clearly seen that UV-C LED always require less dose due to 
the 265-275 nm wavelength influence. However, differences are not that huge so results obtained by 
using UV-C dose at 254 nm references are acceptable [70].  

1.4. Safety and standards 

The previous chapters described how artificial UV-C sources are capable to kill various 
microorganisms and how hazardous it is to humans, especially to their skin and eyes. As mentioned, 
direct contact with UV-C light can cause skin burns and eye damage (photokeratitis). Therefore, many 
safety precautions should be taken to avoid the harmful effects of UV radiation. Of course, if the UV-
C source is used in some kind of premises like storages, shops, hospitals and similar these UV light 
sources must comply with specific standards which include not only UV radiation safety instructions 
but many others as well. 

1.4.1. Safety precautions 

There are a few most important safety precautions when using UV-C radiation sources whether it 
would be used for daily disinfection or testing in laboratories. Some of those may be obvious but still 
necessary to mention. The list of precautions includes: 

1. Avoid direct contact with UV-C light sources, especially with the skin and eyes. 

2. Wear protective gear, eyes must be protected with specific glasses and skin should be covered 
by using cloves and clothing that radiation cannot penetrate. 

3. UV-C sources must be in well-ventilated premises and rooms due to the produced ozone (UV-
C LED do not produce ozone, only lamps), which is dangerous for the human respiratory 
system. 

4. Limiting the use time of UV-C light sources is very important to prevent accidental radiation 
exposure on humans.  

5. Determine the distance of the UV-C radiation to cover only necessary areas. 

6. Do not use the UV-C luminaires when the premises are occupied. 

Taking everything into account, UV-C light sources like low-pressure lamps, medium-pressure lamps 
or UV-C LED are very harmful to human health and need to be limited in time, distance and strength 
to avoid all possible accidents of radiation exposure [61]. 

1.4.2. Standards 

In the majority of cases, UV-C light sources are used as disinfection devices for air, water and various 
surfaces. These devices are called luminaires that emit UV-C radiation. In order to use these 
luminaires, there are various standards that must be adhered to. It is necessary for the main reason of 
safety, however, when it is the UV-C LED type luminaire there are not many strict standards, because 
this technology is quite new to the market. There are still some very important standards that must be 
mentioned, and it includes: 

1. Directive 2014/30/EU EMC. Standard states that all luminaire all electronic components must 
be coordinated, work smoothly and do not overload the network [72]. 
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2. Directive 2014/35/EU. Standard states that the device must comply with low voltage margins, 
which are up to 1000 V [73]. 

3. Directive 2011/65/EU or ROHS Directive. Standard states that all materials used in the device 
must be non-toxic and should not produce any chemical reactions that are harmful to humans 
[64]. 

4. UNE 0068:2020. Standard describes the basic safety requirements (most of them are listed in 
precious section 4.1) about the wavelengths, spectra specifications, dangerous limits, 
compatibility of materials and components with UV radiation and the basic consequences of 
UV radiation exposure [65]. 

5. Directive 2012/19/EU. Indicates protective measures for the environment and human health 
related to waste electronic equipment. Requires the manufacturer or supplier to register with 
the RII-AEE (Integrated Industry Register), where they confirm that they are ready to take 
action and punish the polluter [76]. 

6. Directive 2006/25/EC ANNEX I Table 1.1. Basic health and safety rules related to the risks 
posed to workers by physical agents (artificial optical radiation) are presented. Ensures that 
the use of the product will not harm workers or those who may be exposed to artificial optical 
radiation during work. UV-C radiation must not exceed 30 J/m2 in 8 hours for the following 
body parts: eyes and skin [77]. 

According to described standards, all the devices including UV-C luminaires, must be safe and doses 
must be either not used on people or should be low enough to cause no harm. It is important to mention 
that all of these standards are only applied in Europe, but not all of them are mandatory, it is 
unfortunate but some of these are just recommendations. 

Moreover, this work specializes in the UV-C LED luminaires applications to healthcare premises and 
luminaires have not necessarily only providing UV radiation. Simple illumination is very important 
as well and requires some additional standards and recommendations describing the most important 
parameters that are important in such facilities. Three main standards are: 

1. EN 60598-2-25/ LST EN 60598-2-25:1999/A1:2005. Standard provides information about 
luminaires’ electrical components compatibility, low voltage limits (up to 1000 V) and other 
important parameters. All the given information is applied for use in clinical areas of hospitals 
and healthcare buildings [78]. 

2. EN ISO 9680:2022. Standard explains all the needs and hazardous limits that must be taken 
into account at dentistry premises [79].  

3. AS/NZS 1680.2.5 (Australia). The standard requires specific wavelengths, CCT and CRI 
parameters in order to calculate the cyanosis observation index (COI). Certain COI lets to 
diagnose some skin diseases and blood discrepancies [71]. 

To conclude the chapter about standards, it can be seen that all the requirements are based on human 
safety and well-being by ensuring the high quality of used devices and offered products or services. 
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1.5. Literature summary 

Taking everything into account, the necessary information about hybrid UV-C LED luminaire must 
be separated into three groups, that would be photometric, photobiological properties, and standard 
requirements. Photometric properties cover important LED luminaire characteristics including 
luminous flux measured in lumens, correlated colour temperature (CCT) in Kelvins, colour rendering 
index (CRI) and cyanosis observation index (COI). Each of the mentioned features describes the 
quality of LED luminaire. According to the standards here are some of the values that define the LED 
light source as a high-quality device: 

 CCT must be between 3000 K and 5500 K, which changes the colour warmth from a yellow-
white to a bright blue-white colour. 

 CRI defines a light source's ability to accurately reproduce the colours of objects compared to 
a reference light. All values above 90 are considered excellent results of the light source. 

 COI defines the severity of cyanosis by scoring the degree of bluish discolouration of the skin 
and mucous membranes. According to the standard, its value must not exceed 3.3. 

Photobiological characteristics describe the properties of UV radiation and its disinfection 
effectiveness. There are three types of UV radiation which differ in wavelength: UV-A (320 – 400 
nm), UV-B (280 – 320 nm), and UV-C (200 – 280 nm). The only type that has effective sterilization 
properties is UV-C radiation and dose is the characteristic defining its efficiency. The most common 
dose unit is J/m2 and it is obtained by multiplying the intensity of the UV-C source (W/m2) and the 
exposure time (s). In order to sterilize the various microorganisms like fungi, protists, bacteria, 
archaea, viruses, viroid, satellites, and prions different doses are needed and a few very important 
variables play a role. Despite the resistance ability of each individual microorganism, the crucial 
variables are the media (air, water, surface), distance, irradiance power and time of irradiation. 

UV-C radiation is dangerous for all living organisms including humans. Irradiation effects usually 
appear on human skin and eyes and are divided into short-term and long-term effects. Short-term 
effects can be seen after a few hours of exposure and can include symptoms such as redness, swelling, 
and itching of the skin or redness, tearing, and pain in the eyes. Long-term effects may occur after 
continuous or repeated exposure over a period of weeks, months, or years and can result in more 
serious health effects such as skin cancer and damage to the eyes, immune system, and DNA. 

Such devices, as UV-C LED luminaires, can be effectively applied in healthcare institutions where 
the contamination of dangerous viruses and bacteria is always at a high level. To achieve successful 
disinfection of healthcare premises and to avoid radiation damage to the people there are some 
important standards and recommendations that must be followed when UV-C LED luminaire is used. 
Firstly, the limit for UV-C radiation exposure of 30 J/m² per 8-hour workday should not be exceeded 
and should be designed to emit radiation in a safe and controlled manner. Secondly, the luminaire 
should meet the basic requirements for general lighting, including luminous flux, colour rendering 
index, electric parameters margins and correlated colour temperature. Finally, it is important to note 
that the use of UV-C LED luminaires is not a replacement for standard cleaning and disinfection 
procedures, but rather a supplementary measure to improve overall hygiene and infection control. 
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2. Methodology and equipment 

UV-C LEDs are a relatively recent and innovative invention in the field of sterilization and 
disinfection. As a result of the ongoing global pandemic, the need for effective and efficient UV-C 
LED-based disinfection systems has increased considerably. Of course, there is an enormous variety 
of UV-C germicidal lamps like T5 or T8 type low/medium pressure mercury lamps, excimer lamps 
or far-UV lamps. However, UV-C LEDs are way superior technology according to the electrical 
efficiency, lifetime longevity, size, application possibilities and wavelength options varying from 265 
nm to 280 nm [81]. 

Given the market's abundance of options, finding the right components for such systems might be 
difficult. To ensure the best performance, a comprehensive market analysis was conducted before 
selecting the best UV-C LED chips. More than five huge lighting solution companies were 
investigated, and their offered products were analysed. Most of the researched companies did not 
even have anything related to UV-C sources or could only provide old-school germicidal lamps 
containing dangerous mercury gas. There are a few reasons why UV-C LEDs are not popular yet. 
One would be that it is not entirely developed technology and it is quite difficult to manufacture high-
quality UV-C LED chips of accurate wavelength. The second reason is obvious, this new technology 
is yet very expensive, as an example one UV-C LED chip of size 5x5 mm costs around 20 € on 
average. 

However, with the help of “Northcliffe Lighting” logistics department some alternative version of 
UV-C LED was found in one South Korean company called “Seoul Viosys Co”. This company kindly 
agreed to provide 24 UV-C LED chips that were suitable for easy soldering on PCB plate. 

2.1. Equipment 

2.1.1. UV-C LED modules 

The first and most important part of this master's work is the artificial UV-C light source, which will 
primarily comprise a recently developed UV-C LED module. This certain module includes two main 
components: UV-C LED chips and a PCB plate. The used UV-C LED chips (model CUD7GF1B) are 
capable to irradiate deep UV radiation with peak emission at 275 nm and are illustrated in Fig. 13.  

 

Fig. 13. Used UV-C LED chip model CUD7GF1B [72]. 

The final UV-C LED module was created by using the reflow soldering technique which will be 
explained in the next chapter 2.2 Workflow. Chips could not be attached to the PCB plate manually, 
so the Lithuanian company “AKTO” was hired for this soldering process. There were three UV-C 
LED modules created in total. 
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The size of these UV-C LED chips was 3.5x3.5 mm and the size of the PCB plate was 117x50.8 mm 
with only one possible connection type when eight chips connected in series (8S). There are various 
parameters that are important when it comes to LED modules, but the most critical part is electrical 
parameters including current and voltage limits which must not be overloaded for high-quality 
operations. These parameters are given in Table 2. 

Table 2. Single UV-C LED chip characteristics [72]. 

Parameter Symbol Value Unit 

Peak wavelength λp 275 nm 

Radiant Flux Φ 16 mW 

Forward Voltage V 6.1 V 

Forward Current I 20-250 mA 

Operating temperature Top -40…+90 ℃ 

Radiation angle Θ 125 deg. 

All these values provided by the manufacturer were tested and confirmed in the “Northcliffe lighting” 
laboratory by the author of this work. Each given parameter has a tolerance to differ by up to 10 %. 
According to the LED module connection type 8S, the electrical parameters of voltage are described 
in the following Table 3. 

Table 3. Electrical voltage parameters of UV-C LED modules. 

Parameter Symbol Quantity of LED 

modules 

Value Unit 

Forward Voltage V 

1 48.8 

V 2 97.6 

3 146.4 

The given parameters are measured in the ideal environment and may differ depending on current 
overload or ambient temperature. The final view of created UV-C LED modules is illustrated in Fig. 

14. An image consists of two parts where in the picture above a few samples of plain UV-C LED 
chips are presented and in the bottom part of the image, eight UV-C LED chips are already soldered 
on the PCB plate. Naturally, the shape and dimensions of the PCB plate can vary, but this option was 
the most suitable for this project. 
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Fig. 14 Separate UV-C LED chips above and created LED module below. 

During this research, the constructed UV-C LED modules were adapted to the already existing LED 
luminaire that was provided by the Lithuanian company “Northcliffe Lighting”. First, the model of 
the new hybrid luminaire was created using the software “SolidWorks” and it is presented in Fig. 15. 

 

Fig. 15. Sketch of the UV-C LED hybrid luminaire. On the left, the luminaire and the UV-C LED modules 
are presented with a front view. The right side of the image shows a profile view of the luminaire’s both 

sides together with the electrical components' position. 

Second, the hybrid UV-C LED luminaire was constructed according to the prepared sketches and the 
prototype version is presented in Fig. 16. 
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Fig. 16. Prototype of hybrid UV-C LED luminaire. 

2.1.2. LED drivers 

LED drivers are electronic devices used to control the electric output given to LED modules. 
Previously mentioned electrical limits of LED modules require specific voltages and currents. 
Specifically for this reason LED drivers are used to convert alternating current (AC) from the net to 
direct current (DC) that would be stable and suitable for chosen modules. In this work, three different 
combinations of LED modules were tested using three different currents and so there were chosen 
LED drivers for each combination sorted by operating voltage window (presented in the following 
Table 4) [83].  

Table 4. LED Drivers' electrical characteristics and using preferences.  

LED driver 

Operating 

voltage 

window, V 

LED modules combination 

Tridonic - LC 25W 75–350mA flexC NF h16 
EXC4 

(Current set using Near Field Communication 
(NFC) programming function) 

40-166.7 [84] 

1 LED module at 150 mA 

2 LED modules at 150 mA, connection in 
series 

3 LED modules at 150 mA, connection in 
series 

Helvar - LL18SEC-CC-200-350 (Current set using 
dip switches) 

30-52 [85] 1 LED module at 200 mA 

Helvar - LL1x10-42-E-CC (Current set with the 
current setting resistor of 2.74 kΩ connected to the 
Rset terminal) 

~50-210 [86] 

2 LED modules at 200 mA, connection in 
series 

3 LED modules at 200 mA, connection in 
series 

Helvar - LL18SEC-CC-200-350 (Current set using 
dip switches) 

30-52 [86] 1 LED module at 250 mA 

Helvar - LL1x10-42-E-CC (Current set with the 
current setting resistor of 1 kΩ connected to the Rset 
terminal) 

~40-170 [85] 

2 LED modules at 250 mA, connection in 
series 

3 LED modules at 250 mA, connection in 
series 
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According to Table 4, all the operating voltage windows are chosen correctly, not one combination 
of LED modules was overloaded, and testing results were obtained without any interference. 

 

Fig. 17. LED drivers used in the research. A – NFC current set option, B – resistor current set option, C- DIP 
current set option. 

All LED drivers were provided by “Northcliffe Lighting” company and are depicted in Fig. 17. 

Coloured squares notify different current setting options for each LED driver that were discussed in 
the table above. The red colour shows the NFC setting option which requires either specific software 
and programming pad or a smartphone app called “4service NFC” provided by “Tridonic” company. 
The blue square shows the current setting option by connecting the resistor of chosen resistance value 
to the given push-in terminals. The last green square current setting option is the simplest one and 
requires switching given dips to recommended positions. 

2.1.3. LabSpion Goniometer and spectrometer 

A precise light measurement equipment created by Viso Systems is the LabSpion goniometer and the 
UV-VIS model 2 spectrometer is used in this research work. The connection scheme of the setup is 
presented in Fig. 18. It is capable of measuring a variety of light sources, starting with small and 
unique lamps or LED chips, to complicated shapes and sizes of LED panels or streetlights. The 
LabSpion goniometer provides the whole 3D distribution measured with an astonishing precision of 
0.1 degrees resolution. For quick and precise measurements, the system makes use of a 2-axis 
goniometer, a spectrometer sensor, and an integrated power analyzer. The investigation of 
photometric parameters and evaluation of illumination devices in space requires a coordination 
system to determine the angle and direction in which measurements are made [87]. 

A 

B 

C 
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Fig. 18. Light measurement system connection scheme [88]. 

2.1.4. Goniometer 

This specific goniometer system can also be called by another name, the "far-field rotating source 
goniophotometer" because it is specifically designed for various illumination device measurements 
(Fig. 19). The working principle of the device is based on the mounted light source moving around 
its axes in a pre-set precision to cover and collect all possible illumination data of each angle by the 
spectrometer. Technically, the luminaire itself is not moving; the light source is mounted directly in 
the centre of the goniometer coordinate system, and the device rotates in pre-set directions. The 
system must be placed in a dark room where no additional light is present so that only the tested 
source data will be present. 

 

Fig. 19. LabSpion goniometer [89]. 
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The goniometer itself moves around its axis in both directions, covering the horizontal plane. It is 
capable of moving around 360 degrees, depending on the needs of the measurement. The vertical 
plane also rotates around its axis, with the defined resolution ranging from 0.1 to 5 degrees accuracy, 
and the number of planes chosen from 2 to 36 planes, depending on the measurement needs. Overall, 
the mentioned coordinate system and its rotating principle are based on two angles. One is the angle 
between the half-plane which is the “zero” point and the half-plane at which the direction is 
considered. The second angle is between the intersection axis and the considered direction. All the 
orientations and directions are chosen individually based on the measured light source type to obtain 
the most accurate results. Examples of the European-type planes and measurement directions are 
illustrated in Fig. 20 [88]. 

 

Fig. 20. Goniometer planes and angles [88]. 

2.1.5. UV-VIS spectrometer 

The device used in this research work is a UV–VIS (Ultraviolet–Visible) light source spectrometer 
LabSensor model 2 (Fig. 21.). This scientific device is a specific laboratory sensor that is used to 
measure the chosen light source wavelength and relative intensities to create a spectrum. The 
spectrometer consists of several main components that describe the whole working principle of the 
spectrometer and those are an entrance slit, a diffraction grating or prism, a detector/sensor, mirrors, 
routing optics and higher-order filters. Usually, the sample is included in the system and its optical 
characteristics like transmittance, reflectance and absorbance are measured. However, in this case, 
there is no sample or it is calibrated specifically for light parameters like lumens (lm), wavelength 
(nm) etc. measurements. 

 

Fig. 21. LabSpion UV-VIS spectrometer model 2 [90]. 
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The working principle starts with the light entering the device through the entrance slit which narrows 
the beam of light. Right after that, the light beam is reoriented by the collimated concave mirror to 
the direction of a diffraction grating or the prism where light is separated by the relative intensity 
wavelengths. The separated light once more changes its direction by interacting with routing optics. 
This time light is reoriented towards the detector which measures the intensity of each separated 
wavelength and converts it to the electrical signal that is analyzed by a computer program. The light 
of course has to pass through the high-order filter to remove all the higher-order diffractions that can 
possibly appear in separated light. The schematic visualization is presented in Fig. 22 [91][92]. 

 

Fig. 22. Spectrometer working principle scheme [93]. 

2.1.6. Light inspector software 

The software “Light Inspector” is a tool for light measurements that allows one to quickly measure, 
evaluate, and analyse data from a broad wavelength spectrum that includes UV and NIR (near 
infrared) regions. The software is simple to use and gives an overview of various lighting 
characteristics-related measurements in real-time and is perfectly adapted for the lighting industry 
(Fig. 23.). Despite all the visible light analysis features it can measure and provide a variety of results 
related to the UV field. The software is capable of producing a wide range of results, but among them, 
the most important are undoubtedly light efficiency, light quality, and light distribution. These results 
are particularly valuable as they provide critical insights into the underlying data, enabling users to 
make informed decisions and take appropriate actions based on the findings. When measuring UV 
spectra, the software gives results of spectra intensity, dose effectiveness and evaluation of time 
needed to sterilize chosen microorganisms, it measures different intensities at various distances as 
well [94]. 
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Fig. 23. Dashboard with a variety of VIS light source characteristics provided by the “Light inspector” 
software [94] 

2.2. Workflow 

There are various essential steps that must be followed in order to properly accomplish this study's 
aim and complete all required tasks. However, it was essential to conduct a thorough theoretical 
investigation into the characteristics and features of UV sources before beginning the experimental 
phase. The difference between the currently most popular UV-C disinfection lamps and the 
innovative UV-C LED modules was investigated. After the comparison, it was clear that UV-C LEDs 
are exponentially developing technology which is way more advanced than germicidal lamps. Despite 
the price difference, UV-C LEDs are way more compact, consumes less energy, have a longer 
lifetime, do not contain mercury gas and are ozone-free UV-C solution. Concluding, all the workflow 
was covered in these steps: 

 Creating a UV-C LED light source. 

 Preparing the UV-C LED modules for measurements by mounting them on an aluminium 
plate and ensuring their thermal conductivity to avoid overheating. 

 The aluminium plate was mounted on the centre of the goniometer and the distance was set 
for the measurement. 

 Measurements were performed in compliance with all safety requirements. 

 The settings of “Light Inspector” software were adjusted to obtain accurate results. 

 Obtained results were analysed and processed for further use. 

As mentioned at the beginning of chapter 2.1.1, certain UV-C LED chips were acquired with the help 
of the Lithuanian company “Northcliffe Lighting”. LED chips were soldered onto PCB plates using 
the reflow soldering method (Fig. 24.) with the help of another Lithuanian company “AKTO”. 
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Fig. 24. Reflow soldering temperatures graph [82]. 

The second step was carefully mounting the UV-C LED modules onto the aluminium plate to prepare 
for testing. The aluminium plate was cleaned with isopropanol and covered with thermal paste to 
prevent overheating of UV-C LEDs (Fig. 25).  

 

Fig. 25 LED modules mounted on the aluminium plate. 

Later the whole plate was mounted on the goniometer vertical axis and centred for accurate 
measurement. Distance from the spectrometer and the centre of the UV-C source was measured at 2 
meters in order to meet the testing standard requirements (Fig. 26.). 
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Fig. 26. UV-C source mounted on the goniometer and the set distance in the testing facility. 

There were nine combinations chosen to find the most optimal and effective source variation. LED 
modules were applied with three different currents: 150 mA, 200 mA, and 250 mA. All connections 
between LED modules were in series, and three combinations were prepared: 1 LED module, 2 LED 
modules, and 3 LED modules for each of the mentioned currents.  

When using a spectrometer for measurements, it is important to consider potential errors in the 
readings. In this case, the value of the error was determined to be 3.3%, which means that the 
measured values could deviate from the true values by up to 3.3%. However, it should be noted that 
the spectrometer used in this study was new and had been calibrated by the manufacturer, which 
ensured that the errors were precise and within an acceptable range.  

To reflect the potential range of error, error bars were included in some of the graphs that can be 
found in the results section. These bars provided a visual representation of the potential deviation 
from the measured values and allowed for a better understanding of the data. 

Additionally, the electrical parameters of the LED drivers were subject to an error of 5%. This means 
that the output values for these drivers could differ from the expected values by up to 5%. It is 
important to take these sources of error into account when conducting measurements and analysing 
data to ensure accurate and reliable results. 

Before each test the source was left turned on for 15-30 minutes to reach its working temperature, the 
chosen resolution was 5 degrees, and the test was done with 4 planes measurement for each of the 
combinations. After the testing software was prepared to analyse results but some additional values 
had to be filled and the following steps were made: 

 The photometric measurement setup was set to calculate the radiation dose (Fig. 27.). 
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Fig. 27. Dose measurement selection. 

 The testing wavelength region was customised (Fig. 28.). 

 

Fig. 28. Spectral region customisation. 

 Dose values for different microorganisms‘ sterilization calculations were found in scientific 
articles and filled in (Fig. 29.). 

 

Fig. 29. Dose values. 

 A response curve was added to the obtained spectra to evaluate the effectiveness of the 
measured source in relation to the germicidal sterilization effectiveness curve (Fig. 30.). 
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Fig. 30. Response curve. 

Some additional measurements of simple LED luminaire were made to prove the newly created UV-
C LED hybrid luminaire suitability for healthcare facilities. When all the required reference values 
were added and applied the data was exported, normalized, and can be found in Chapter 3 Results.  
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3. Results 

3.1. Photometric measurements 

Photometric data is very important for standard LED luminaires and especially when the lighting 
solution is applied to specific areas which require high-quality illumination. The luminaire “X” was 
mounted directly in the middle of the goniometer and it’s the distance between the spectrometer 
sensor and the luminaire central coordinate was exactly 6 meters (10 x the length of the luminaire 
required by a testing standard). Measurement was made using 8 planes with 1-degree resolution. 

 

Fig. 31. Photometric properties of the luminaire "X". 

The information obtained from the measurement is presented in Fig. 31. Light of the luminaire 
provides high efficiency in the relation between lumens (lm) and consumed system power (W). The 
colour rendering index (CRI) 92.2 of the luminaire “X” is considered excellent and allows to see 
things just as they are. The colour temperature (CCT) is nearly at 4000 K, which is close to the white 
light intended for work requiring concentration. Moreover, the Cyanosis observation index (COI) has 
a value of 3.3, which does not exceed any regulation limits and is perfectly suitable for healthcare 
facilities' services. The wavelength spectra is given in Fig. 32., the highest intensities are reached in 
blue colour spectra at around 450 nm and the red colour at 652 nm wavelength. 

 

Fig. 32. Wavelength spectra in relevance to normalised power (W) per nm. 

0

10

20

30

40

50

60

70

80

90

100

350 400 450 500 550 600 650 700 750 800

R
el

at
iv

e 
in

te
ns

ity
, %

Wavelenght, nm



46 

Polymethyl methacrylate (PMMA) de-glaring micro-prismatic diffuser (DPRZ) with a matt light 
scattering layer was used for specific healthcare premises applications to keep workers focused and 
not distracted by the bright light. Even if it narrows the angle of the light (Fig. 33.) it is more important 
that the luminaire “X” can provide professional and non-disturbing area illumination. 

 

Fig. 33. Beam angle of the luminaire "X". 

Finally, the most important parameter is the lumen output, which is exactly 5000 lm. Such light output 
is perfect for the standard healthcare premises ceiling height (2.4 meters) and compared with currently 
used light sources the LED luminaire would save up to 50 % energy consumption per year. 

3.2. Photobiological measurements 

Photobiological parameters of UV-C radiation sources are depending on many variables and are very 
important when the purpose of the use is microorganisms like bacteria and viruses’ disinfection. 
Using such radiation devices may be dangerous not only for most microorganisms but for people as 
well. The radiation effect on the microorganisms mentioned in section 1.3.3 will be discussed in this 
result chapter and the most suitable UV-C light option will be chosen considering such variables as 
electrical parameters, distance, time, media and the number of LEDs.  

The most important measurement of the research is also the one which proves that exactly the UV-C 
light source was investigated and Fig. 34. represents the obtained wavelength at a peak of 277 nm. 
The rest of the spectrum did not show any unexpected deviations, no significant noise peaks were 
detected during the measurement and obtained results are accurate. The uploaded UVGI curve 
increased the measurement accuracy because without it the software uses the full spectra of 200-850 
nm as the flat response and gives false results when the effect on microorganisms is investigated. 
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Fig. 34. Wavelength of investigated UV-C light source in blue and UVGI response in orange curves 
comparison. 

3.2.1. Irradiating power 

The total average irradiation power was determined for each UV-C LED combination by gradually 
increasing the applied current by 50 mA from 150 mA to 250 mA (Fig. 35.). The significance of 
chosen current values was based on the UV-C LED module limits and relevance to sterilization 
ability. The obtained result was as expected, the lowest total average irradiance of 70.4 mW was 
achieved when 150 mA current was applied to a single UV-C LED module and the highest of 257.3 
mW when 250 mA current was applied to 3 UV-C LED LEDs connected in series. The error bars 
given in the chart represent a 3.3 % possible deviation in total radiation output and a 5 % deviation 
in current measurements. However, the current settings were measured with a multimeter and such 
high deviation was not detected.  

 

Fig. 35. Total average irradiation power dependence on the applied current. 

The total average irradiance power is a combination of all measured UV spectra, that includes UV-
A, UV-B, and UV-C radiation. However, the only radiation that can effectively disinfect 
microorganisms is UV-C and its irradiation power at the peak for each combination is presented in 
Table 5. 
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Table 5. Peak irradiance at all possible variations and power consumption. 

Current, mA Quantity of LED modules UV-C Irradiance at the 

peak, mW 

Consumed power, W 

150 1 89.9 9.1 

2 172.3 15.6 

3 251.8 22.2 

200 1 117.8 11.0 

2 216.9 20.2 

3 299.5 28.9 

250 1 129.6 13.8 

2 230.8 25.6 

3 335.5 37.4 

 

According to the table, the highest UV-C irradiance at the peak was achieved by 3 UV-C LEDs at the 
250 mA current, while obviously consuming the most energy. The single UV-C LED module 
consumed the least energy and achieved the lowest irradiance, with only 89.9 mW. As the highest 
applied current of 250 mA is the maximum allowed limit for these certain UV-C LEDs, it may be 
close to overload and damage the efficiency of the device. 

3.2.2. Distance dependence 

The standard height of the ceiling in healthcare facilities is 2.4 meters, however, due to the various 
architectural designs it may differ and the dependence on the distance has to be measured, evaluated 
and taken into account. The irradiance efficiency was measured and presented in the following 
graphs. 

The irradiance per m2 for each measured variation was evaluated at distances varying from 1 meter 
to 5 meters. The first distance evaluation started with all variations at 150 mA current see Fig. 36. 3 
UV-C LEDs obviously have the highest irradiance of 57.4 mW/m2 at the shortest measured distance 
of 1 m and a single UV-C LED has the lowest of 20.8 mW/m2. The irradiance values are drastically 
dropping down from 3 m distance and further. 
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Fig. 36. Irradiance per m2 dependence on the distance and number of UV-C LED modules at 150 mA. 

With the current raised up to 200 mA, the gap between 1-LED and 3-LEDs irradiance increased at 
the shortest distance of 1 m (Fig. 37.). Measurement at 1 m resulted in 67.8 mW/m2 with 3 UV-C 
LEDs, 49,5 mW/m2 for 2 UV-C LEDs and 27.5 mW/m2 for single UV-C LED. Again, at roughly 3 
meters distance, the clear difference between all three options faded to almost non-existent. 

 

Fig. 37. Irradiance per m2 dependence on the distance and number of UV-C LED modules at 200 mA. 

As expected, with the highest applied current, the system power was the biggest as well for each 
group, resulting in the largest irradiation outputs of all the investigated samples. Graph Fig. 38. 
represents almost identical linear dependence as the previous charts represent distance influence on 
the irradiance per area. The largest values of irradiation at 1 meter were 75.1 mW/m2, 52.1 mW/m2, 
and 29.9 mW/m2 for 3 LEDs, 2 LEDs, and 1 LED respectively. 
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Fig. 38. Irradiance per m2 dependence on the distance and number of UV-C LED modules at 250 mA. 

Despite the applied current, all of the measured variations, have quite similar results in each group 
whether it would be a single, two or three UV-C LED module group. The 3-LED variation always 
shows the highest irradiance values and single LED always the lowest. However, all the graphs show 
that differences are starting to fade when the distance exceeds the standard room height of 2.4 m. All 
the values are coming close and do not make a significant difference to the sterilization process, 
because such irradiance is simply not enough for proper surface disinfection. Results show that with 
the distance increase the irradiation per area suddenly gets lower and lower meaning that at certain 
distances it requires more time to achieve the needed dose for microorganisms’ disinfection. 
 
By evaluating a considerable number of various microorganisms, the average dose required to achieve 
90% of sterilization on the surface is roughly 75 J/m2. The proper amount of time for disinfection is 
around 15-60 minutes when a high-intensity UV-C radiation source is used [62]. Taking this 
information into account, the combinations of single UV-C LED and 2 UV-C LEDs are not suitable 
for surface disinfection, because the time needed for sterilization would not be convenient for 
healthcare institution employees. Considering that these combinations of UV-C LED modules should 
not be mounted into hybrid LED luminaire for such application. 

3.2.3. Time dependence 

The SARS-CoV-2 virus has garnered widespread attention due to its significant impact on humanity. 
However, other dangerous microorganisms, such as Escherichia coli, Pseudomonas aeruginosa, and 
Staphylococcus aureus, are also commonly found in healthcare institutions. Although hospitals and 
clinics have measures in place to control the spread of bacteria and viruses, it is crucial to prevent 
future pandemics like the one that occurred in the year 2020. 

For this reason, various UV-C LED combinations were investigated to determine the optimal duration 
of premises disinfection needed to avoid the potential transmission of diseases outside of healthcare 
institutions. The angle of radiation is presented in Fig. 39. 
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Fig. 39. Beam angle of UV-C LED. 

The total UV-C illuminated radius at the distance of standard ceiling height of 2.4 m was calculated 
by rounding the beam angle to 120 degrees and applying simple 30 degrees angle rule to obtain the 
hypotenuse marked as “X” in Fig. 40. and then the radius marked as “Y” by applying Pythagorean 
theorem. Given the calculations radius of the investigated UV-C light source, light is roughly 4 meters 
at the standard ceiling height. 

 

Fig. 40. Visualisation of how the beam radius was determined. 

Escherichia coli and Pseudomonas aeruginosa bacteria require the same dose of 55 J/m2 to achieve 
sterilization of 90 %, so the results for these two bacteria are identical assuming the surface is the 
same. Single UV-C LED module irradiation power is too weak to properly sterilize these bacteria. 
The time map of 1 UV-C LED with 250 mA current applied presented in Fig. 41. shows that even at 
the centre of radiation it would take over 3 hours for disinfection of 90 %. Moreover, radiation loses 
its significance at a radius of 3.5 meters. 
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Fig. 41. Disinfection time map of single UV-C LED for E. Coli and P. aeruginosa (250 mA). 

Staphylococcus aureus bacteria requires an even higher dose of 66 J/m2 and a single UV-C LED 
would need more than 4 hours to achieve 90 % sterilization. 

According to the disinfection time map of 2 UV-C LEDs with 250 mA current (Fig. 42.), results are 
better and time at the centre is reduced to 2 hours for 90 % sterilization. However, even if a large time 
reduction is achieved, it is still not an acceptable result. Moreover, doubling the number of LEDs 
helped to achieve slightly more significant results at a 4 m radius. 

 

Fig. 42. Disinfection time map of 2 UV-C LEDs for E. Coli and P. aeruginosa (250 mA). 

The disinfection time map for Staphylococcus aureus with 2 UV-C LEDs at the highest allowed 250 
mA current does not provide satisfying results as well (Fig. 43.). The time at the centre of the beam 
for sterilization of 90 % is almost 2 hours and 30 minutes, while at wider radius it increases up to 
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almost 17 hours. Unfortunately, there is no healthcare institution that would be totally absent for such 
a long period of time. 

 

Fig. 43. Disinfection time map of 2 UV-C LEDs for Staphylococcus aureus (250 mA). 

After evaluating the results of the first two options, it can be seen that currents lower than 250 mA 
are not suitable for proper disinfection when single or two UV-C LED modules are used. Considering 
the electricity consumption when 3 UV-C LED modules are used, the 200 mA current is a more 
economical option, but for the best possible disinfection results, the 250 mA current is the more 
optimal option. This consideration is mentioned because the irradiance difference between these two 
measurements is relatively small. 

According to the disinfection time map of 3 UV-C LEDs at 250 mA current, the lowest amount of 
time for 90 % sterilization of E. coli and P. aeruginosa is achieved (Fig. 44.). However, time at the 
centre is roughly 1 hour and 20 minutes which is much better compared to previous results but still 
not acceptable for surface disinfection considering that irradiation at radius at 2 meters reaches over 
2 hours and over 19 hours at the furthest point. 

 

Fig. 44. Disinfection time map of 3 UV-C LEDs for E. Coli and P. aeruginosa (250 mA). 
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Regarding the results of the other UV-C LEDs combinations, there is no need to mention that 3 UV-
C LEDs are not suitable for Staphylococcus aureus disinfection as well. At the center it needs 1 hour 
40 minutes and at the furthest point 23 hours and 20 minutes for 90 % surface sterilization.  

Out of all the investigated bacteria, E. coli is the most common microorganism in healthcare facilities 
and in recent years it has had a relatively huge spread growth. Although the majority of E. coli strains 
are not harmful, certain strains can result in diarrhoea upon exposure to contaminated food or water. 
Furthermore, some strains can lead to respiratory illnesses, pneumonia, and urinary tract infections 
[95]. Fig. 45. represents the summary of how much dose time at the peak is needed to sterilize 90 % 
of E. coli on the surface. Obtained results, once more proves that 3 UV-C LEDs are the most efficient 
option for disinfection resulting in the best performance of 62 min dose time at the very peak of 
irradiation. 

 

Fig. 45. Dose time at peak irradiance required to sterilize 90 % of E. coli. 

After evaluating each UV-C LED combination, it can be seen that 3 UV-C LEDs have the best 
sterilization abilities of all measured variations. The only left microorganism to evaluate is the SARS-
Cov-2 virus or coronavirus, which requires a 50 J/m2 dose for even 99 % sterilization. According to 
the given dose, the visualization of needed time dependence on distance is presented in Fig. 46. 
Regarding various variables viruses should need higher doses of UV-C irradiation, however in this 
case the found information in the article about SARS-CoV-2 sterilization claims that this specific 
virus needs less dose compared to bacteria. Given time values are measured at the centre, but it 
already needs way less time compared to bacteria disinfection examples of similar height. Assuming 
that distance from the UV-C light source and the objects in healthcare premises (tables, shelves etc.) 
is 2 m, then the required time would only be 42 minutes. If the effectiveness of sterilization would be 
90 % instead of 99 %, the time would be reduced by double.  
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Fig. 46. Exposure time dependence on distance for COVID-19. 3 UV-C LEDs (250 mA) 

3.3. Summary of results 

The standard LED luminaire provides an excellent amount of illumination reaching 5000 lumens with 
a 92.2 colour rendering index, almost 4000 K correlated colour temperature, and a cyanosis 
observation index of 3.3. All mentioned photometric details are summarized in Table 6. Despite high-
quality lighting, the de-glaring micro prismatic PMMA diffuser is used to avoid glare. Moreover, out 
of all the most commonly used plastic materials PMMA is the most resistant to UV radiation 
compared to polycarbonate (PC), acrylonitrile butadiene styrene (ABS), or polyvinyl chloride (PVC). 

Table 6. Most important measured photometric parameters 

Photometric characteristic Value Unit 

Luminous flux 5000 Lumens  

Light efficiency 147 Lumens/Watts 

Colour rendering index 92.2 - 

Correlated colour temperature 3935 Kelvins 

Cyanosis observation index 3.3 - 

UV-C light source was measured, and the resulting wavelength was 277 nm. The irradiance power of 
UV-C LEDs increased with the growth of LED number and the increase of current. Therefore, 1 UV-
C LED module with 150 mA current had the lowest irradiance power at the peak of 89.94 mW and 3 
UV-C LEDs with 250 mA current had 335.54 mW. 

According to distance dependence results, the variation of 3 UV-C LEDs with 250 mA has once again 
offered the highest values of irradiance efficiency regardless of the distance. However, all the 
measured options from 150 mA to 250 mA have shown a rapid decrease of irradiance per area when 
the distance reached 2.5-3 meters. At the distance of 5 meters, the difference between all measured 
combinations of irradiance was insignificant and values were extremely low. 
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Responding to time dependence results, none of the measured variations was suitable for standard 
premises disinfection due to the low irradiance power at wider angles. The measured exposure time 
at the peak of irradiance for 3 UV-C LEDs combination with 250 mA current can be considered as 
good results for E. coli, P. aeruginosa, and SARS-Cov-2, however, at wider angles, the exposure time 
grows up to ~19.5 hours which is a too long period of time for disinfection.  

Summarizing, the best results were measured with 3 UV-C LEDs option at a maximum allowed 250 
mA current. It provided the highest irradiation power at a peak of 335.5 mW and the fastest 
disinfection time for all investigated microorganisms which are given in Table 7. 

Table 7. Time required for sterilization with 3 UV-C LEDs at 250 mA. 

Microorganism 
Time required for 90 % sterilization at a standard 2.4 m 

distance directly under the source 

Escherichia coli 1 h 23 min 

Pseudomonas aeruginosa 1 h 23 min 

Staphylococcus aureus 2 h 23 min 

Covid-19 (99 % sterilization) * 1 h 3 min 

Surface disinfection requires 3-5 times higher doses compared to air disinfection. The measured and 
investigated UV-C LED modules are not suitable for efficient application at healthcare premises as 
surface disinfection devices. There is a need for either stronger UV-C LED options or a greater 
number of UV-C LEDs. It may be applicable for lower height, but not for standard height rooms.  
However, with suitable current settings, it may be applied in air ventilation systems to produce fresh 
and germ-free air for the employees and patients of healthcare institutions. 
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Conclusions 

1. With the assistance of the company "Northcliffe Lighting" and after conducting market analysis, 
the specific 275 nm wavelength UV-C LED chips " CUD7GF1B " were obtained. Following this, 
in collaboration with company "AKTO", chips were soldered onto a PCB plate, effectively 
creating UV-C LED modules. 

2. The created UV-C LED modules were applied to the LED luminaire in three possible variations: 
with 1, 2, and 3 UV-C LEDs in the middle of the luminaire housing to avoid UV radiation 
incompatibility with other components and materials. Applications for surface sterilization are 
limited, but it’s suitable for air disinfection. 

3. In the photometric measurements, the luminaire "X" was tested using 8 planes with the 1-degree 
resolution, and it was found to provide high efficiency of 147 lm/W in terms of lumens (lm) per 
consumed system power (W). The colour rendering index (CRI) of the luminaire was 92.2, which 
is excellent, and the colour temperature (CCT) was close to 4000 K, making it suitable for work 
requiring concentration. The cyanosis observation index (COI) was 3.3, which is within regulation 
limits and is suitable for healthcare facilities.  

4. The lumen output of the luminaire was 5000 lm, which is perfect for standard healthcare premises 
ceiling height and could save up to 50% of energy consumption per year compared to currently 
used light sources.  

5. In photobiological measurements, the lowest irradiance at the peak was determined with a single 
UV-C LED regardless of the applied current. Irradiance values were 89.9 mW, 117.8 mW, and 
129.6 mW with 150 mA, 200 mA and 250 mA applied currents respectively. On the other hand, 
a combination of 3 UV-C LEDs provided the best results of all investigated variations. Irradiance 
values were 251.8 mW, 299.5 mW, and 335.5 mW with 150 mA, 200 mA and 250 mA applied 
currents respectively.  

6. Distance influence to flux decrease confirmed inverse square law. The strongest option of 3 UV-
C LEDs at the highest allowed current of 250 mA had a 75.1 mW/m2 irradiation power at 1 meter, 
however, it decreased to 8.3 mW/m2 at 3 meters and to 3.0 mW/m2 at 5 meters. Other UV-C 
source options provided similar results with lower irradiation power values.  

7. Out of the three investigated bacteria E. coli and P. aeruginosa required the shortest time periods 
for 90 % sterilization. The strongest 3 UV-C LED option requires slightly more than 1 hour to 
sterilize the surface directly under the source. However, at further radius, sterilization time grows 
up to more than 19 hours, which is not an appropriate result and would require stacking more UV-
C LED luminaires up close in order to shorten the disinfection period. 
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Recommendation 

The constructed UV-C LED radiation source has some limitations to its use. It is suitable for surface 
disinfection purposes in premises with a ceiling height of up to 2 meters. However, even when the 
lowest possible current is applied, the UV-C source still emits radiation that exceeds the 30 J/m2 per 
8 work hours dose specified in the Directive 2006/25/EC ANNEX I Table 1.1. standard. This means 
that it is not suitable for constant daily use, and caution should be taken to limit exposure. 
 
The best possible applications for these investigated UV-C LED sources are for air and water 
disinfection, and any direct contact with humans should be avoided. It is important to keep these 
limitations in mind when considering the use of this UV-C LED radiation source to ensure safe and 
effective use. 
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