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Extended Abstract 

Indoor air quality is one of the most urgent and cross-disciplinary challenges in public health and 

environmental safety. It involves many sectors, from building design to systems engineering, from 

occupational medicine to public health. It is especially important in enclosed spaces with high 

occupancy or health risks, such as hospitals, offices, schools, residential areas, and public transit. 

What has made this issue even more urgent in recent years is the global experience of the COVID-19 

pandemic, which dramatically highlighted the importance of ventilation, natural aeration, and the 

control of biological pollutants in indoor spaces. 

At the same time, the increasing adoption of remote work has significantly changed the purpose of 

home environments, turning them into both living and working spaces. This shift has led to more time 

spent indoors, increasing the risk of exposure to invisible pollutants such as fine particulate matter, 

VOCs (volatile organic compounds), chemicals from building materials or furniture, and 

microbiological agents. As a result, there is an urgent need to focus on indoor air quality as a health 

concern in both public and private spaces. 

One phenomenon that highlights the complexity and significance of indoor environments is the so-

called Sick Building Syndrome (SBS). Introduced by the World Health Organization in the 1980s, 

SBS describes a range of nonspecific symptoms, such as headaches, eye and mucous membrane 

irritation, dry skin, respiratory problems, fatigue, decreased concentration, or general discomfort, that 

occur after spending time in certain buildings. What characterizes this syndrome is that, in most cases, 

there is no clearly defined illness, and the symptoms tend to disappear or significantly lessen once the 

person leaves the environment. This shows a direct link between building features and occupant 

health, emphasizing a subtle but important interaction between the built environment and human 

response. 

In recent years, numerous studies have explored the possible causes and mechanisms behind SBS. 

Two recent systematic reviews [1, 2] confirm that the syndrome cannot be linked to a single cause 

but results from an interaction of physical, chemical, biological, and psychosocial factors. Among the 

most involved chemical contaminants are volatile organic compounds (VOCs) emitted by 

construction materials, furnishings, adhesives, and paints; formaldehyde; ozone; carbon monoxide 

and carbon dioxide; and fine particulate matter (PM2.5 and PM10), which can penetrate the 

respiratory tract and cause inflammatory responses. 

Besides these, physical factors such as extreme temperatures, excessive or insufficient humidity, poor 

ventilation, distracting ambient noise, and inadequate lighting can all harm perceived comfort and 

lead to symptoms. 

Special attention is now focused on the microbiological contamination of indoor air, a phenomenon 

often overlooked but increasingly recognized as crucial, especially in sensitive environments like 

healthcare and social care facilities. Molds, bacteria, and bioaerosols flourish in humid, poorly 

ventilated spaces or areas with structural problems such as leaks and condensation, and they can cause 

allergic reactions, respiratory conditions, and ongoing discomfort. The reviews mentioned earlier 
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highlight a growing link between biological contaminants and the occurrence of SBS-related 

symptoms, particularly in cases where HVAC systems are poorly maintained or material quality is 

insufficient. 

Beyond the chemical composition of the air, the literature increasingly emphasizes the importance of 

subjective and psychological factors, such as perceived comfort, stress levels, or the quality of 

workplace organization. These elements not only influence individual responses to environmental 

stimuli but can also amplify or diminish the appearance of symptoms. In other words, SBS is a 

syndrome that exists at the intersection of the physical environment and the individual's psycho-

behavioral interpretation. 

In such a complex and multidimensional context, the importance of developing integrated monitoring 

and prevention strategies becomes more evident. These strategies should not be limited to assessing 

the chemical-physical aspects of the air, but should also include microbiological analysis and 

monitoring of the occupants’ physical and psychological health. Only a multidisciplinary approach 

that combines expertise in environmental science, engineering, healthcare, and psychology can ensure 

a true understanding of the phenomenon and enable effective intervention on risk factors. 

In recent years, mainly due to the significant impact of the pandemic caused by the SARS-CoV-2 

virus, a large number of air purifiers have entered the market. These devices operate using various 

physical and chemical mechanisms, some of which are combined. However, their great commercial 

success is often not supported by rigorous scientific research, particularly with regard to the dose of 

the agent supplied to biological contaminants. Some of these new devices claim to use UV-C 

irradiation. 

The germicidal effectiveness of UV-C sources has become a major focus of research, using both 

experimental and numerical methods. In experimental studies, germicidal performance is most often 

evaluated through microbiological culture techniques, comparing the colony-forming units (CFUs) 

of samples exposed to UV-C radiation with those of unexposed controls. The experimental literature 

often provides incomplete details, often mentioning only the exposure time or the nominal radiant 

flux of the UV-C source. As a result, the actual dose received by microorganisms is rarely reported, 

making it difficult to directly compare different studies and limiting the reproducibility of the results. 

Additionally, factors such as spatial nonuniformity in irradiance, self-shading within samples, and the 

optical properties of surrounding materials can significantly affect measured inactivation but are 

rarely quantified. 

On the numerical side, assessing UV-C effectiveness usually involves radiometric measurements and 

computational fluid dynamics (CFD) simulations. These methods help predict the spatial distribution 

of irradiance, radiant fluence, and the resulting local dose within a specific volume. When combined 

with models of microbial transport, they can also estimate the effective exposure of microorganisms 

in moving air streams. However, many numerical studies overlook the interaction between radiative 

transfer and fluid dynamics. In particular, airflow velocity and turbulence significantly influence how 

long microorganisms remain within the irradiated area, thus affecting the actual inactivation process. 

If the flow velocity is too high, microorganisms may pass through the UV field too quickly to receive 
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the necessary dose for deactivation, even if the average fluence rate appears sufficient in static 

conditions. 

Therefore, accurately evaluating UV-C germicidal effectiveness in indoor environments requires a 

multi-physics approach that combines radiative, fluid-dynamics, and biological-kinetics models. 

Such a framework should also consider the optical properties of materials, scattering effects, and 

potential re-emission phenomena that can influence the local fluence rate. Only by standardizing the 

definition of dose, carefully measuring irradiance patterns, and realistically modeling air movement 

can experimental and computational analyses be meaningfully compared and used to develop 

effective UV-C disinfection systems for indoor air quality improvement [33]. 

This research's novelty lies in combining experimental and numerical methods to assess the actual 

UV-C irradiation field in HVAC systems. Unlike most existing studies, which typically examine 

optical or microbiological aspects separately, this work aims to contribute to a broader approach 

focused on establishing a comprehensive and cumulative methodology for UV-C disinfection 

modeling. This overarching approach seeks to construct a unified framework that connects 

irradiance distribution, air flow, dose, and microbial inactivation under real-world operating 

conditions. 

Within this context, the present work specifically focuses on the optical modeling of UV-C LED 

sources using ray-tracing simulations, an area still rarely explored in current research. Furthermore, 

the study aims to develop a robust and versatile modeling framework that can be easily reproduced 

and adapted to various UV-C source types, geometrical configurations, and application scenarios. 

The experimental phase of the research was conducted in collaboration with Sagicofim S.p.A., a 

company specializing in air filtration and cleanroom technologies. A full-scale prototype of a 

galvanized steel duct was constructed and equipped with modular UV-C LED sources. Each module 

comprised thirty-two diodes arranged in an “80–110” configuration, designed to maximize uniform 

irradiation across the surface of a downstream HEPA filter. The LEDs emitted at three characteristic 

wavelengths within the germicidal range (254, 265, and 275 nm), allowing for a comparative 

evaluation of spectral efficiency and optical behavior. 

Irradiance measurements were conducted using a Newport 918D photodiode coupled with a 1919-R 

precision optical power meter [112]. Before testing, the instruments were calibrated against certified 

standards to ensure traceability and repeatability. Measurements were performed on a grid of 494 

points distributed across several planes orthogonal to the airflow, enabling the reconstruction of 

detailed irradiance maps that represent the spatial distribution of light within the duct. 

The experimental data revealed a clear dependence of irradiance on both wavelength and geometry. 

The configuration operating at 265 nm exhibited the highest radiant output, consistent with the 

absorption peak of nucleic acids [8-10], whereas the 275 nm LEDs showed reduced power and less 

uniform coverage. Pronounced non-uniformities were observed near the duct corners and walls, 

attributed to reflection losses and shadowing effects caused by structural components. These findings 

underscore the necessity of numerical modeling to complement experimental analysis and guide 

design optimization. 
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To interpret these results, a detailed three-dimensional model was developed using the Ray Optics 

Module of COMSOL Multiphysics [114]. The model simulated the LED emission profile, accounting 

for angular dispersion, multiple reflections, and surface absorption. The optical properties of the duct 

materials were determined experimentally and implemented into the simulation to improve accuracy. 

The comparison between simulated and measured irradiance maps demonstrated a strong correlation, 

validating the model as a reliable predictive tool for UV-C system design. 

Once validated, the model was used to conduct a parametric study exploring the effects of geometric 

and material variables. Adjusting the LED orientation, spacing, and wall reflectivity optimized light 

distribution. Simulations showed that coatings with reflectivity above 85% significantly improved 

the uniformity of the fluence rate and reduced low-irradiance zones. Even small changes in LED tilt 

angles or inter-module distances yielded measurable improvements in optical efficiency. 

In addition to the optical analysis, the research defined repeatable procedures for measurement 

calibration, LED stabilization, and data processing. Each step, from voltage control to temperature 

monitoring, was standardized to ensure reproducibility. The combined experimental–numerical 

approach provided a comprehensive framework for identifying sources of non-uniformity and for 

predicting system performance under different configurations. 

Although microbial inactivation tests and energy performance assessments were beyond the scope of 

this work, the study provides a solid foundation for future investigations that will extend the optical 

findings to biological validation. The irradiance maps and validated numerical models developed here 

form a database for estimating germicidal dose and for designing UV-C modules optimized for safety, 

efficiency, and long-term reliability. 

From an engineering perspective, the study highlights the influence of wavelength, angular emission, 

material reflectivity, and system geometry on UV-C performance. The proposed methodology 

enables a quantitative assessment of each parameter, offering design guidelines for integrating LED-

based disinfection technologies into HVAC systems. The approach also promotes standardization and 

comparability among studies, supporting the development of regulatory frameworks for UV-C 

systems. 

In a broader context, this research contributes to the scientific effort to harmonize testing and 

measurement procedures for UV-C disinfection. The experimental–numerical methodology proposed 

here can serve as a reference for future standards, enabling reproducible, traceable, and verifiable 

evaluations of UV-C systems in real-world conditions. 

In conclusion, the doctoral research presented in this thesis establishes an integrated framework 

combining experimental characterization and optical modeling for the analysis and optimization of 

UV-C LED systems applied to air disinfection. The results provide engineers and researchers with 

validated tools for designing efficient, safe, and environmentally sustainable solutions. Future 

developments will focus on coupling optical and thermal modeling, evaluating long-term LED 

stability, and integrating real-time control systems that adapt UV-C intensity to air quality variations. 

Ultimately, this work aims to contribute to the creation of healthier, safer indoor environments 

through the responsible, innovative use of UV-C technology. 
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Introduction 

Indoor air quality is one of the most urgent and cross-disciplinary challenges in public health and 

environmental safety. It involves many sectors, from building design to systems engineering, from 

occupational medicine to public health. It is especially important in enclosed spaces with high 

occupancy or health risks, such as hospitals, offices, schools, residential areas, and public transit. 

What has made this issue even more urgent in recent years is the global experience of the COVID-19 

pandemic, which dramatically highlighted the importance of ventilation, natural aeration, and the 

control of biological pollutants in indoor spaces. 

At the same time, the increasing adoption of remote work has significantly changed the purpose of 

home environments, turning them into both living and working spaces. This shift has led to more time 

spent indoors, which raises the risk of exposure to invisible pollutants like fine particulate matter, 

VOCs (volatile organic compounds), chemicals from building materials or furniture, and 

microbiological agents. As a result, there is an urgent need to focus on indoor air quality as a health 

concern, both in public and private spaces. 

One phenomenon that highlights the complexity and significance of indoor environments is the so-

called Sick Building Syndrome (SBS). Introduced by the World Health Organization in the 1980s, 

SBS describes a range of nonspecific symptoms, such as headaches, eye and mucous membrane 

irritation, dry skin, respiratory problems, fatigue, decreased concentration, or general discomfort, that 

occur after spending time in certain buildings. What characterizes this syndrome is that, in most cases, 

there is no clearly defined illness, and the symptoms tend to disappear or significantly lessen once the 

person leaves the environment. This shows a direct link between building features and occupant 

health, emphasizing a subtle but important interaction between the built environment and human 

response. 

In recent years, numerous studies have explored the possible causes and mechanisms behind SBS. 

Two recent systematic reviews [1, 2] confirm that the syndrome cannot be linked to a single cause 

but results from an interaction of physical, chemical, biological, and psychosocial factors. Among the 

most involved chemical contaminants are volatile organic compounds (VOCs) emitted by 

construction materials, furnishings, adhesives, and paints; formaldehyde; ozone; carbon monoxide 

and carbon dioxide; and fine particulate matter (PM2.5 and PM10), which can penetrate the 

respiratory tract and cause inflammatory responses. 

Besides these, physical factors such as extreme temperatures, excessive or insufficient humidity, poor 

ventilation, distracting ambient noise, and inadequate lighting can all harm perceived comfort and 

lead to symptoms. 

Special attention is now focused on the microbiological contamination of indoor air, a phenomenon 

often overlooked but increasingly recognized as crucial, especially in sensitive environments like 

healthcare and social care facilities. Molds, bacteria, and bioaerosols flourish in humid, poorly 

ventilated spaces or areas with structural problems such as leaks and condensation, and they can cause 

allergic reactions, respiratory conditions, and ongoing discomfort. The reviews mentioned earlier 
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highlight a growing link between biological contaminants and the occurrence of SBS-related 

symptoms, particularly in cases where HVAC systems are poorly maintained or material quality is 

insufficient. 

Beyond the chemical composition of the air, the literature increasingly emphasizes the importance of 

subjective and psychological factors, such as perceived comfort, stress levels, or the quality of 

workplace organization. These elements not only influence individual responses to environmental 

stimuli but can also amplify or diminish the symptoms' appearance. In other words, SBS is a syndrome 

that exists at the intersection of the physical environment and the individual's psycho-behavioral 

interpretation. 

In such a complex and multidimensional context, the importance of developing integrated monitoring 

and prevention strategies becomes more evident. These strategies should not be limited to just 

assessing the chemical-physical aspects of the air but should also include microbiological analysis 

and monitoring the occupants’ physical and psychological health. Only a multidisciplinary approach 

that combines expertise in environmental science, engineering, healthcare, and psychology can ensure 

a true understanding of the phenomenon and enable effective intervention on risk factors. 

The germicidal effectiveness of UV-C sources has become a major focus of research, using both 

experimental and numerical methods. In experimental studies, germicidal performance is most often 

evaluated through microbiological culture techniques, comparing the colony-forming units (CFUs) 

of samples exposed to UV-C radiation with those of unexposed controls. The experimental literature 

often provides incomplete details, usually only mentioning the exposure time or the nominal radiant 

flux of the UV-C source. As a result, the actual dose received by microorganisms is rarely reported, 

making it difficult to directly compare different studies and limiting the reproducibility of the results. 

Additionally, factors like the spatial non-uniformity of irradiance, self-shading within samples, and 

the optical properties of surrounding materials can greatly affect measured inactivation but are rarely 

quantified. 

On the numerical side, assessing UV-C effectiveness usually involves radiometric measurements and 

computational fluid dynamics (CFD) simulations. These methods help predict the spatial distribution 

of irradiance, radiant fluence, and the resulting local dose within a specific volume. When combined 

with models of microbial transport, they can also estimate the effective exposure of microorganisms 

in moving air streams. However, many numerical studies overlook the interaction between radiative 

transfer and fluid dynamics. In particular, airflow velocity and turbulence significantly influence how 

long microorganisms remain within the irradiated area, thus affecting the actual inactivation process. 

If the flow velocity is too high, microorganisms may pass through the UV field too quickly to receive 

the necessary dose for deactivation, even if the average fluence rate appears sufficient in static 

conditions. 

  



16 

 

Chapter 1 – State of the Art 

The quality of the air we breathe in enclosed spaces, such as homes, schools, offices, and healthcare 

facilities, is a key factor in both daily well-being and long-term public health. Although often invisible 

and overlooked, pollutants in indoor environments can be just as hazardous, if not more so, than those 

outdoors. Fine particulate matter, toxic gases, pathogens, and allergens build up indoors, fueled by 

various internal sources (like building materials, human activity, and electronic devices) and 

infiltration from outside, especially in urban and industrial areas. 

Among the main contaminants are suspended particles (PM10, PM2.5, PM0.1), widely recognized 

for their harmful effects on human health: inhaling these particles is linked to cardiovascular diseases, 

respiratory problems, and, in the most serious cases, premature death [5]. These are accompanied by 

gaseous pollutants such as volatile organic compounds (VOCs), carbon monoxide (CO), nitrogen 

dioxide (NO₂), ozone (O₃), and radon, each with different mechanisms of action and complex impacts 

on occupant health. 

The increasing scientific attention on Indoor Air Quality (IAQ) has driven the development of various 

air purification technologies, including mechanical ventilation systems, high-efficiency particulate 

air (HEPA) filters, portable air cleaning units (PACs), and advanced solutions based on photocatalytic 

oxidation (PCO), ultraviolet germicidal irradiation (UVGI), and nanostructured materials [6]. 

However, these technologies have limitations: some may generate potentially harmful byproducts, 

such as formaldehyde, ozone, or nitrogen oxides, while others depend on specific environmental 

conditions to work effectively, as in the case of UVGI systems, which are highly affected by humidity 

and air distribution [7-10]. 

At the same time, the global health landscape has been deeply influenced by the COVID-19 

pandemic, which highlighted the importance of advanced technological solutions for limiting 

airborne transmission of pathogens. The disease caused by SARS-CoV-2, declared a pandemic by the 

World Health Organization in March 2020, has resulted in millions of deaths and raised new concerns 

about disinfecting air, surfaces, and objects in shared environments. In this context, a need has 

emerged to combine air purification strategies with engineering and healthcare approaches that can 

work together to reduce the risk of contagion [11,12] 

Adding to this issue is a parallel public health crisis: the increasing resistance of pathogens to 

antibiotics. Since Fleming’s discovery of penicillin in 1928, it’s been clear that bacteria can quickly 

develop resistance mechanisms, making many pharmaceutical treatments ineffective. The misuse and 

overuse of antibiotics, both in human medicine and in animal feed, have sped up this trend, making 

it harder to control bacterial infections. It is estimated that in developing countries, per capita annual 

antibiotic consumption has increased up to tenfold, and over 200,000 tons of antibiotics are expected 

to be added annually to livestock feed [13]. 

Given these critical issues, exploring alternative, non-antibiotic strategies for infection control 

becomes essential. In this context, light-based therapies have shown promise as an antimicrobial 

solution, suitable for disinfecting surfaces as well as purifying air and water. These technologies 



17 

 

utilize specific wavelengths, especially in the UV and visible light spectrum, to inactivate viruses, 

bacteria, and fungi through photochemical mechanisms. The use of UV radiation was particularly 

emphasized during the COVID-19 pandemic for preventing the transmission of SARS-CoV-2 in 

indoor settings. 

In summary, the integration of air quality management, infection prevention, and the development of 

non-pharmacological antimicrobial technologies is a timely and multifaceted challenge. This work is 

positioned within this research area, aiming to contribute to the development of effective, safe, and 

sustainable systems for enhancing environmental health and microbiological safety in enclosed 

spaces. 

1.1 State of the Art of UVC Applications 
 

1.1.1 Introduction to Ultraviolet Radiation 

Ultraviolet (UV) radiation is part of the electromagnetic spectrum located between visible light and 

X-rays, with wavelengths from 100 to 400 nanometers (nm) and photon energies between 3.10 and 

12.4 electronvolts (eV). Since it lies beyond violet in the visible spectrum, UV radiation has higher 

energy than light visible to the human eye. This increased energy allows UV rays to cause various 

photochemical and biological effects, some of which can significantly threaten human health. 

The UV spectrum is conventionally classified into the following bands: 

• UVA (315–400 nm): the least energetic but still able to penetrate deeply into dermal tissues. 

• UVB (280–315 nm): of intermediate energy, partially filtered by the atmosphere, responsible 

for both beneficial effects (e.g., vitamin D synthesis) and adverse outcomes such as erythema 

and DNA damage; 

• UVC (100–280 nm): highly energetic and completely absorbed by the ozone layer under 

natural conditions, widely known for its germicidal properties. 

• Vacuum UV (100–200 nm): known for strong germicidal effects but limited penetration in 

water, also capable of inducing ionization and ozone formation. 

While the Sun remains the main natural source of UV radiation, artificial sources have greatly 

increased exposure opportunities. These include tanning beds (mostly UVA), phototherapy units 

(using narrowband UVA or UVB), mercury vapor lamps, welding arcs, plasma sources, and UVC 

germicidal devices. The latter are used more often for disinfecting air, water, surfaces, and equipment, 

taking advantage of UVC radiation's ability to inactivate many microorganisms, including viruses, 

bacteria, and fungi, through direct damage to their nucleic acids. 

Although UV radiation is generally considered non-ionizing, some studies have shown that high-

energy UV photons, especially at the lower end of the UVC spectrum, might have a weak ionizing 

ability, allowing them to eject electrons from atoms or molecules. This ability increases their 

interaction with biological materials and highlights the need to assess their potential harmful effects. 
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Uncontrolled or excessive exposure to UV radiation is linked to harmful health effects on the skin, 

eyes, and immune system. For example, UVB radiation has been associated with immune 

suppression, skin aging, and cancer. Conversely, UVA radiation is involved in the development of 

eye conditions such as cataracts and macular degeneration, as well as skin cancers. It is important to 

understand that various factors, including wavelength, dose, and duration of exposure, influence the 

biological effects of UV radiation [15]. 

1.2 Ultraviolet Radiation: Principles of Microbial Inactivation 
 

Ultraviolet (UV) radiation constitutes a portion of the electromagnetic spectrum located between 

visible light and X-rays, with wavelengths ranging from 100 to 400 nanometers (nm).  

It is typically divided into three main spectral bands: UVA (315–400 nm), UVB (280–315 nm), and 

UVC (100–280 nm). Among these, UVC radiation is especially important for environmental and 

healthcare uses because of its proven germicidal power. Irradiation around 260 nm is particularly 

effective, as it aligns with DNA's peak absorption, leading to disruption of nucleic acids. 

The main mechanism for microbial inactivation involves nucleic acids (DNA or RNA) absorbing UV 

photons, which causes the formation of irreversible photochemical lesions. These changes mainly 

include cyclobutane pyrimidine dimers (CPDs) and 6–4 photoproducts, which disrupt key cellular 

functions such as replication and transcription, ultimately causing the loss of microbial viability 

[15,16]. Notably, CPDs make up about 75% of the damage caused by UV radiation and are the main 

factor in its germicidal effect [17]. 

The susceptibility of microbes to UV radiation varies greatly among species and depends on factors 

such as the type of nucleic acid (e.g., ssDNA, dsDNA, ssRNA, dsRNA) and the organism's structural 

complexity. Evidence shows that organisms like Escherichia coli are generally more sensitive to UV 

exposure than human adenoviruses [18,19]. Additionally, RNA viruses like MS2 and Qβ have similar 

inactivation rates, although they are less sensitive than ΦX174, a single-stranded DNA virus known 

for its higher vulnerability to UV [20,21]. 

UV disinfection efficiency is measured by fluence (mJ/cm²), which is calculated as the product of 

irradiance (mW/cm²) and exposure time (s). The inactivation kinetics are often modeled using the 

Chick-Watson first-order model, which describes a logarithmic relationship between microbial 

reduction and UV dose [18]: 

 

 
𝑙𝑜𝑔₁₀ (

𝑁₀

𝑁𝑡
)  =  𝐾 ·  𝐹 (1.1) 

 

Where: 

N0 and Nt represent the initial and residual microbial concentrations (CFU/mL), while K is the 

inactivation rate constant (cm²/mJ), and F indicates the UV fluence delivered. 
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Nevertheless, deviations from this idealized linear behavior are often observed. Two commonly 

reported phenomena in the literature include: 

• The "shoulder effect,” typically observed at low fluence levels, is attributed to initial cellular 

resistance, shielding, or DNA repair mechanisms [22, 23]. 

• The "tailing effect," often observed at high fluences, is attributed to the presence of 

subpopulations with increased resistance or to inherent limitations of the UV treatment 

system [24]. 

In Table 1, the UV-C sensitivities of various pathogens are listed as inactivation rate constants 

(cm²/mJ) across all relevant wavelengths. This table offers a comprehensive overview of how 

different microorganisms respond to UV radiation, enabling comparisons across species and 

wavelengths, and supporting the identification of suitable UV-C exposure levels for effective 

disinfection [25-30]. 

Table 1:  Inactivation Rate Constant for different pathogens. 

Pathogen Wavelength (nm) Inactivation Rate Constant (k) [cm²/mJ] 

Escherichia coli 254 0.29 

Phi6 (model virus) 222 0.13 

SARS-CoV-2 (OC43 variant) 222 3.8–7.1 

Candida albicans 254 0.35 

Mycobacterium abscessus 254 0.40 

 

1.3 UV Radiation Technology for Disinfection and Contaminant Treatment 
 

Ultraviolet (UV) radiation technology is one of the most established and effective methods for 

sterilization and the treatment of contaminants across various domains, including water purification, 

air sterilization, and surface disinfection. This technology is widely employed both in direct 

sterilization processes, which destroy pathogenic microorganisms, and in Advanced Oxidation 

Processes (AOPs), where UV radiation generates highly reactive species, such as hydroxyl radicals, 

capable of degrading persistent organic compounds [31]. 

1.3.1 UVC – Source 

 

The quality and effectiveness of UV treatment largely depend on the type of light source used, as 

each source has a unique emission spectrum, intensity, and operational lifespan. Currently, the most 

common UV sources are divided into two main categories: mercury vapor lamps (both low and 

medium pressure) and the newer UV-C Light Emitting Diodes (UVC-LEDs). 

Mercury Vapor Lamps 

Mercury-vapor lamps are a long-standing, still widely used technology for UV radiation. 
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Low-Pressure Lamps (LP) 

Low-pressure mercury-vapor lamps operate at very low mercury-vapor pressure, between 0.1 and 10 

kPa. This enables nearly monochromatic emission centered at 253.7 nm, very close to the DNA 

absorption peak (~260 nm), making them particularly effective at damaging biomolecules and 

inactivating viruses, bacteria, and spores [32]. 

While they are energy-efficient, their performance is highly dependent on the operating temperature: 

optimal efficiency occurs between 40 and 60 °C, beyond which UV output drops rapidly. This limits 

their use in environments where precise temperature control is not feasible [33]. 

A high-output variant of these lamps exists, featuring enhanced UV emission density along the lamp's 

length, achieved through modifications to internal design and materials. These models deliver greater 

UV power while maintaining the same wavelength [31]. 

Medium-Pressure Lamps (MP) 

Medium-pressure lamps operate with mercury vapor at much higher pressures (50–300 kPa), resulting 

in a different discharge mechanism and a polychromatic emission spectrum. This includes multiple 

UV spectral lines as well as infrared and visible light [32]. 

Unlike LP lamps, MP lamps emit across a broad wavelength range, including some wavelengths with 

no germicidal activity, leading to energy dispersion and lower overall efficiency. However, they offer 

much higher output power, making them suitable for industrial processes and large-scale water 

treatment. Moreover, they are less sensitive to ambient temperature changes, ensuring stable 

performance in uncontrolled environments [33]. 

Challenges of Mercury Vapor Lamps 

Despite their proven effectiveness, mercury vapor lamps present several technical, operational, and 

environmental drawbacks: 

• Toxicological risks: Mercury is a highly toxic and bioaccumulative substance. The World 

Health Organization [34] lists it among the top ten chemicals of major public health concern 

due to its severe neurological and renal effects, even at low exposure levels. Accidental 

breakage poses significant risks and requires stringent, costly handling and disposal 

procedures. 

• Limited lifespan and maintenance: These lamps typically last 8,000 to 10,000 hours, 

significantly less than modern LED technologies. Their fragility and complex ignition systems 

require regular maintenance to ensure consistent performance [31]. Additionally, they need 2 

to 15 minutes to reach steady-state operation, which limits their use in applications that 

demand frequent switching or rapid activation [33]. 

• High energy demand and bulkiness:  Mercury lamps require high operating voltages (110 ÷ 

240 V) and are relatively bulky, restricting their integration into compact or portable systems 

[31]. 
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UVC - LED Technology 

 

Ultraviolet-C Light Emitting Diodes (UVC-LEDs) are an emerging technology transforming the field 

of UV disinfection and sterilization. 

UVC-LEDs emit radiation in the 200–300 nm range, allowing precise tuning of the emitted 

wavelength to maximize germicidal effectiveness. The 260–280 nm range is particularly ideal for 

inactivating a wide spectrum of microorganisms [31]. 

Structurally, UVC-LEDs are typically based on AlInGaN semiconductor materials with Multi-

Quantum Well (MQW) architecture. Light is generated within thin quantum wells in the diode’s 

active PIN region, where electron-hole recombination produces photons in the UV-C range [32]. 

Sapphire is commonly used as the growth substrate, while GaN layers are applied for contacts and 

active regions [31]. 

Advantages of UVC-LEDs Over Mercury Lamps 

 

UVC-LEDs offer numerous and significant advantages over traditional mercury vapor lamps: 

• Compact size and modularity: With diameters typically between 5–9 mm, LEDs can be 

integrated into portable devices, battery-powered modules, or disinfection systems for 

confined spaces [33]. 

• Instant ignition and no warm-up: UVC-LEDs switch on and off instantly, with no intensity 

variations due to ambient temperature [31]. 

• Low energy consumption and low-voltage operation: LEDs operate at low voltages and 

currents, enabling battery or renewable energy use, thereby enhancing energy efficiency and 

sustainability [32]. 

• Long lifespan and low maintenance: With operational lifespans exceeding 100,000 hours, 

UVC-LEDs require less maintenance and offer lower long-term operational costs [21]. 

• Customizable beam profile: Optical lenses and reflectors can shape the emission profile to 

optimize irradiation for specific applications [33]. 

However, technical limitations remain, especially in output power, currently in the tens of milliwatts 

per LED, lower than mercury vapor lamps, which emit in the watt range. Additionally, UV-C 

radiation has limited penetration, particularly in opaque or dense media, restricting UVC-LEDs to 

surface disinfection or treatment of clear liquids [26]. 

Table 2: Comparison between Mercury Vapor Lamps and UVC-LEDs. 

Feature Mercury Vapor Lamps (LP & MP) UVC-LEDs 

Emission Wavelength LP: 253.7 nm (monochromatic); MP: 200–400 nm Tunable 200–300 nm 

Energy Efficiency High (LP at 40–60 °C); Lower for MP Constantly improving 

Irradiated Power High (Watts) Low (tens of milliwatts) 
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Feature Mercury Vapor Lamps (LP & MP) UVC-LEDs 

Operational Lifespan Short (8,000–10,000 hours) Very long (up to 100,000 hours) 

Startup Time 2–15 minutes Instantaneous 

Size Bulky Compact (5–9 mm) 

Maintenance High Low 

Environmental Impact High (toxic mercury) Low (mercury-free) 

Typical Applications Large-scale/industrial processes Portable/localized disinfection systems 

 

Table Summary 

 

The Table 2 provides a concise comparison of mercury vapor lamp technologies (both low- and 

medium-pressure) versus modern UVC-LED systems. Mercury lamps offer high output power and 

broad-spectrum UV emission, making them useful in industrial and large-volume applications, but 

come with significant drawbacks: a short lifespan, long warm-up times, high maintenance 

requirements, and environmental hazards due to their mercury content. 

Conversely, UVC-LEDs offer compact size, instant activation, long operational life, and minimal 

environmental impact. Although their output power is currently lower, continuous technological 

advancements are closing the gap. UVC-LEDs are especially suitable for portable devices, low-power 

systems, and localized applications requiring fast, modular solutions [35]. 

1.3.2 Source installation 

 

Within the scientific literature on the application of UVGI (Ultraviolet Germicidal Irradiation) 

technology for air and surface disinfection, multiple source installation modalities have been 

identified, each closely linked to the specific application context, the intended treatment objectives, 

and the prevailing environmental conditions. The most frequently adopted configurations include 

ceiling- and wall-mounted systems, commonly referred to as upper-room installations, primarily used 

to disinfect indoor air in environments occupied by individuals. The effectiveness of such systems is 

influenced by several factors, including ceiling height, the spatial arrangement of UV sources, the 

geometry of the room, and the reflective or absorbent nature of surfaces. Moreover, the interaction 

between airflow patterns and UV radiation distribution is a critical factor for achieving uniform 

irradiation of airborne particles, particularly in the presence of mechanical ventilation or forced air 

movement from fans. 

A second widely explored application involves integrating UV sources into Air Handling Units 

(AHUs), with particular attention to sanitizing internal components, including heat exchange coils, 

internal walls, and filtration systems. These installations have demonstrated notable benefits not only 

in reducing microbial contamination but also in improving the operational efficiency of HVAC 

systems. This is achieved by inhibiting biofilm formation and thereby reducing pressure drops and 

energy consumption. Several studies underscore the importance of optimal lamp positioning, 

irradiance levels, and exposure times in ensuring effective germicidal performance within these units. 
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Another significant installation strategy involves placing UV sources directly within ventilation ducts 

to treat air in transit. In this context, disinfection efficacy is heavily influenced by operational 

parameters, including airflow velocity, temperature, relative humidity, and the reflective properties 

of the duct materials. Appropriately positioning UV sources along the airflow path maximizes the 

radiation dose absorbed by airborne pathogens, thereby reducing the likelihood of recirculation and 

re-aerosolization of infectious particles. 

Lastly, increasing attention has been directed toward the use of mobile or stand-alone UVGI devices 

for localized sanitization of specific indoor environments, such as hospital rooms, outpatient clinics, 

offices, or public transport vehicles. These units, which may be stationary or portable, offer greater 

flexibility and are particularly advantageous in settings without centralized air-handling systems. 

Nonetheless, their effectiveness is closely tied to factors such as the spatial uniformity of UV 

radiation, the susceptibility of microorganisms to the emitted wavelength, and environmental 

influences, including particulate matter, physical obstructions, and ventilation conditions, whether 

natural or mechanical. Furthermore, it has been demonstrated that combining UVGI systems with 

complementary filtration technologies, such as HEPA filters, can significantly enhance the overall 

disinfection efficacy and broaden the spectrum of inactivated pathogens. 

A systematic review was conducted, analyzing numerous articles [36-107] to evaluate the state of the 

art of germicidal ultraviolet (UV-C) irradiation in HVAC systems, with particular attention to both 

technical aspects and market positioning. The review included experimental studies, numerical 

analyses, and combined-method studies, covering applications in upper-room irradiation, air handling 

units (AHUs), and duct systems, with a limited number of studies on mobile devices. The review 

considered both controlled laboratory experiments and real-world operational studies to identify gaps 

between ideal experimental data and field performance. A critical aspect highlighted is the scarcity 

of information regarding dose evaluation, including the definition of irradiance, which renders the 

current scenario imprecise and non-quantitative. This lack of detailed data hinders the implementation 

of reliable operational guidelines and internationally shared regulatory standards. 

UV-C irradiation is universally recognized for its ability to inactivate viruses, bacteria, and spores. 

However, its efficacy depends on numerous physical and environmental factors, including 

wavelength (typically 200–280 nm), intensity, exposure duration, and the characteristics of the target 

microorganisms. In HVAC applications, low-pressure mercury vapor lamps, which emit nearly 

monochromatically at 253.7 nm close to the DNA absorption peak, are commonly used, alongside 

UV-C LEDs, which offer more controllable emissions and mercury-free operation. The increasing 

adoption of LEDs is driven by environmental safety considerations, compact size, instant start-up, 

and extended operational lifetime. Nevertheless, radiation distribution and power calibration remain 

significant technical challenges. 

One of the main issues identified is the lack of shared standards for measuring and defining the 

germicidal dose. Although parameters such as intensity or irradiance are commonly reported, the 

actual dose, defined as UV-C energy per unit area received over a given time, is rarely rigorously 

quantified. This limitation makes it difficult to correlate experimental results with biological 

outcomes, as dose is the critical parameter governing microbial inactivation. Defining standardized 
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methodologies for dose measurement is therefore essential not only for experimental research but 

also for validating commercial systems. 

An additional layer of complexity arises from the variability of microbial sensitivity to UV-C 

exposure. Some bacteria and viruses can be inactivated at relatively low doses, whereas other 

pathogens, including certain fungi and bacterial spores, require prolonged exposure or higher 

intensity. The heterogeneity of reported effective doses is further exacerbated by the lack of 

standardized protocols for both laboratory tests and field measurements, making it challenging to 

compare systems and establish general operational guidelines. 

Environmental and system-specific conditions play a crucial role in determining the efficiency of 

UV-C disinfection. Factors such as airflow velocity, duct geometry, the presence of airborne 

particulates, surface reflectivity, and relative humidity influence both the penetration and uniformity 

of UV-C irradiation. Computational fluid dynamics (CFD) simulations have demonstrated that even 

minor changes in lamp placement or duct design can lead to significant variations in the dose received 

by the airflow, emphasizing the importance of an integrated engineering approach that combines 

design, measurement, and biological evaluation. 

From a technological perspective, the review highlights that mercury vapor lamps continue to 

dominate the market due to their low cost and high output. However, UV-C LEDs are rapidly gaining 

ground owing to higher energy efficiency, mercury-free operation, and design flexibility. Despite 

these advantages, standardizing germicidal dose measurement, power calibration, and verification of 

radiation distribution remains an open challenge for both types of UV-C sources. 

Regulatory aspects and operational guidelines are also critical for the safe and effective 

implementation of UV-C systems in commercial and industrial settings. Internationally, exposure 

limits for personnel, minimum distances for lamp installation, and integrated safety measures are still 

being harmonized. Adoption of rigorous and standardized protocols is essential not only to ensure 

microbial efficacy but also to guarantee environmental and operational safety. 

In conclusion, the systematic review emphasizes that the future development and wider deployment 

of UV-C technology in HVAC systems critically depend on addressing current gaps in measurement 

standardization, optimizing engineering design, and establishing clear and harmonized operational 

parameters. Integrating experimental and numerical approaches, evaluating dose under real-world 

conditions, accounting for emerging LED devices, and analyzing market trends are key to advancing 

safe, effective, and sustainable UV-C applications. Only through a multidisciplinary approach 

combining biology, engineering, and technical management will it be possible to ensure reliable 

indoor air protection and support the broad adoption of this technology in the HVAC sector [35]. 
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Chapter 2 – The aim of the research 

This research project focuses on the application of UV-C radiation for air sanitation in confined 

environments, with particular attention to HVAC systems. The existing literature confirms the high 

effectiveness of UV-C radiation, with a great focus on 254 nm, in neutralizing microorganisms, 

including bacteria, viruses, fungi, and algae. Special importance is given to the direct irradiation of 

filtering surfaces, primarily HEPA filters [56], which has proven more effective than irradiating the 

air stream alone, both in reducing microbial levels and in limiting increases in pressure drop, thereby 

extending filter service life. 

Despite encouraging results, the widespread implementation of these technologies is currently 

hindered by the lack of standardized protocols for measuring dose and irradiance, as well as by the 

general difficulty of ensuring the reproducibility of laboratory results. Within this context, the project 

aims to critically address these limitations by proposing an integrated, experimental and numerical 

approach to improve understanding of the underlying phenomena, particularly regarding the 

irradiation field, and provide tools to support the design of more effective and sustainable HVAC 

solutions. 

The research activities include the analysis of the effectiveness of UV-C irradiation, generated by 

LEDs operating at different wavelengths to assessement of the actual UV-C irradiation field in HVAC 

systems research. Experimental tests are carried out on a scaled-down test section developed in 

collaboration with the industrial partner Sagicofim. In parallel, numerical simulations are performed 

using the ray-tracing module of COMSOL Multiphysics to reconstruct the emission solid angle of 

UV-C LED modules from previously conducted illuminance measurements. These numerical models 

allow the evaluation of actual irradiation within the geometries of interest and facilitate the 

comparison between simulated results and experimental data. In the future, they will be essential for 

identifying robust correlations between optical parameters and microbiological inactivation. 

 

A distinctive feature of the proposed activity is the development of a detailed mathematical model to 

simulate the optical behavior of UV-C LED sources. This area remains relatively unexplored in the 

current scientific literature. This model will serve as an innovative tool to support the design of 

advanced HVAC systems and can be readily adapted to future studies involving new sources or plant 

configurations. 

This study aims to provide a concrete contribution to the design of next-generation HVAC systems 

capable of effectively integrating UV-C technologies for air sanitation in confined environments. 

Through a multidisciplinary approach that combines experimental work and numerical modeling, the 

research seeks to address key challenges related to irradiance measurement, reproducibility of results, 

and their applicability at an industrial scale. The overall objective is to support the development of 

flexible and adaptable solutions that ensure effective disinfection performance, reduce energy 

consumption, and simplify system management, thereby contributing to the creation of healthier and 

more technologically advanced indoor environments.  
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Chapter 3 – Materials and Methods 

In this chapter, the experimental and numerical components of the apparatus used to characterize 

the behavior of a prototypical device will be described. Specifically, the following aspects will be 

addressed: 

• Illuminance measurements, aimed at quantifying the spatial distribution and intensity of the 

emitted radiation. 

• Reconstruction of the emission solid, to determine the angular emission profile and the 

effective radiating volume. 

• Numerical modeling, including the physical assumptions and boundary conditions adopted 

to simulate the device's behavior. 

• Ray tracing simulations, employed to analyze the propagation of radiation within the system 

and validate the experimental observations. 

 

3.1 Experimental device 
 

The device built by the company, shown in Figures 7 and 8, is a galvanized steel duct product with a 

parallelepiped shape. Inside, supports are mounted on which three LED lamps are installed, each 

composed of 32 sources arranged according to the so-called 80-110 configuration. This configuration 

indicates that the upper and lower lamps are 80 mm from the filtering surface, while the central bar 

is 110 mm away. This geometry was chosen to achieve the largest possible irradiated area, even at 

the expense of the dose, and to ensure uniform power density over the surface of interest. 

The dimensions of the experimental apparatus are as follows: 

• Length: 100 cm 

• Width: 80 cm 

• Height: 26.5 cm 

The net internal width, after subtracting the wall thickness, is approximately 77.5 cm. The supports 

on which the 32 LEDs are housed are 72 cm long and installed 0.5 cm from the left side wall and 5 

cm from the right side wall. The central bar is located 22 cm from the air flow inlet, while the lower 

and upper bars are positioned 25 cm from it. 

The side walls are movable and open outwards, facilitating the insertion of measurement instruments 

or obstacles into the device for various experimental tests. They are fixed to the frame of the by bolts 

with a wasand. Thanks to one of these openings, the sensor could be inserted and positioned optimally 

for measurements. 

On the left wall, a lamp power supply panel is installed, allowing various sources to be disconnected 
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and reconnected, enabling the measurements described later. The lamp’s power cable ends with a 

three-phase plug; therefore, a two-phase adapter was used to enable operation. 

 

 

 
Figure 1: Top view of the test device   

 

Figure 2: Frontal and lateral view of the test device 

Figures 1 and 2 show two graphical representations from the device’s CAD model: the first is a top 

view, where the fan, the three bars, and their respective distances are identified; the second is a front 

view, showing the 80-110 arrangement of the bars. 

The front surface of the structure, measuring 60 by 21 cm, is designed to accommodate a high-

efficiency particulate air (HEPA) filter. The filter system is composed of multiple microfiber sheets 

separated by aluminum spacers, which efficiently capture airborne particulate matter within the 

treated airflow. 
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HEPA filters are classified according to UNI EN 1822:2019 based on their fractional efficiency at the 

most penetrating particle size (MPPS), typically around 0.1–0.3 µm. The standard provides a precise, 

performance-based classification that replaces the outdated H10–H14 classes. Filters are rated 

accbasedeir overall efficiency and performance characteristics, ensuring that only those that meet 

strict filtration thresholds are used in critical applications, such as cleanrooms, healthcare facilities, 

and advanced HVAC systems. High-efficiency filters capture more than 99% of airborne particles at 

the MPPS. 

This type of filter can interrupt the spread of particles depending on their size through the following 

mechanisms: 

• Interception: larger particles following airflow lines are trapped when they come into 

contact with filter fibers. 

• Impaction: medium-sized particles deviate from airflow streamlines due to inertia and 

impact the fibers directly. 

• Diffusion: very small particles, influenced by Brownian motion, move randomly and are 

captured through prolonged interaction with the fiber matrix. 

In a properly designed HEPA filter, these mechanisms act synergistically to ensure the effective 

removal of airborne contaminants and improve indoor air quality. The UNI EN 1822:2019 standard 

also specifies testing methods to verify both fractional and overall efficiency, as well as procedures 

for leak detection, airflow measurement, and performance validation under operational conditions 

[108]. 

 

Figure 3: Configuration of a HEPA filter [109]. 

 

At the rear of the device is the fan, which manages the airflow required to maintain a constant internal 

temperature; the chosen device is the ROSENBERG GDSV8, which belongs to the range of double-

inlet centrifugal fans with electronically commutated motors [110].  
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Figure 4: Fan installed inside the test device 

The experiment involved a maximum flow rate of 400 
𝑚3

ℎ
 (equal to that expected for the prototype), 

corresponding to a velocity of 0.9 
 𝑚

𝑠
. 

3.2 Sources 

 
Figure 5: Lamps module [111]. 

The three modules chosen for the experiment are the 32-LED ones, whose main characteristics are 

reported in Figure 5, including power supply, radiometric flux, irradiation, and dimensions. Each bar 

is 60 cm long and 1.5 cm high and is secured by gluing into the corresponding support mounted in 

the apparatus. 

The 24 Vdc power supply was verified before each measurement by connecting the terminals of a 

digital voltmeter simultaneously to the positive pole and ground of the power wires; the air 

temperature was monitored using a temperature sensor inserted through a hole on the upper surface 

of the structure. 

 



30 

 

These modules are subject to certain acceptability conditions: 

• The individual equipment has been evaluated by the manufacturer for use in an environment 

with pollution degree 2 and at altitudes not exceeding 2000 m. 

• In the final application, the LED module must be powered by an LED driver approved 

separately in accordance with the IEC 61347-1 and IEC 61347-2-13 series, with a Safety 

Extra-Low Voltage (SELV) type output operating at a voltage below 60 Vdc. 

• The maximum rated operating temperature must be maintained below 40 °C. 

3.3 Sensors 
 

3.3.1 Radiation 

 

The UV-C illuminance measurements, aimed at determining the power density (power per unit area) 

reaching a detector placed at a certain distance from the source, were carried out using a photodiode 

coupled with a ‘918D High Performance’ power meter, both manufactured by the American company 

Newport [112]. 

Photodiode 

 

A photodiode consists of a semiconductor p-n junction similar to a laser diode or an LED; however, 

the fundamental radiation process involved is absorption. The light that strikes the junction generates 

electron-hole pairs. In photovoltaic mode, the generated pairs migrate to opposite sides of the 

junction, thereby producing a voltage. A fundamental difference between a semiconductor photon 

source and a photon detector lies in the fact that the former requires the use of a direct bandgap 

semiconductor. In contrast, the latter can use an indirect bandgap semiconductor. While the 

simultaneous conservation of energy and momentum makes photon emission much less likely in 

indirect-bandgap semiconductors, this is not the case for absorption. A readily achievable two-step 

process occurs when an electron is excited to a high level in the conduction band, followed by a 

relaxation process in which its momentum is transferred to phonons. Since this process can occur 

sequentially, it is much more likely than an emission process in which both steps must happen 

simultaneously [112]. 
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Figure 6: The photodiode structure. 

 

Table 3: The photodiode characteristics. 

Specification Value 

Detector material Silicon – UV Enhanced 

Spectral range 200 – 1100 nm 

Active area Ø10.3 mm 

Sensor dimensions Ø11.3 mm 

Attenuator 1 OD3, integrated 

Maximum power density 30 W/cm² 

Max power density without attenuator 3 W/cm² 

Connector type DB15 

Operating temperature 5 to 50 °C 

Operating humidity <70% relative humidity 

Cable length 2 m 

 

The 918D series photodetectors have an integrated optical attenuator that can be manually inserted or 

removed from the optical path using a dial located on the top of the detector housing. The "ON" and 

"OFF" markings on the attenuator indicate the direction of rotation. 

The detector’s response depends on the wavelength of the incident light. The photodiode is 

transparent to photons with energies below the bandgap, which defines the infrared sensitivity limit 

in terms of wavelength. The photodiode’s response is typically measured in amperes of photocurrent 

per watt of incident optical power, and the device's response curves, shown in Figure 7, are reported 

in the calibration report. 

To minimize the effects of ambient light during use, the room's windows were covered with reflective 

foil, and measurements were taken with the lights off (the measurement configuration is shown in 

Figure 12). 

 

Although the photocurrent generated by ambient light can easily be zeroed out, the shot noise 

associated with the photocurrent will not be eliminated, nor will variations in ambient light levels 

caused by people moving around the room. A small electronic offset is always present in 

semiconductor detectors, and it can be removed using the optical meter's zeroing function. However, 
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note that the offset depends on the temperature of both the photodiode and the amplifier inside the 

optical meter. 

Whether the attenuator is needed depends on the amount of incoming power. Specifically, as indicated 

in the specifications above, if the incident power on the photodiode exceeds 300 µW, the attenuator 

must be used. This is because, as shown in the graph in Figure 7, once the threshold is exceeded, the 

sensor’s characteristic curve, the output behavior as a function of the input, loses linearity, indicating 

that the instrument is beginning to saturate.      

 

 

Figure 7: Sensor characteristic curve. 

The maximum measurable power, therefore, depends on factors such as the wavelength of the 

incoming light, the photodiode's saturation level, the temperature, the use of an attenuator, and the 

power meter's maximum input current rating. Regarding temperature effects, the photodiode's 

sensitivity increases with temperature, especially for wavelengths longer than its peak response 

wavelength. 

The temperature of the 918D series detectors is monitored with a thermistor, and the responsivity is 

numerically compensated to maintain accurate calibration within specifications during operation at 

specific wavelengths. 

Returning to the attenuator, it is essentially a neutral density filter which, unlike a standard one, does 

not attenuate uniformly across different wavelengths, as shown in the graphs below. Its effect is 

wavelength-dependent. At 265 nm, where the germicidal effect of UVC LEDs is at its peak and the 

measurements were taken, the attenuation factor is 0.6. 
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Figure 8: Comparison of characteristic curves without and with attenuator. 

The Newport 1919-R is a laser power/energy meter equipped with a microprocessor that provides a 

wide range of measurement capabilities, display options, and data management features. It is 

compatible with thermopile, pyroelectric, and photodiode sensors. 

Using smart connector technology, operation with a sensor requires connecting the sensor via a VGA 

cable and configuring and calibrating the 1919-R unit. The sensor's configuration and calibration data 

are stored in an EEPROM in the sensor's connector plug. 

This means that when the sensor is connected, the 1919-R automatically identifies the sensor type, 

calibration data, and configuration settings. The 1919-R can display power or energy as a function of 

time and can present power measurements in both digital and analog formats. An Auto-range function 

is available, allowing the device to automatically select the appropriate measurement range, although 

manual range selection is also possible. 

Although the calibration information is stored within the smart connector, it is possible to recalibrate 

directly from the display interface, and the updated calibration data is automatically saved to the 

sensor. 

Figure 9: Power meter. 
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Moreover, the device is compatible with PMManager, an application software that manages and 

records measurement data. This software effectively transforms a PC into a multichannel laser power 

analysis workstation. PMManager software features include extensive graphical data display, 

advanced measurement processing, data logging for future review, graph and data printing, and the 

ability to connect additional devices during active measurements. The software also allows data 

logging based on time intervals or the number of data points, as well as exporting data in Excel format, 

which can be viewed either graphically or as plain text [112]. 

3.3.2 Airflow and Temperature 

Before each measurement, the volumetric airflow generated by the fan was evaluated to verify that 

the operating point was within the typical range expected for the device installed in the suspended 

ceiling at the terminal section of a ventilation duct (2 to 4 m/s). 

The instrument used was the Testo 440 dP, manufactured by the Italian company Testo Spa, equipped 

with probes for measuring key environmental parameters, including a differential pressure sensor for 

filter monitoring. Communication between the instrument and the probe occurs via Bluetooth 

connection, allowing greater freedom in taking measurements, even in less accessible or 

uncomfortable conditions. The presence of a USB interface enables exporting measurement logs in 

CSV format. 

Regarding the velocity probe, it is a vane type, capable of measuring 0.3 to 35 m/s, and allows the 

corresponding volumetric airflow to be determined. 

For temperature verification within the device, critical since the lamps operate at maximum 

efficiency when temperatures do not exceed 40 °C, a thermo-hygrometric probe tip was employed. 

This probe allows simultaneous measurement of relative humidity and air temperature in indoor 

environments, including long-term measurements, with an accuracy of ±2 %RH and ±0.5 °C; 

measurement range: 0 to 100 %RH and -20 to +70 °C [113]. 

It should be noted that, in the current phase of this scientific research, the sensors were employed 

exclusively to ensure optimal operating conditions for the lamps and environmental stability, rather 

than to analyze the effects of temperature on light propagation. A review of the literature [114 -115] 

indicates that the refractive index of air varies as a function of temperature and pressure, although to 

an extremely limited extent. Shaheen, for pressures ranging between 88 and 107 kPa and temperatures 

between 303 and 338 K (≈ 30-65 °C), reported values between 1.000189 and 1.000281, with a thermal 

coefficient of approximately −1.35 × 10⁻⁶ K⁻¹. Similarly, Dettwiller’s review shows that, under 

typical indoor conditions (0-25 °C, 80-105 kPa), the variation remains on the order of 10⁻⁵. 
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Based on this evidence, at this stage of the work it was considered appropriate, for the time being, not 

to include such variations in the simulation models, as their impact on illuminance maps was deemed 

negligible despite being scientifically measurable. This decision is provisional and may be revisited 

in future developments should a higher level of accuracy be required. 

Figure 10:Flow rate and temperature meter. 

3.4 Measurement points for the radiation Maps 
 

Irradiance measurements were conducted by positioning the sensor inside the device at the same 

distance from the lamps where the filter will be installed, and at various positions in order to create 

an irradiance map. To move the sensor, a vertical rod was installed, allowing it to be placed at the 

desired position. The vertical rod is welded to a horizontal rod 78 cm in length at a lateral-central 

position, enabling horizontal movement of the sensor. 

The initial measurement maps were created to obtain an order-of-magnitude estimate of the power 

density at 45 points, as shown in Figure 11. 

 
Figure 11:First measuring points map. 
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Since initial measurements revealed irradiance levels inconsistent with those declared by the 

manufacturer, more detailed maps were subsequently constructed. 

• Regarding the vertical sampling step, given that the supporting vertical rod is 23.5 cm high 

and coincides with the midline of the box, 11 measurement points were chosen. Due to the 

dimensions of the support on which the sensor was mounted, the active measurement length 

is 16.5 cm, although the filter itself measures 21 cm. Therefore, a sampling step of 1.5 cm was 

selected to allow sensor placement also directly in front of the two lower and upper rods. To 

enable sensor placement in the central position as well, an additional measurement point was 

added at the center, located 0.75 cm from the immediately adjacent upper and lower points. 

• For horizontal sampling, two different steps were chosen depending on whether 

measurements were taken at the periphery or in the central part of the device. Given that the 

filter length is 64 cm, a 1 cm step was deemed appropriate in the peripheral region to evaluate 

both the contributions from reflections off the metal walls and the reduced cooperative effect 

of individual illuminated modules. In the central region, a 2 cm step was selected. Specifically, 

a 1 cm step was used for the first 5 lateral measurement points on both the right and left sides, 

and 2 cm for the remaining points, resulting in a total of 38 measurement points along the 

horizontal axis. 

The resulting irradiance matrices, therefore, comprise 494 measurement points. Sensor movement 

and fixation were performed manually, using graduated scales on both the vertical and horizontal 

rods. Vertical translation of the sensor, secured with a nut-and-bolt system, was achieved by loosening 

the nut as needed, while horizontal positioning was performed by sliding the metal support.  

 
Figure 12:Sensor support and translation system. 
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Considering the vertical dimensions of the considered elements (box height of 26 cm, filter height of 

21 cm, vertical rod height of 23.5 cm, and sampling region height of 16.5 cm), the difference Δy 

between the length of the support rod and the extension of the sampling region is: 

 
23,5 −  16,5 

2
=  3,5 (3.4.1) 

 

The distance between the extreme sensor positions and the horizontal walls, both lower and upper, of 

the box is: 

 
26 −  23,5

2
 +  3,5 = 4,75 (3.4.2) 

 

This allows the measurement points to be placed relative to the box structure, with the reference 

system origin at the top-left corner. The horizontal coordinate values of the points are reported in 

Table 4. 

Table 4:Order of measurement points. 

Active length of measurement 

[cm]  

Sampling step [cm]  Distance 

[cm]  

8.25  0  4.75  

6.75  1.5  6.25  

5.25  1.5  7.75  

3.75  1.5  9.25  

2.25  1.5  10.75  

0.75  1.5  12.25  

0  0.75  13  

0.75  0.75  13.75  

2.25  1.5  15.25  

3.75  1.5  16.75  

5.25  1.5  18.25  

6.75  1.5  19.75  

8.25  1.5  21.25  

 

To account for the horizontal dimensions of the various elements, note that the width is 2 cm, and the 

sensor is positioned at the midpoint, 1 cm from the edges. When the horizontal rod is fully retracted 

to the left end (corresponding to the first measurement point), the scale on the small protrusion reads 

71.8 cm; when the rod is fully retracted to the right end (corresponding to the last measurement point), 

the scale reads 7.8 cm. The total length of the measurement field to be covered is 64 cm, and, as 

previously stated, with the selected sampling step, there are 37 measurement points. 
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Table 5: Abscissas of measurement points. 

Sampling step [cm]  Distance [cm]  Active length of measurement [cm]  

0  5.3  31.56  

1  6.3  30.56  

1  7.3  29.56  

1  8.3  28.56  

1  9.3  27.56  

2  11.3  25.56  

2  13.3  23.56  

2  15.3  21.56  

2  17.3  19.56  

2  19.3  17.56  

2  21.3  15.56  

2  23.3  13.56  

2  25.3  11.56  

2  27.3  9.56  

2  29.3  7.56  

2  31.3  5.56  

2  33.3  3.56  

2  35.3  1.56  

   36.86    

2  37.3  0.44  

2  39.3  2.44  

2  41.3  4.44  

2  43.3  6.44  

2  45.3  8.44  

2  47.3  10.44  

2  49.3  12.44  

2  51.3  14.44  

2  53.3  16.44  

2  55.3  18.44  

2  57.3  20.44  

2  59.3  22.44  

2  61.3  24.44  

2  63.3  26.44  

2  65.3  28.44  

1  66.3  29.44  

1  67.3  30.44  

1  68.3  31.44  

1  69.3  32.44  
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The vertical rod, when fully seated at the extreme position on the horizontal bar, is not adjacent to the 

device’s left sidewall; the same applies when fully seated towards the right side, but at a distance of 

4.3 cm. Since the sensor is positioned 1 cm from the left end of the vertical rod, the abscissa of the 

first measurement point, with respect to the chosen reference system, is 5.3 cm. 

Figure 13 shows the front and side sections of the device, reconstructed using COMSOL 

Multiphysics, along with the point matrix corresponding to the sensor positions. 

 

Figure 13: Representation of the 494 measuring points used in the experimental device. 

Before proceeding with the construction of the irradiance maps, evaluations of irradiance at different 

wavelengths were conducted to verify that the wavelengths of interest fall within the range of 

maximum incident power. The instrument allows selecting the wavelength for which the data is to be 

recorded, and the procedure was as follows: 

• Frequency scan of the irradiance measured at the central position (where the maximum power 

density is expected) 

• Frequency scan of the irradiance measured at the top-left corner, which, according to 

preliminary results, is the most disadvantaged point, i.e., where the incident power on the 

sensor is significantly lower than at the central point, by an order of magnitude. 

The wavelength range considered was between 200 nm and 1100 nm, with steps of 100 nm, except 

for three specific wavelengths, 254 nm, 265 nm, and 275 nm, which, according to the literature, 

correspond to the maximum germicidal effectiveness of ultraviolet radiation, depending on the source 

used, and exhibit their full germicidal efficacy. 

Figure 14 shows the trends in power density measured at the two positions considered during 

simultaneous operation of the three lamps installed in the device. 
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Figure 14: Measured power density as a function of wavelength for two locations of the sensor. 

From Figure 15, a monotonically decreasing trend is observed at both measurement points up to 1000 

nm, followed by an increase in the recorded power density. For longer wavelengths, it is evident that 

the maximum irradiance occurs at lower wavelengths, particularly at 200 nm, while for the 

wavelengths of interest, namely 254 nm and 265 nm, the difference is not significant. Therefore, it 

was decided to follow the literature and measure at 265 nm. 

3.5 Numerical tools 

3.5.1 COMSOL Multiphysics 

The Ray Optics Module of COMSOL Multiphysics allows modeling light propagation using a 

geometric approach, considering electromagnetic radiation as a set of rays. This method is valid when 

the wavelength of light is negligible compared to the characteristic dimensions of the optical system: 

 𝜆 ≪ 𝐿λ ≪ 𝐿𝜆 ≪ 𝐿 (3.5.1) 

 

In this context, propagation follows deterministic laws based on the geometry of the medium and 

local optical properties, neglecting wave effects such as interference or diffraction (unless introduced 

in simplified form). 

 Ray propagation in optical media 

 

The trajectory of a ray is determined by the spatial distribution of the refractive index. In media with 

uniform index, the trajectory is straight; in media with varying index, it follows a curved path 

governed by Hamiltonian equations: 
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𝑑𝑞

𝑑𝑡
= ∇𝑘ω, 

𝑑𝑘

𝑑𝑡
= −∇𝑞 

 

(3.5.2) 

where: 

• 𝑞(𝑡) is the ray position; 

• 𝑘 is the wave vector; 

• 𝜔 is the angular frequency given by: 

 

 
ω =

𝑐|𝑘|

𝑛(𝑞)
 

 
(3.5.3) 

The wave number in vacuum is defined as: 

 
𝑘0 =

2π

λ0
 (3.5.4) 

while in a medium with refractive index n, the wave number becomes: 

 𝑘 = 𝑛𝑘0 (3.5.5) 

 

Reflection, refraction, and absorbing materials 

At the interface between two media, the ray direction changes according to Snell's law: 

 𝑛1 sin θ1 = 𝑛2 sin θ2 (3.5.6) 

 

where: 

• 𝑛1, 𝑛2 are the refractive indices of the two media; 

• θ1 is the angle of incidence; 

• θ2 is the angle of refraction. 

In absorbing materials, the refractive index is expressed as a complex number: 

 𝑛̃ = 𝑛 − 𝑖 (3.5.7) 

The electric field E associated with a ray propagating along the direction 𝑠̂ is attenuated according to: 

 |𝐸(𝐿)|2 = |𝐸0|
2 exp(−2𝑘0κ𝐿) (3.5.8) 
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Where L is the distance travelled in the medium, and 𝐸0 is the initial amplitude and κ is the extinction 

coefficient. 

Wavefront and curvature 

Each ray is associated with a three-dimensional wavefront whose geometry is described by two 

principal radii of curvature 𝑟_1 and 𝑟_2, which evolve according to: 

 𝑑𝑟1
𝑑𝑠

= 1, 
𝑑𝑟2
𝑑𝑠

= −1 

 

(3.5.9) 

The associated curvatures are: 

 

κ1 =
1

𝑟1
,  κ2 =

1

𝑟2
 

 

(3.5.10) 

The matrix of principal curvatures of the wavefront is: 

 𝐾 = κ1𝑒1𝑒1
𝑇 + κ2𝑒2𝑒2

𝑇 

 
(3.5.11) 

where 𝑒1and 𝑒2 are unit vectors of the principal directions orthogonal to the propagation direction. 

Optical phase and electric field 

The electric field along the ray trajectory is described as: 

 𝐸(𝑞) = 𝑎(𝑞) 𝑒𝑖 Ψ(𝑞) (3.5.12) 

where: 

• Ψ(q) is the accumulated optical phase; 

• a(q) is the slowly varying complex amplitude. 

In the local transverse plane, the phase can be approximated by a Taylor expansion: 

Ψ(Δ𝑥, Δ𝑦) = Ψ0 + 𝑘(𝑛𝑥Δ𝑥 + 𝑛𝑦Δ𝑦) +
1

2
𝑘(κ1Δ𝑥2 + κ2Δ𝑦2) 

 

(3.5.13) 

This development is useful to study interference between adjacent rays and spatial phase evolution. 

Accumulators and thermal ray source 

COMSOL implements accumulators to collect information along ray paths. In 3D domains, the 

volumetric accumulator for deposited power density is defined as: 

 

𝑟𝑝𝑑 =
1

𝑉
∑𝑅𝑖

𝑁

𝑖=1

 (3.5.14) 
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where V is the volume of the mesh element and 𝑅𝑖 is the contribution deposited by the individual ray. 

The power deposited by each ray in an absorbing medium can be expressed as: 

 𝑑𝑄

𝑑𝑡
= −

𝑑𝑃

𝑑𝑡
 

 

(3.5.15) 

and the overall volumetric source (implemented via Ray Heat Source) becomes: 

 

𝑄src =
1

𝑉
∑(−

𝑑𝑃𝑖

𝑑𝑡
)

𝑁

𝑖=1

 

 

(3.5.16) 

   

This source can be used as input for thermal models (Heat Transfer in Solids), allowing analysis of 

optical heating, ablation, thermal expansion, and other thermo-optical effects. 

The theoretical formulation behind the COMSOL Ray Optics Module represents a bridge between 

classical optics and advanced computational analysis. The possibility to combine geometric 

propagation, attenuation, polarization, and thermal phenomena makes this module a powerful tool for 

studying and designing complex optical systems. Thanks to accumulators and integration with 

thermal and structural modules, the software enables high-fidelity Multiphysics simulations 

applicable in fields ranging from laser optics to concentrated solar energy and integrated micro-optics 

[116]. 

3.5.2 Matlab  

For the pre- and post-processing phases of the acquired data, MATLAB was employed. MATLAB is 

a high-level programming language and interactive computing environment that is widely adopted in 

scientific, academic, and industrial settings for numerical analysis, signal processing, system 

modelling, and the simulation of complex phenomena. Its comprehensive library of built-in functions 

and specialized toolboxes provides robust support for data handling, visualization, and processing, 

while also enabling the development of customized algorithms and the automation of computational 

workflows. 

In particular, during the source characterization phase, the Curve Fitting Toolbox was utilized. This 

advanced toolbox enables the implementation of interpolation and nonlinear regression techniques 

by iteratively fitting curves and surfaces to experimental datasets. It supports the use of a variety of 

predefined mathematical models, such as polynomial, exponential, and Gaussian functions, as well 

as the definition of user-defined models. Additionally, the toolbox offers a quantitative assessment of 

the fit quality through statistical metrics such as the coefficient of determination (𝑅2), root mean 

square error (RMSE), and residual analysis. The application of this toolbox allowed for the accurate 
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extraction of the source’s characteristic parameters, thereby contributing to a more precise 

representation of its experimental behaviour and facilitating a more rigorous physical interpretation 

of the observed phenomena [117].  
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Chapter 4 – Experimental results 

4.1 First results measurement campaign 
 

During our stay at the company Sagicofim S.p.A., initial measurements were carried out following 

the first measurement point scheme (section of the second chapter), to make a preliminary assessment 

of the irradiance magnitude. In particular, measurements were not taken at a single frequency, but at 

254 nm, 265 nm, and 275 nm to verify whether the results from the previous analysis are indeed 

confirmed. 

The initial measurements carried have been performed with three lit lamps and the results are reported 

in figure 15, 16 and 17: 

• 254nm 

 
Dev. 

[mm] 
13,5 36,5 100 100 75 75 100 100 36,5 

Dev. 

[mm] 

Dist. 

[mm] 
14 50 150 250 325 400 500 600 637 

22,5 23 35 84 115 114 113 112 118 85 36 

22,5 45 68 160 210 208 212 207 210 160 67 

60 105 129 300 406 407 405 407 410 311 137 

22,5 128 110 262 344 340 336 348 348 252 101 

22,5 150 82 173 226 225 221 230 230 157 65 

 

Figure 15: Irradiance map [uW/cm²] for λ=254nm with three simultaneously lit lamps. 
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• 265 nm 

 
Dev. 

[mm] 
13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] 

Dist. 

[mm] 
14 50 150 250 325 400 500 600 637 

22,5 23 27 62 75 76 78 75 77 52 17 

22,5 45 101 205 240 241 245 240 249 151 49 

60 105 158 326 395 395 393 393 398 248 79 

22,5 128 115 250 298 298 294 303 302 188 51 

22,5 150 71 153 184 183 179 185 183 110 34 

 
Figure 16: Irradiance map [uW/cm²] for λ=265nm with three simultaneously lit lamps. 

• 275 nm 

 

 
Dev. 

[mm] 
13,5 36,5 100 100 75 75 100 100 36,5 

Dev. 

[mm] 

Dist. 

[mm] 
14 50 150 250 325 400 500 600 637 

22,5 23 38 76 94 93 94 81 86 57 23 

22,5 45 83 172 206 203 205 202 204 137 58 

60 105 130 282 361 361 360 361 365 256 109 

22,5 128 83 204 269 267 264 272 272 193 76 

22,5 150 71 152 197 195 191 198 197 134 57 

 
Figure 17: Irradiance map [uW/c²m] for λ=275nm with three simultaneously lit lamps. 



47 

 

By examining the matrices individually, a pronounced asymmetry in power density is evident. 

Furthermore, the findings from the emission spectrum analysis are evident in this case as well.  

With regard to the matrices at 254 nm and 275 nm og figure 15 and 17, the differences are significant, 

whereas in the first matrices, some anomalies are observed: for most points, the irradiance values at 

the first frequency are higher, except for the first two columns on the left, where the 265 nm 

wavelength appears to be more effective. 

Subsequently, it was considered appropriate to measure, at the various wavelengths of interest, the 

contributions due to the individual lamps being switched on. 

In Figure 18, 19 and 20 the irradiance map are reported for three different frequencies of interest in 

case of individual switching of upper, central and lower respectively. 

• Measurement with single upper lamp switched on 

UPPER LAMP - 254 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 23 87 113 109 106 106 105 75 32 

22,5 45 72 164 196 192 196 191 194 136 46 

60 105 21 81 97 99 98 97 98 70 23 

22,5 128 2 2 3 3 3 3 2 2 2 

22,5 150 2 2 2 2 2 2 2 2 2 

UPPER LAMP - 265 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 44 88 103 99 101 98 101 67 23 

22,5 45 75 160 186 183 187 182 185 123 40 

60 105 40 84 95 96 96 94 96 62 18 

22,5 128 2 2 2 2 2 2 2 2 1 

22,5 150 2 2 2 2 2 2 2 1 1 

UPPER LAMP - 275 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 44 88 103 99 101 98 101 67 23 

22,5 45 75 160 186 183 187 182 185 123 40 

60 105 40 84 95 96 96 94 96 62 18 

22,5 128 2 2 2 2 2 2 2 2 1 

22,5 150 2 2 2 2 2 2 2 1 1 

Figure 18: Irradiance map [uW/cm²] for λ=254, 265, 275nm in case of single upper lamp switched on.
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• Measurement with single central lamp switched on 

CENTRAL LAMP - 254 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 9 17 26 28 27 27 27 21 12 

22,5 45 23 42 67 68 67 67 68 52 28 

60 105 60 125 181 183 181 184 186 137 69 

22,5 128 26 53 79 79 78 79 78 58 31 

22,5 150 15 29 43 43 42 42 42 31 17 

CENTRAL LAMP - 265 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 13 24 35 34 35 34 34 24 13 

22,5 45 28 52 75 75 76 76 76 54 30 

60 105 53 111 162 164 163 164 163 118 57 

22,5 128 19 35 45 44 43 44 43 27 12 

22,5 150 10 16 18 18 17 17 17 10 5 

CENTRAL LAMP - 275 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 13 24 35 34 35 34 34 24 13 

22,5 45 28 52 75 75 76 76 76 54 30 

60 105 53 111 162 164 163 164 163 118 57 

22,5 128 19 35 45 44 43 44 43 27 12 

22,5 150 10 16 18 18 17 17 17 10 5 

 

Figure 19: Irradiance map [uW/cm²] for λ = 254, 265, 275nm in case of single central lamp switched on. 



 

 

 

• Measurement with single lower lamp switched on 

LOWER LAMP - 254 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 2 2 2 2 2 1 2 2 2 

22,5 45 2 3 3 3 3 2 2 2 2 

60 105 56 108 130 128 126 129 127 80 25 

22,5 128 73 167 206 205 203 212 212 145 42 

22,5 150 56 116 135 134 132 138 137 85 25 

LOWER LAMP - 265 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 2 2 2 2 1 1 1 1 1 

22,5 45 2 3 3 2 2 2 2 2 2 

60 105 45 96 118 114 115 118 118 80 30 

22,5 128 58 127 161 160 156 163 163 108 33 

22,5 150 46 89 94 92 92 94 95 48 10 

LOWER LAMP - 275 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 23 2 2 2 2 1 1 1 1 1 

22,5 45 2 3 3 2 2 2 2 2 2 

60 105 45 96 118 114 115 118 118 80 30 

22,5 128 58 127 161 160 156 163 163 108 33 

22,5 150 46 89 94 92 92 94 95 48 10 

Figure 20: Irradiance map [uW/cm²] for λ= 254, 265, 275nm in case of single lower lamp switched on. 

What we were able to observe, differently from what had emerged previously, is that for the 265 nm 

wavelength, particularly at the points where the sensor’s position is aligned with the source, 

significantly higher power density values were recorded compared not only to 275 nm, but also to 

those measured at 254 nm, contrary to the earlier case. 

These measurements were carried out not only to assess the contribution of each individual lamp, but 

also to allow a comparison with the data provided by the manufacturer. In particular, following 

discussions with representatives of the company, it became clear that the supplied data (reported in 

table 5 with reference to figure 21) corresponded to broadband measurements, that is, measurements 

performed over a wavelength range between 200 nm and 390 nm, summed together and subsequently 

integrated over the entire interval. 

Since this information was acquired only after the measurements had already been taken, it was 

decided to use our data and perform an integration process, using the trapezoidal rule, over the non-

uniform frequency interval in order to enable a comparison. At this stage, as it was not yet possible 

to accurately place the maps and lamps within a common reference system, an average was computed 

(based on the observed symmetry) between the values from the first and second rows (as well as the 
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fourth and fifth rows). 

• C-led measurements 

 

 

 

Figure 21: Measurement points declared by C-led. 

 
Table 6: Power density declared by C-Led. 

 Distance from the source 

 8 cm 11 cm 

Point 1 382. 4 
𝑢𝑊

𝑐𝑚2
 247.4 

𝑢𝑊

𝑐𝑚2
 

Point 2 405 
𝑢𝑊

𝑐𝑚2 298.5 
𝑢𝑊

𝑐𝑚2 

Point 3 399 
𝑢𝑊

𝑐𝑚2 289.2 
𝑢𝑊

𝑐𝑚2 

In order to enable a direct comparison with the value declared by the manufacturers, the integral was 

computed over the entire frequency range.  

 

 

 

 

 

 

 

 

 

 

Point 1 Point 2 Point 3 
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The corresponding results are presented in Table 7. 

• Sapienza measurements 

Table 7: Sapienza measurements. 

INTEGRATED UPPER LAMP - 254 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 34 53 123 145 141 144 140 143 95 28 

60 105 37 94 11 112 11 109 111 75 23 

22,5 139 2 2 2 2 2 2 2 2 2 

INTEGRATED CENTRAL LAMP - 265 nm 

 Dev. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 34 19 35 50 50 50 50 51 35 16 

60 105 64 130 179 181 179 181 182 124 57 

22,5 139 16 28 39 39 38 39 38 26 14 

INTEGRATED LOWER LAMP - 275 nm 

 Scost. [mm] 13,5 36,5 100 100 75 75 100 100 36,5 

Dev. [mm] Dist. [mm] 14 50 150 250 325 400 500 600 637 

22,5 34 2 2 2 2 2 2 2 2 2 

60 105 51 102 119 115 115 119 119 72 19 

22,5 139 65 137 157 156 154 160 160 96  

 

The relative errors, reported in Table 7, were calculated, specifically by computing the difference 

between the values declared by C-LED and those measured by us and then dividing the result by the 

value we measured. 

Table 8: Relative errors between integrated measured and manufacturer’s values. 

 8 cm upper lamp 11cm central lamp 8 cm lower lamp 

Point 1 68% 47% 64% 

Point 2 64% 40% 62% 

Point 3 76% 57% 67% 

 

As can be observed, the difference is substantial, which initially led us to believe there might be an 

issue with the sensor we used. However, this hypothesis was dismissed when the manufacturer 

allowed us to perform measurements on our device using the same photosensor they employed for 

their irradiance measurements. The discrepancy observed in this case was, at most, an 11% deviation 

between the values recorded by the company's sensor and those previously measured by us.  

These discrepancies raise questions about the origin of the error, which may stem either from an 

overestimation by the manufacturer or from limitations in our experimental procedure. Although 

different photosensors were used, the internal consistency of our measurements suggests that the 
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cause cannot be attributed solely to the instruments or to the declared data. 

4.2 Second Measurement Campaign 
 

The sources considered are incoherent sources, meaning that the phase fluctuations between two 

sources are statistically distributed. As a result, what is observed is the sum of the intensities of the 

two fields, since the interference term has an average value of zero [118]. 

To analyse the behaviour of the device in more detail, also in order to be able to make precise 

assessments about the effects of configuration changes, it was evaluated whether it is indeed possible 

to apply the principle of superposition within the device. 

For this purpose, initial irradiance maps were obtained for the following configurations: 

• Only the central lamp on 

• Only the upper lamp on 

• Only the lower lamp on 

• All lamps on 

The results are shown below using a colour scale, where: 

• Red corresponds to the maximum value in all configurations 

• Green corresponds to the minimum value detected 

According to the following scale: 

• Maximum value: 475 µW/cm² 

• Minimum value: 0 µW/cm² 

As expected, the maximum value was recorded when all three lamps were on, in the central region. 
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Central lamp on 

The results are shown in Figure 22, where the left side displays an area (in green) that is significantly 

less illuminated than the right side. This can be explained by the fact that, during the single LED 

measurements, four sources, all part of the same module and located at the beginning of the bar, were 

burnt out. Specifically, the affected sources were LEDs number 1, 3, 5, and 7. 

Figure 22: Irradiance map [uW/cm²] caused by the central lamp. 

Upper lamp on 

The results are shown in Figure 23. Unfortunately, for this lamp as well, the shielding setup used for 

single-LED measurements led to the deterioration of four LEDs located at the far-right end of the 

lamp, specifically, those positioned at 25, 27, 29, and 31. As a result, an asymmetry in the irradiance 

map can also be observed in this case. 

It can also be noted that the maximum irradiance (indicated by a much more intense yellow tone) 

corresponds to the 9.5 cm coordinate, which matches the position of the source. 

Figure 23: Irradiance map [uW/cm²] caused by the upper lamp. 

Lower lamp on 

The results are shown in Figure 24. As described in Chapter 2, the distances between the upper and 

lower bars relative to the central bar are not the same; in particular, the lower bar is positioned 1.5 

cm farther away. 

This explains the chromatic map in Figure 24, which shows a more intense yellow marking toward 

the lower wall and less toward the center, in contrast to the map for the upper lamp previously shown. 
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The maximum illuminance, in fact, does not occur at the 16.75 cm ordinate (which would correspond 

to a symmetrical position), but rather at 18.25 cm. At this coordinate, the sensor records a higher 

power because it is directly facing the light sources. 

As with the upper lamp, the single-LED measurements for this lamp also led to the failure of four 

LEDs, which, as can be seen from the map, are located in the central-right area. Specifically, the 

malfunctioning LEDs are those in positions 18, 20, 22, and 24. 

Figure 24: Irradiance map [uW/cm²] caused by the lower lamp. 

We report below the experimental map obtained with all three lamps turned on simultaneously: 

Experimental map with all three lamps on simultaneously 

The results are shown in Figure 25. Naturally, the map recorded with all three lamps operating at the 

same time is affected by the malfunction of the twelve LEDs, four from each lamp, previously 

mentioned. 

Because of this, what we expect are irradiance maps that, especially in the central area, will not 

display a uniformly red tone. 

Below, we present both the experimental and the reconstructed maps, which will later be compared. 

It is important to note that both maps share the same scale. 

Figure 25: Irradiance map [uW/cm²] caused by three lamps lit simultaneously. 
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Reconstructed Map with Three Lamps On 

In order to verify that the system within the device is linear, and therefore that it is possible to apply 

the principle of superposition of effects, the map corresponding to three lamps turned on was 

reconstructed as the sum of the maps obtained with the individual bars. This reconstructed map was 

then compared with the experimentally measured map with three lamps on. 

The results are shown in Figure 26. 

Figure 26: Irradiance map [uW/cm²] caused by three lamps lit simultaneously reconstructed from maps of single lamps lit. 

A more or less similar distribution can be observed in the reconstructed map, with a certain chromatic 

symmetry, aside from a few slightly more intense small areas. Considering that the Δy between the 

upper and lower bars relative to the central one is not the same, we can observe in the maps shown in 

Figures 25 and 26 how the reflection phenomena have a positive influence, with the area near the 

lower wall displaying a more intense coloration compared to the upper one. 

Following the visual comparison, a quantitative analysis was carried out, including an evaluation of 

the relative error between the two cases. 

 

 
𝜀 =

𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 −  𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
 

 

(4.2.1) 

By setting a color scale in which the maximum value is equal to 1 and the minimum value is equal to 

zero, highlighted respectively in red and green, the result shown in Figure 27 is obtained. 

Figure 27: Relative error between reconstructed and experimental. 

Within the map, the error between the reconstruction and the experimental data does not exceed 8%. 

In the upper right area and along an entire strip in the lower part, an error ranging between 10% and 
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30% is observed. 

There are isolated points, mainly located on the sides, where the error reaches 40%, and one 

measurement point in the upper right corner where an error of 59% is recorded. 

To better assess the actual impact of reflection phenomena, whether positive or negative, on 

irradiance levels, further reconstructed maps were produced. 

4.2.1 Single – LED measurements 

Following the acquisition of experimental illuminance measurements under both single-lamp and 

three-lamp simultaneous activation conditions, additional measurements were conducted with only 

one lamp switched on, in order to gain a deeper understanding of the internal photometric behavior 

of the system. Specifically, for a lamp equipped with 32 discrete light sources, as shown in figure 29, 

the illuminance contribution of the first, the last, and the central source was measured for the central 

lamp and the first and the central source for the upper and lower lamp.  

These measurements were systematically repeated for each of the three lamps, enabling a comparative 

analysis of the spatial distribution of luminous flux along the lamp axis. 

To support this analysis, the corresponding illuminance maps for the different activation 

configurations are reported below. 

It should be noted that, compared to the previously reported maps obtained under three-lamp 

activation, the color scale used in the present case is not aligned with the former. This is due to the 

significantly lower peak illuminance values observed when only a single source is active, which 

would otherwise result in maps with insufficient contrast and unreadable spatial information. 

 

Figure 28: Position of the sources 1 - 16 – 32. 

The results are presented below using a color scale in which red corresponds to the maximum value 

in all cases considered and green represents the minimum value. 
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Central Lamp 

The results are shown in Figures 29, 30, and 31. 

Figure 29: Experimental map related to led 1 of the central lamp. The maximum result is equal to ~ 36 uW/cm². 

Figure 30: Experimental map related to led 16 of the central lamp. The maximum result is equal to ~ 33 uW/cm². 

Figure 31: Experimental map related to led 32 of the central lamp. The maximum result is equal to ~ 35 uW/cm². 
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Upper Lamp 

The results are shown in Figures 32 and 33. 

 

Figure 32: Experimental map related to led 1 of the upper lamp. The maximum result is equal to ~ 57 uW/cm². 

Figure 33 Experimental map related to led 16 of the upper lamp. The maximum result is equal to ~ 54 uW/cm² 
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Lower Lamp 

The results are shown in Figures 34 and 35. 

Figure 34: Experimental map related to led 1 of the lower lamp. The maximum result is equal to ~ 60 uW/cm². 

Figure 35: Experimental map related to led 16 of the lower lamp. The maximum result is equal to ~ 55 uW/cm². 

4.3 Third Measurement Campaign 
 

After the second measurement campaign carried out in 2022, a new campaign was conducted in 2025. 

The acquisition process, described in Chapter 3, was kept unchanged in order to ensure proper 

repeatability and adequate spatial resolution. 

In contrast to the methodology adopted during the previous campaign, the present phase began with 

measurements performed using a single active source, followed by configurations with one lamp 

switched on, and finally with all three lamps operating simultaneously. 

4.3.1 Measurements with single LED switched on 

The experimental procedure was structured as follows: 

• Frequency scan (265 nm) of the irradiance generated by the source positioned at the center of 

the central bar, where a more uniform distribution is expected, with minimal influence from 

reflective contributions. This analysis was also extended to the central positions of the upper 

and lower bars, where irradiance is more significantly affected by the presence of reflective 

material. 

• Frequency scan (265 nm) of the irradiance produced by the sources placed at the first and last 

positions (i.e., at the ends of the bars), where the distribution is strongly influenced by 

reflection phenomena. 
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The results are presented below using a colour scale in which red corresponds to the maximum value 

in all cases considered and green represents the minimum value. 

Upper Lamp 

The results are shown in Figures 36, 37, and 38. 

Figure 36: Experimental map related to led 1 of the upper lamp. The maximum result is equal to ~ 55 uW/cm². 

Figure 37: Experimental map related to led 16 of the upper lamp. The maximum result is equal to ~ 56 uW/cm². 

Figure 38: Experimental map related to led 32 of the upper lamp. The maximum result is equal to ~ 57 uW/cm². 
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Central Lamp 

The results are presented in Figures 39, 40, and 41. It should be noted that, during the acquisition 

campaign, the first LED experienced degradation that compromised its functionality. Therefore, to 

ensure the continuity of the measurements, the second LED on the same bar was selected as an 

alternative reference. 

Figure 39: Experimental map related to led 2 of the central lamp. The maximum result is equal to ~ 32 uW/cm². 

Figure 40: Experimental map related to led 16 of the central lamp. The maximum result is equal to ~ 30 uW/cm². 

Figure 41: Experimental map related to led 32 of the central lamp. The maximum result is equal to ~ 38 uW/cm². 
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Lower Lamp 

The results are shown in Figures 42, 43, and 44.  

Figure 42: Experimental map related to led 1 of th lower lamp. The maximum result is equal to ~ 60 uW/cm². 

Figure 43: Experimental map related to led 16 of th lower lamp. The maximum result is equal to ~ 61 uW/cm². 

Figure 44: Experimental map related to led 32 of th lower lamp. The maximum result is equal to ~ 60 uW/cm². 

This second analysis, in continuity with the observations made in the previous paragraph, confirms a 

marked difference in power density between the sources located on the upper and lower bars 

compared to those on the central bar. The irradiance maps clearly show that in case of the LEDs on 

the outer lamps the effects are more strongly affected by internal reflection phenomena caused by the 

device’s reflective surfaces. As a result, significantly higher irradiance values are recorded, both for 

central and peripheral LEDs, than those observed on the central bar. 

Additionally, the geometric asymmetry of the system, already noted in the single-LED measurements 

and even more evident in the results of the second measurement campaign, further contributes to this 

behaviour. The lower lamp, positioned approximately 1.5 cm farther from the central axis than the 

upper one, produces an irradiance distribution that is less centered and more directed toward the lower 
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wall of the device. This structural configuration is reflected in the color maps, where a higher intensity 

is observed near the wall, with a reduced spread toward the center. Conversely, the LEDs on the upper 

lamp, being closer to the system’s optical axis, generate more symmetrical and centrally concentrated 

beams, consistent with their geometric positioning. 

4.3.2 Measurements with lamps switched on  

As in the previous campaign, measurements were carried out both with a single lamp turned on and 

with three lamps turned on simultaneously. The objective was to assess the repeatability over time of 

the recorded irradiance maps and to evaluate the consistency of the results with those obtained in the 

previous campaign. However, unlike the earlier campaign, the use of shielding during the 

measurements with a single source turned on caused several sources to malfunction, thus preventing 

the comparison of some matrices, including the one corresponding to the configuration with three 

lamps turned on simultaneously. 

As in the previous case, the results are shown below using a color scale, where: 

• Red corresponds to the maximum value in all configurations 

• Green corresponds to the minimum value detected 

According to the following scale: 

• Maximum value: 379 µW/cm² 

• Minimum value: 0 µW/cm² 

 

Upper lamp on 

The results are shown in Figure 45, where a less illuminated area stands out in correspondence with 

the final sampling steps of the map. Unfortunately, the shielding mode used for single-LED 

measurements led to the degradation of four LEDs located on the right side of the lamp, specifically 

at positions 25, 27, 29, and 31. 

Figure 45:  Experimental map related to the upper lamp. The maximum result is equal to ~ 230 uW/cm². 
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Central lamp on 

The results are shown in Figure 46, where a significantly less illuminated area can be observed on 

the left side compared to the right. This is due to the fact that, during and after the single-LED 

measurements, several sources burned out.  

These belonged to the same module in groups of four and were located in the initial and central parts 

of the light bar. 

The affected LEDs are numbers 1, 3, 5, 7; 10, 12, 14, 16; and 18, 20, 22, 24. 

Figure 46: Experimental map related to the central lamp. The maximum result is equal to ~ 180 uW/cm². 

Lower lamp on 

The results are shown in Figure 47. As described in Chapter 2 and discussed in the previous 

paragraph, the distances between the upper and lower bars and the central bar are not equal, but rather 

asymmetric, with the lower bar positioned 1.5 cm farther away. This condition explains the color map 

shown, which is characterized by a more pronounced illumination toward the lower part and less 

toward the center, opposite to what was observed in the map of the upper bar. 

For this lamp as well, several LEDs were damaged following the first measurement campaign, 

particularly those in positions: 2, 4, 6, 8; 10, 12, 14, 16; and 18, 20, 22, 24. 

Figure 47: Experimental map related to the lower lamp. The maximum result is equal to ~ 238 uW/cm². 
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All lamps on simultaneously 

The experimental map recorded with all three lamps turned on simultaneously, shown in Figure 48, 

reflects the influence of the malfunctioning LEDs mentioned earlier. For this reason, it is expected 

that the central area, in particular, does not exhibit a uniform red tone. 

Figure 48: Experimental map related to three lamps turned on simultaneously. The maximum value is equal to ~ 380 uW/cm². 

As already done in the previous campaign, this second phase of measurements also aimed to verify 

the system's behavior under linear conditions, in order to apply the principle of superposition of 

effects. This approach enables the prediction of irradiance resulting from various source activation 

configurations. 

Once the experimental maps for the individual lamps were obtained, attention was focused on 

reconstructing a combined irradiance map by summing the contributions of each single source. This 

reconstructed map is then compared with the experimental one recorded with all lamps turned on 

simultaneously, using the same color scale to ensure visual and interpretative consistency between 

the two representations. 

To verify that the device behaves as a linear system, making it possible to apply the principle of 

superposition of effects, the map corresponding to three lamps turned on was reconstructed as the 

sum of the maps of the individual bars, shown in Figure 49. 

Figure 49: Reconstruction of the map related to three lamps lit simultaneously starting from maps related to single lamps lit. 
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The reconstructed map exhibits a distribution that is largely similar to the experimental map, also 

displaying a certain degree of color symmetry. Following this visual comparison, a quantitative 

analysis was performed by evaluating the relative error between the two maps. The results, expressed 

as absolute value, are shown in Figure 50. 

Figure 50: Absolut value of the relative error betweenth reconstructed map of figure 49 and the experimental map of figure 48. 

The relative error is strongly negative, indicating that the experimental results are higher than the 

reconstructed ones. To better understand these effects, a color scale was set up where the minimum 

value is highlighted in green (negative) and the maximum value in red (positive). 

Figure 51: Absolut percentage value of the relative error betweenth reconstructed map of figure 49  and the experimental map of 

figure 48. 

The error between the reconstruction and the experimental data is most evident in the upper part, 

ranging between 20% and 30%, but also in isolated points where the error reaches 45 – 47%. Other 

areas are noticeable as well, including a whole strip at the bottom and scattered spots throughout the 

map, where the error reaches about 10%. The reconstruction, on the other hand, proves to be more 

reliable moving towards the central areas, both from above and below. 

4.4 Comparison between the second and third measurement campaigns 
A detailed comparison between the first (2022) and second (2025) measurement campaigns highlights 

both methodological consistencies and significant differences in the experimental outcomes, 

primarily due to hardware degradation and the adoption of more refined acquisition strategies. In both 

campaigns, irradiance maps were acquired with identical spatial resolution and measurement 

protocols to ensure repeatability. However, in the 2025 campaign, the measurement sequence was 

reverse, starting with single-LED acquisitions, followed by single-lamp configurations, and finally 

with all lamps turned on, in order to reduce cumulative thermal and electrical stress on the sources. 
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It should also be noted that the two campaigns were conducted under different ambient lighting 

conditions. In particular, the third campaign was performed in a darker environment, which may have 

slightly influenced the perception and measurement of low-intensity irradiance regions. 

In the 2022 campaign, irradiance maps obtained with individual lamps and their sum were used to 

validate the linearity of the system. The reconstructed map, obtained by summing the single-lamp 

maps, showed good agreement with the experimental map acquired with all lamps on, with a relative 

error generally below 8%, except for some localized regions where it reached up to 59%. These 

discrepancies were attributed to LED failures and geometric asymmetries, particularly the 1.5 cm 

offset of the lower bar relative to the central axis, which caused a shift in the irradiance peak toward 

the lower wall. 

In contrast, the 2025 campaign was affected by more extensive LED degradation, mainly due to the 

shielding used during single-LED measurements. This led to the malfunction of numerous LEDs 

across all bars,up to 12 in the central lamp alone, compromising the uniformity of the irradiance 

distribution. Despite these limitations, the reconstructed map again showed a distribution similar to 

the experimental one, confirming the system’s approximate linearity. However, the relative error was 

more pronounced in this campaign, with values ranging from 20% to 30% in the upper region and 

isolated peaks up to 47%. These deviations suggest a stronger influence of reflective phenomena and 

source degradation, particularly in peripheral regions. 

Due to discrepancies in LED functionality between the two campaigns, reliable quantitative 

comparisons are limited to configurations with a single LED on and with an entire bar activated. 

Specifically, the comparison focused on the experimental data from the central LED of the central 

lamp (LED no. 16) and the configuration with only the upper lamp turned on, as in both cases the 

number and position of faulty LEDs remained unchanged between the two campaigns. 

The comparison was based on an analysis of the relative error, calculated as: 

 
𝜀 =∣

𝐼2022 − 𝐼2025

𝐼2022
∣∗ 100 

 

(4.4.1) 

where 𝐼2022and 𝐼2025represent the irradiance values measured in the second and third campaigns, 

respectively. The relative error maps are shown in Figure 52 (upper lamp on) and Figure 53 (central 

LED on). 

Figure 52: Relative absolute percentage error map for the configuration with the upper lamp turned on. 
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Figure 53: Relative absolute percentage error map for the configuration with the central LED turned on. 

In the case of the upper lamp configuration, the illuminated region, namely the upper central and left 

part of the map, shows a maximum relative error of approximately 13%. However, in the less 

illuminated areas, where the power density is very low, the error increases significantly, reaching 

much higher values. 

A different behaviour is observed in the configuration with the single central LED on; in the strongly 

illuminated region, the relative error is around 22%, but it increases rapidly as one moves away from 

the central area. In these peripheral zones, the error reaches very high values, indicating greater 

sensitivity of the measurement to local conditions and internal reflections. 

It is important to note that the high discrepancies observed in the single-LED comparison may be 

attributed to a deterioration of the source during the third measurement campaign, as the LED in 

question ceased functioning shortly after the acquisition. This suggests that the source was already in 

a degraded state at the time of measurement, negatively affecting the reliability of the acquired data. 

Overall, these results confirm the validity of the comparison between the two campaigns only under 

well-controlled and symmetric conditions and emphasize the importance of preserving source 

integrity to ensure the repeatability and reliability of the measurements. 

4.5 Source characterization 
 

In the context of experimental analysis, an accurate characterization of the spatial emission of the 

UVC LEDs employed in the device is of paramount importance. 

To this end, a three-dimensional emission model, referred to as the emission solid, was constructed 

to precisely represent the angular distribution of the irradiated power density. This model was 

developed with the specific aim of faithfully reproducing the optical behavior of the source within a 

simulated environment. 

The resulting emission solid will serve as the reference for the subsequent numerical implementation 

within the COMSOL Multiphysics® environment, as detailed in the following chapter. 

Starting from the second measurement campaign, and in particular from the analysis of data acquired 

with a single active source, the reconstruction of the emission solid was based on the irradiance map 

corresponding to the sixteenth LED, positioned at the center of the array. 
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4.5.1 Reconstruction of the Emission Solid Based on Experimental Data 

In the context of a luminous source (possibly point-like), the illuminance 𝐸𝑣  at a point on the receiving 

surface is defined as follows: 

 
𝐸𝑣 =

𝑑ϕ𝑣

𝑑𝐴
  

 

(4.5.1) 

Where 𝑑ϕ𝑣 represents the infinitesimal variation of the incident radiant flux, expressed in watts [W], 

dA denotes the area of the receiving surface element [m²]. 

Luminous intensity I, emitted by the source in a given direction, is defined as the ratio between the 

infinitesimal variation of the radiant flux and the size of the solid angle element dΩ, expressed in 

steradians [sr]: 

 

I =
𝑑ϕ𝑣

𝑑Ω
 

 

(4.5.2) 

Therefore, luminous intensity is intrinsically independent of the distance from the source, depending 

solely on the direction around which the solid angle element 𝑑Ω is derived. 

Considering a polar coordinate system 𝑟, 𝜃,𝜑, any generic straight direction around which each solid 

angle element is defined can be specified by a pair of angles  𝜃, 𝜑. The map 𝐼(𝜃,𝜑) is traditionally 

referred to as the “emission solid” of the source.   

In the present study, the following polar coordinate system will be considered: 

Figure 54: Polar coordinate system. 
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Where the following equations describe the coordinate transformations with respect to the Cartesian 

system: 

 

{
𝑥 =  𝑟 cos 𝜗 cos 𝜑
𝑦 = 𝑟 cos 𝜗 sin𝜑

𝑧 = 𝑟 sin 𝜗

 

 

(4.5.3) 

By integrating the illuminance over a receiving surface A, the total received radiant flux is obtained: 

 

ϕ𝑣 = ∫𝐸𝑣𝑑𝐴 

 

(4.5.4) 

Similarly, the radiant flux emitted by the source in all directions can be expressed as an integral of 

the luminous intensity over the entire solid angle: 

ϕ𝑣 = ∫ 𝐼(Ω)𝑑Ω  =  ∫ 𝐼 (ϑ,  φ) 𝑑𝐴𝑠𝑓𝑒𝑟𝑎   ∫ ∫ 𝐼(ϑ, φ)𝑠𝑖𝑛(ϑ) 𝑑ϑ𝑑φ
2π

φ=0

π

ϑ=0

4π

0

 

 

(4.5.5) 

Recalling that, in the polar coordinate system previously introduced, the surface element on a sphere 

is expressed as 𝑑𝐴 = 𝑟2𝑐𝑜𝑠𝜃𝑑𝜑𝑑𝜃, and considering the differential definition of solid angle 𝑑Ω =
𝑑𝐴

𝑟2  the integral of the luminous intensity can be rewritten as: 

 
ϕ𝑣 = ∫ ∫ 𝐼(ϑ, φ)𝑐𝑜𝑠(ϑ) 𝑑ϑ𝑑φ

2π

φ=0

π

ϑ=−𝜋

 

 

(4.5.6) 

In the present study, the source under investigation has a characteristic dimension on the order of 3 

mm and is positioned at a distance of 11 cm from the measurement surface. Since this distance 

exceeds the maximum dimension of the source by more than a factor of five, it is reasonable to 

approximate the source, with sufficient accuracy, as a point source. 

Let 𝑅 denote the distance between a point source 𝑂 and a surface element ∆𝑆, and Let 𝛼 denote the 

angle between the direction of radiation propagation and the normal vector to the surface element, 

𝑛𝛥𝑆⃗⃗ ⃗⃗⃗⃗  , the projection of the surface ∆𝑆 onto the sphere centered at point A with radius R is given by: 

 ∆𝑆𝑛 = ∆𝑆 ∗ cos 𝛼 (4.5.7) 
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Figure 55: Surface projection. 

The solid angle subtended by this projection is: 

 

 
∆Ω =

∆𝑆𝑛

𝑟2
=

∆𝑆 ∗  cos 𝛼

𝑟2
 

 

(4.5.8) 

The radiant flux emitted within the solid angle is: 

 

 
∆𝜙 = 𝐼 ∗ ∆Ω = 𝐼 ∗

∆𝑆 ∗  cos 𝛼

𝑟2
 

 

(4.5.9) 

   

From which the expression for illuminance is derived: 

 
𝐸𝑣 =

∆𝜙

∆𝑆
=

𝐼 ∗ cos 𝛼

𝑅2
 

 

(4.5.10) 

 

In order to reconstruct the directional luminous intensity 𝐼(𝜃, 𝜑) from known illuminance values 

measured on an arbitrarily oriented surface element ∆𝑆 it is necessary to express the term cos 𝛼as a 

function of the polar angles (φ, θ), which define the direction of the incident radiation with respect to 

the source-surface geometry.  

Let us consider a surface ∆𝑆 on which illuminance is evaluated, and a generic point 𝑃 on this surface, 

located at a distance from a luminous source positioned at point O. The point 𝑃 is associated with a 

position vector 𝑂𝑃⃗⃗ ⃗⃗  ⃗. Let Δ𝑆𝑛be a surface normal to 𝑂𝑃⃗⃗ ⃗⃗  ⃗; evidently, the unit normal vector to Δ𝑆𝑛, 

denoted 𝑛⃗ Δ𝑆𝑛
, coincides with the unit vector of 𝑂𝑃⃗⃗ ⃗⃗  ⃗: 𝑛∆𝑆𝑛̂

= 
𝑂𝑃⃗⃗ ⃗⃗  ⃗

‖𝑂𝑃‖
.  Let  𝑛∆𝑆̂ be the normal vector to 

the surface Δ𝑆containing the point on which the radiation is incident.  The angle 𝛼, defined as the 

angle between the planes Δ𝑆and Δ𝑆𝑛, coincides with the angle between their respective normal vector 

𝑛∆𝑆̂ e 𝑛∆𝑆𝑛̂
, and is expressed by the scalar product: 

 cos α  =    𝑛∆𝐴̂ ∙ 𝑛∆𝐴𝑛̂
 (4.5.11) 
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Starting from the coordinate transformation formula (4.5.3) and denoting by (𝜑, 𝜃) the angular 

parameters characterizing the normal vector 𝑛∆𝑆𝑛̂
  and by (𝜑′, 𝜃′)those corresponding to the normal 

vector 𝑛∆𝑆̂, the unit vectors 𝑛∆𝑆𝑛̂
 e 𝑛∆𝑆̂  can be expressed as follows: 

𝑛∆𝑆𝑛̂
= 

𝑂𝑃⃗⃗ ⃗⃗  ⃗

‖𝑂𝑃‖
 =  

𝑥𝑖̂+𝑦𝑗̂+ 𝑥𝑘̂̂

√𝑥2+𝑦2+𝑧2
 =  

𝑟 cos𝜗 cos𝜑𝑖̂+ 𝑟 cos 𝜗 sin𝜑𝑗̂+𝑟 sin𝜗𝑘̂

𝑟
 = cos 𝜗 cos 𝜑 𝑖̂ +

 cos 𝜗 sin 𝜑 𝑗̂ + sin 𝜗 𝑘̂   
 

(4.5.12) 

 

  
 

 
𝑛∆𝑆̂ = cos 𝜗′ cos 𝜑′ 𝑖̂ + cos 𝜗′ sin𝜑′𝑗̂ + sin𝜗′𝑘̂ 

 
(4.5.13) 

We can therefore express cos 𝛼 as: 

 

cos α  =   𝑛∆𝐴̂ ∙ 𝑛∆𝐴𝑛̂

= cos 𝜗 cos 𝜑 cos 𝜗′ cos 𝜑′ + cos 𝜗 sin 𝜑 cos 𝜗 ′ sin 𝜑′ + sin 𝜗 sin 𝜗′ 

 

(4.5.14) 

 

In the configuration relevant to this study, where the goal is to reconstruct the UV-C irradiation 

intensity from known illuminance values on a surface orthogonal to the 𝑥-axis, the normal vector 𝑛∆𝐴̂ 

coincides with the unit vector along the 𝑥-axis: 

 
𝑛∆𝐴̂ ≡ 𝑖̂ = (

1
0
0
) 

 

(4.5.15) 

It therefore follows that the relation holds: 

cos α =  𝑛∆𝐴̂ ∙ 𝑛∆𝐴𝑛̂
= 𝑛𝑥̂ ∙

𝑂𝑃⃗⃗ ⃗⃗  ⃗

‖𝑂𝑃‖

= (1𝑖̂ + 0𝑗̂ + 0𝑘̂) ∙
(cos 𝜗 cos 𝜑 𝑖̂ + cos 𝜗 sin 𝜑 𝑗̂ + sin𝜗 𝑘̂)

𝑟
= cos 𝜗 cos 𝜑 

 

(4.5.16) 

Ultimately, the following relation holds: 

 cos α =   cos ϑ  cos φ (4.5.17) 

We can therefore express the illuminance as: 

 
E =

𝐼 ∗ cos ϑ  cos φ  

𝑟2
 

 

(4.5.18) 

This relationship was employed to reconstruct the irradiation intensity, that is, to determine the value 

of the intensity emitted by the source in a given direction, based on the illuminance measurements 

taken on surface elements. For this purpose, given the coordinates of the measurement points, the 

angles 𝜗 and 𝜑 were computed for each point in the experimental map. 
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Finally, by inverting the relationship: 

 
I =

𝐸 ∗  𝑟2

cos ϑ  cos φ
 

 

(4.5.19) 

The angular distribution of the luminous intensity is obtained, which is essential for reconstructing 

the LED emission solid. 

Therefore, once the data from the experimental map had been retrieved, it was necessary to evaluate 

the horizontal and vertical opening angles. For the reconstruction of the emission solid, a coordinate 

transformation was performed from the Cartesian system (𝑥, 𝑦, 𝑧) to the spherical reference system 

(𝑟, 𝜃, 𝜑), deriving, from the known coordinates of the various measurement points, the corresponding 

angular. values. 

For each measurement point, 𝑟 is expressed as: 

 𝑟2 =  𝑟𝑥𝑦
2 + 𝑧2 = 𝑥2 + 𝑦2 + 𝑧2 

 
(4.5.20) 

where 𝑥, 𝑦, and 𝑧are the Cartesian coordinates of the point. 

The angles (𝜃,𝜑) can similarly be determined from the Cartesian coordinates (𝑥, 𝑦, 𝑧) of the points 

at which the sensor is located. 

In the adopted reference system, where the 𝑥-axis coincides with the direction of wave propagation, 

the azimuthal angle 𝜑is defined as the angle between the 𝑥-axis and the projection of the ray direction 

onto the 𝑥𝑦-plane, whereas the elevation angle 𝜃is defined as the angle between the ray direction and 

the 𝑥𝑦-plane. 

Under these assumptions, the two angles can be expressed as: 

 ϑ = tan−1
𝑧

𝑥2 + 𝑦2
 

 

(4.5.21) 

 

 φ = tan−1
𝑦

𝑥
 

 
(4.5.22) 

For the construction of the emission solid, as previously mentioned at the beginning of the paragraph, 

the experimental map corresponding to the power density distribution emitted by LED 16, located on 

the central bar, was selected. 

This phase of the study was conducted using the MATLAB environment, which enabled the 

reconstruction of a three-dimensional matrix representing the emission profile of the LED as a 

function of the angles 𝜗 and 𝜑. 

Starting from the experimental irradiation maps, the corresponding luminance distribution was 

derived, understood as a three-dimensional representation of the source’s emission solid. The 
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resulting luminance describes the intensity of the emission as a function of the elevation angle 𝜗 and 

the azimuthal angle 𝜑, forming the basis for modeling the angular behavior of the LED, as reported 

in figure 57. 

Regarding the angle 𝜑, the available experimental data covered a sufficiently wide range to include 

regions where the distribution vanishes. To complete the coverage of the entire emission hemisphere, 

the interval was synthetically extended to [−𝜋, 𝜋] by controlled addition of the missing angular 

values, preserving consistency with the observed trend. 

Conversely, for the angle 𝜗, the density of experimental measurement points was limited to a 

narrower interval due to the geometric configuration of the sensors. To ensure full coverage of the 

hemisphere and guarantee that the emission function vanishes at the boundaries of the angular 

domain, synthetic data corresponding to larger angles were added, consistent with a physically 

plausible behavior of the source. This extension enabled the modeling of the luminance distribution 

over the entire upper hemisphere, while maintaining continuity and coherence with the actual 

experimental data. 

 

Figure 56: Emission solid data. 

Figure 58 illustrates the angular interval selected for the analysis, highlighting how the boundary 

values were forced to zero in order to suppress emission outside the domain of interest. Specifically, 

the visible dots indicate columns of zeros along the 𝜑 direction that were present in the experimental 

data, whereas for 𝜗, such zeros were manually added to artificially extend the domain and ensure a 

consistent closure of the angular distribution. 

4.6 Mathematical Model of the Emission Solid 
 

The resulting matrix, together with the corresponding values of the angles 𝜗 and 𝜑, was subsequently 

imported into the MATLAB environment for the reconstruction of the emission solid. 

Among the tools available in MATLAB, the Curve Fitter application proved particularly effective for 

the analysis and modeling of the experimental luminous emission data. This tool enables the fitting 

of curves and surfaces to discrete data sets, offering a wide range of fitting models, including 

polynomial, Gaussian, rational, and user-defined functions, with the capability to automatically 

optimize parameters to minimize the error with respect to the observed data. 

In the specific context of this study, Curve Fitter was employed to obtain a continuous and analytical 

representation of the emission solid from the experimental luminance matrix. The objective was to 

identify a bidimensional function 𝑓(𝜗, 𝜑) capable of accurately approximating the luminous emission 
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profile over the entire angular domain. 

To this end, various functional families were explored: in particular, polynomial models of different 

orders were tested, and, where necessary, more complex custom-built functional expressions were 

employed to capture the specific features of the distribution. The fitting procedure yielded the optimal 

parameters for each considered model, allowing the selection of the function that best represented the 

experimental data, based on goodness-of-fit criteria such as the root mean square error and the 

coefficient of determination 𝑅2. 

This procedure enabled the derivation of a mathematical model of the emission solid that preserves 

the actual irradiance profile and is readily integrable into subsequent simulation environments. 

For the reconstruction of the emission solid from the experimental data, the initial choice of fitting 

equations was based on well-established models from the literature, to adopt analytical 

representations capable of accurately describing the angular behavior of the intensity distribution. In 

particular, the primary reference was the study by “Moreno, I.; Sun, C.-C. 2008” [119], which 

proposes a phenomenological approach that is both simple and accurate for modeling the radiation 

pattern of LED sources under far-field conditions. 

According to this work, the radiation pattern can be described as the sum of a maximum of two or 

three elementary functions, selected from the following: 

1 Gaussian function (Eq. 1 of the reference), employed to represent angular distributions 

characterized by symmetric and regular decay: 

I(θ,ϕ) = ∑𝑔1𝑖 exp [−(ln 2)(θ − 𝑔2𝑖)
2 (

cos2 ϕ

(𝑔3𝑖)2
+

sin2 ϕ

(𝑔4𝑖)2
)]

𝑖

 (4.6.1) 

2 Cosine power function (Eq. 2 of the reference), suitable for modelling behaviours close to 

Lambertian emission or with sharper decay at the edges: 

 I(θ, ϕ) = ∑𝑐1𝑖 cos
𝑐4𝑖[θ − (𝑐2𝑖 cos

2 ϕ + 𝑐3𝑖 sin
2 ϕ)]

𝑖

 

 

(4.6.2) 

These functions are derived from physical considerations related to light propagation from the 

emitting chip, reflection within the reflecting cup, and refraction/lensing effects of the optical 

enclosure. They apply to a wide range of LED types, including Lambertian, batwing, and side-emitter 

configurations. 

In our work, to complement the two formulations drawn from the literature, a third type of function 

was introduced, purely polynomial in nature and not derived from physical models or bibliographic 

sources. This approach was implemented using exclusively the functionalities of MATLAB’s Curve 

Fitter toolbox, which enables the identification of a best-fit polynomial model based on the available 

experimental data. This empirical model allowed for the exploration of the adaptability of a 

representation free from theoretical constraints, thereby enabling a performance comparison with 

more physically motivated models. 



 

 

76 

 

The combination of these three approaches enabled a thorough comparative evaluation between 

methodologies based on known physical models and purely numerical solutions, allowing for the 

identification of the limitations and advantages of each in terms of fitting quality, model robustness, 

and ease of implementation in subsequent solid reconstruction processes. 

For an initial preliminary assessment and to identify the equation most representative of the emission 

solid, a numerical-experimental comparison was conducted at a reference wavelength of 265 nm. To 

this end, a fictitious quadratic mesh was adopted, with elements of 1 cm², corresponding to the target 

surface on which the quantity of interest, namely, the incident power density, was evaluated. For the 

spatial discretization of the emission solid, a total of 64,000 rays was employed. 

The approximation surfaces obtained via MATLAB are reported below, together with the initial 

results of the numerical-experimental comparison, in figure 58, 59, 60 for gaussian, cosine and 

polynomial function respectively. 

 

The Gaussian function result 

f(φ, φ) = a ⋅ 𝑒xp (−𝑙𝑛(2)(|ϑ| − 𝑏)2 ((𝑐𝑜𝑠(φ))
2
/𝑐2 + (𝑠𝑖𝑛(φ))

2
/𝑑2)) + 𝑎1

⋅ 𝑒xp (−𝑙𝑛(2)(|ϑ| − 𝑏1)
2 ((𝑐𝑜𝑠(φ))

2
/𝑐1

2 + (𝑠𝑖𝑛(φ))
2
/𝑑1

2)) 

 

(4.6.3) 

and it is shown in figure 57. 

 

Value of the coefficients 

a      1.4105          

a1    -1.4945         

b      0.9623           

b1     1.0341          

c      601.53     

c1     0.7462         

d      0.6933          

d1     2.0727       

 

R-square    0.9723 

Tolerance 10−6 

 

Figure 57: Gaussian function fitting of the intensity matrix of figure 56. 



 

 

77 

 

The Cosine power function 

 

f(φ, ϑ)  =  𝑎 𝑐𝑜s2 (|𝜗| − (𝑏𝑐𝑜𝑠2(𝜑) + 𝑐𝑠𝑖𝑛2(𝜑))) +

𝑎1𝑐𝑜𝑠2 (|𝜗| − (𝑏1𝑐𝑜𝑠2(𝜑) + 𝑐1𝑠𝑖𝑛2(𝜑))) 

 

(4.6.4) 

and it is shown in figure 58. 

 

 

Value of the coefficients 

 

a      9.5382     

a1    -9.5376     

b      0.6475     

b1     0.7482     

c      0.6784     

c1     0.5787     

 

R-square    0.9658 

Tolerance 10−5 

 

 

Figure 58: Cosine function fitting of the intensity matrix of figure 56. 
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The Polynomial function 

 

f(φ,  θ)  =  p00 + 𝑝10 · 𝜑 + 𝑝01 · 𝜃 + 𝑝20 · 𝜑2 + 𝑝11 · 𝜑 · 𝜃 + 𝑝02 · 𝜃2 + 𝑝30

· 𝜑3 + 𝑝21 · 𝜑2 · 𝜃 + 𝑝12 · 𝜑 · 𝜃2 + 𝑝03 · 𝜃3 + 𝑝40 · 𝜑4 + 𝑝31

· 𝜑3 · 𝜃 + 𝑝22 · 𝜑2 · 𝜃2 + 𝑝13 · 𝜑 · 𝜃3 + 𝑝04 · 𝜃4 

 

(4.6.5) 

and it is shown in figure 59. 

 
Value of the 

coefficients 

p00     0.9175       

p10    -0.1176     

p01     0.0757      

p20    -1.7528     

p11    -0.1886     

p02    -2.7716     

p30     0.1894      

p21     0.0136     

p12     0.1449      

p03    -0.2547     

p40     0.5018      

p31      0.161     

p22     3.2497      

p13     0.2949      

p04     2.3393      

R-square    0.974 

Tolerance 10−6 

 

Figure 59: Polynomial function fitting of the intensity matrix of figure 56. 

 

As can be observed from the graphs shown, the peak values of the curves are equal to 1. This is 

because the curves were normalized with respect to the maximum of the measured power data, to 

make the different distributions comparable without altering the relative shape of each curve. The 

normalization is defined as: 

 
 𝑓(𝜑, 𝜃) = f(φ, θ)/fmax 

 
(4.6.6) 

 

where 𝑓max represents the maximum value of the power measured experimentally. 
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The source characterization was implemented in COMSOL by inserting the characteristic curve as a 

function dependent on an initial parameter, identified as the total power 𝑃tot  emitted by the source. In 

this context, the source function can be formalized as: 

 

 f(φ, θ; Ptot) = Ptot ⋅ f̃(φ, θ) 

 
(4.6.7) 

 

This approach allows for consistency between the experimental data and the numerical model. 

The determination of 𝑃tot  was carried out using the trapezoidal rule applied to the intensity data 

measured with a photometer, according to the following formula: 

 

Ptot ≈ ∑ (
Ii + Ii+1

2
)

n−1

i=1

⋅ ΔΩi 

 

(4.6.8) 

 

where 𝐼𝑖  represents the intensity measured within the solid angle sector ΔΩ𝑖. 

Subsequently, the area under the non-normalized curve was computed, corresponding to the integral 

of the parameterized function over the entire emission solid: 

 
A = ∫ f(φ, θ)

Ω

 dΩ 

 

(4.6.9) 

With  

 𝑑𝛺 =  𝑐𝑜𝑠(𝜃) 𝑑𝜃 𝑑𝜑 
 

(4.6.10) 

In this expression, 𝜑 and 𝜃 denote the azimuthal and polar angles of the source, respectively. This 

calculation enables the determination of the total emitted power distribution and serves to verify the 

consistency between the experimental measurements and the parameterized function used in the 

simulation. 

Even from a preliminary visual analysis, it can be observed that the Gaussian function proposed in 

the reference article approximates the experimental data with greater accuracy compared to the other 

tested functions. 

This occurs because the cosine function, as evident from the graphs, tends to underestimate the 

experimental values. Such underestimation directly affects the numerical results, introducing a 

discrepancy between the simulation and the actual measurements. 

Regarding the representation using a fourth-degree polynomial in 𝜑and 𝜃, it is noticeable that the 

curve tends to rise at the lateral edges, a phenomenon that leads to significant errors in the peripheral 

regions of the diagram, which are already critical due to the low relative intensity and the sensitivity 

of the sensor. 

This initial visual analysis is confirmed by the preliminary numerical-experimental comparisons. In 

particular, the behavior of the power distribution is evaluated in the frontal region with respect to the 

source, where the normals to the sensor plane and those to the source plane are aligned. In this 
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configuration, the curve is expected to reach its intensity peak, corresponding to the principal 

emission direction of the source. 

In mathematical terms, for the Gaussian function 𝑓𝐺(𝜑, 𝜃), the cosine function 𝑓𝐶(𝜑, 𝜃), or the 

polynomial function 𝑓𝑃(𝜑, 𝜃), the distribution along the direction normal to the source (𝜑 = 0, 𝜃 =

0) must satisfy: 

 𝑓(0,0) ≈ 𝐼𝑚𝑎𝑥 

 

(4.6.11) 

where 𝐼max represents the maximum value of intensity measured experimentally. The lateral 

discrepancies observed in the cosine and polynomial functions manifest as deviations from the 

expected peak, highlighting the influence of the chosen parametric function on the numerical model. 

Once the most representative parametric function was identified and all relevant parameters were 

determined, it was implemented in COMSOL Multiphysics as a weighting function within the Ray 

Optics module. The corresponding simulation was then executed, and the extracted irradiance data 

were subsequently compared with the experimental measurements to assess the model’s reliability 

and accuracy. 

Below are the comparisons between numerical and experimental data, considering the measurements 

acquired and subsequently simulated at the wavelength of 265 nm: 
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Gaussian function 

 

Figure 60: Comparison between the power density profile along the x-axis from a numerical gaussian emission distribution and 

experimental data. 
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Cosine power function 

 

 

Figure 61: Comparison between the power density profile along the x-axis from a numerical cosine emission distribution and 

experimental data. 
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Polynomial function 

 

Figure 62: Comparison between the power density profile along the x-axis from a numerical polynomial emission distribution and 

experimental data. 

As can be observed from the reported trends, the previously discussed conclusions are confirmed. In 

particular, it is evident that both the polynomial function and the cosine function consistently tend to 

underestimate the experimental values. 

This discrepancy is not negligible: the underestimation introduces significant errors in the numerical 

modeling and reduces the reliability of the results. These findings indicate that such choices of 

parametric functions are less accurate in reproducing the actual behavior of the source, especially in 

peak regions and peripheral areas, where the intensity distribution is more sensitive. 

For this reason, the Gaussian function proposed in the reference article was initially selected, as it 

demonstrated greater consistency with the experimental data and a better ability to faithfully 

reproduce the shape of the source’s power distribution. 

In contrast, alternative functions such as the polynomial and cosine models proved to be less reliable 

in the numerical-experimental comparisons, exhibiting significant discrepancies, particularly in the 

critical regions of maximum intensity. 
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Best-Fitting Analytical Model 

The function initially adopted to describe the model behavior was the Gaussian function proposed in 

the reference article, selected for its ability to approximate the experimental distribution in a first-

order approach. However, as highlighted in Figure 63, this function exhibits certain structural 

limitations: the resulting surface displays a periodic trend along the horizontal axis (corresponding to 

the 𝜑 axis), while along the 𝜃 axis (corresponding to the vertical axis), it tends asymptotically toward 

a non-zero constant value outside the domain of interest. 

 
Figure 63: Three-dimensional emission pattern regard to gaussian distribution. 

These artifacts compromise the accuracy of the phenomenon’s description, as the periodicity and the 

presence of a non-zero asymptotic limit do not reflect the expected physical behaviour. For this 

reason, instead of retaining the formulation proposed in the article, the surface was modelled using a 

combination of Gaussian functions. Specifically, a summation of Gaussians up to the second order 

was considered, capable of more faithfully capturing the experimental characteristics and eliminating 

the distortions introduced by the original model. 
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• The Pure Gaussian function, shown in figure 65, results as 

 

 
𝑓(𝜗, 𝜑) = 𝑎𝑒

(−((
𝜑2

𝑏2 )+(
𝜗2

𝑐2 )))
+ 𝑎1𝑒

(−((
𝜑2

𝑏1
2)+(

𝜗2

𝑐12)))
 

 
(4.7.1) 

 

 

 

Value of the coefficients 

a     -117.5637     

a1    118.5901      

b     0.4097        

b1    0.4109         

c     0.5998        

c1    0.5992         

 

 

R-square    0.9841   

Tolerance 10−6 

 

 

Figure 64: Pure gaussian function fitting of the intensity matrix of figure 56. 

The fitting obtained shows a higher coefficient of determination 𝑅2 compared to that reported in 

Figure 64. Moreover, unlike the previously parameterized curve, the new approximation tends to 

slightly overestimate the experimental values rather than underestimate them. 

This behavior is particularly appropriate when considering the data acquisition methodology: 

photometric measurements were performed using a mapping system with discrete and fixed 

observation points. Specifically, it was not possible to carry out measurements directly along the LED 

axis (i.e., for 𝜃 = 0 and 𝜑 = 0). Instead, acquisitions were conducted in a position close to the axis, 

with 𝜃 = 0 and a slight misalignment of 0.3 cm to the right with respect to the principal emission 

direction. 

In this context, the fact that the best fit tends to overestimate the experimental data can be interpreted 

as a desirable effect, as it partially compensates for the geometric deviation introduced by the 

experimental configuration. Consequently, the resulting parameterization can be considered adequate 

and physically consistent with the measurement conditions. 
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To assess the accuracy of the theoretical model, it is necessary to compare the simulation results with 

the experimental measurements. The following section describes this comparison, highlighting 

similarities and discrepancies between the simulated data and actual observations. 

 

 

Figure 65:Comparison of the power density profile along the x-axis between a numerically simulated pure Gaussian emission and 

experimental measurements taken on the side opposite to the source. 

To quantitatively assess the quality of the fitting, the numerical data (light blue curve) were 

interpolated at the same points as the experimental measurements (purple curve), allowing for a direct 

estimation of the relative error at each point:  

 

𝜀𝑖 =
|𝑦𝑛𝑢𝑚 − 𝑦𝑒𝑥𝑝|

𝑦𝑒𝑥𝑝
 

 

(4.7.2) 

The analysis reveals that, in the central region of the distribution near the emission peak, the 

agreement between the model and the experimental data is satisfactory, with a relative error ranging 

between 5% and 11%. This indicates that the numerical parametrization adequately captures the main 
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trend of the distribution. 

In contrast, more pronounced discrepancies are observed in the peripheral regions. In particular, on 

the left side of the distribution, the experimental data tend to rise relative to the expected decay. This 

behavior appears to be attributable to light leakage, which may have artificially increased the signal 

in regions where the intensity should be negligible. It is important to emphasize that, under these 

conditions, the relative error is amplified by the fact that the experimental values are very small, such 

that even minimal absolute differences become significant in percentage terms. 

Overall, despite these deviations in the marginal regions, the model maintains good consistency with 

the experimental data in the central region, which represents the most relevant aspect for beam 

characterization. 
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Chapter 5 – Numerical results 

After identifying the function that best describes the emission solid of the light source, the work 

focused on validating the numerical model developed in COMSOL Multiphysics. In this phase, a 

simplified geometric model was created in order to retain the essential elements of the system while 

minimizing computational complexity. This was followed by the characterization of the materials, a 

fundamental step to ensure consistency between the simulation and the actual physical phenomenon. 

The source was then discretized to more accurately reproduce its emission distribution, while 

particular attention was paid to mesh construction and convergence verification, both essential to 

ensure numerical stability and the reliability of the results. 

This process enabled the development of a robust predictive model, which was subsequently 

compared with experimental luminance measurements acquired using a photometer, in order to assess 

its descriptive capability and actual reliability. 

5.1 Numerical Model (Geometry) 
 

The initial phase involved the construction of a simplified geometric model of the test device. As 

illustrated in Figure 66, two parallelepipeds were created: the smaller one represents the air inlet 

duct in the section illuminated by ultraviolet radiation, while the larger one corresponds to the 

section housing the lamps and subsequently the HEPA filter. 

In this phase of the analysis, the latter was modeled solely as a surface, since the focus was placed 

on the amount of radiation incident on its filtering surface, rather than on its subsequent propagation 

within the material. This surface was represented with an area smaller than that of the metallic 

structure enclosing it, and it serves as the basis for the analysis of the parameter of interest, namely, 

the surface radiation density. 

a)  
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b)  
Figure 66: Test device reconstruction in Comsol Multiphysics: a) Front section of the reconstructed device, b) 3D top view of the 

reconstructed device. 

5.2 Mesh (Filtering Surface) 
The first phase of the analysis focused on evaluating the discretization of the emission domain and 

the filtering surface, considering only the central LED of the lamp located 11 cm from the filtering 

surface as active. Particular attention was given to two complementary aspects: 

• identifying an appropriate number of rays for the discretization of the emission solid angle, 

while keeping the mesh of the filtering surface fixed; 

• for a fixed number of rays, assessing the effect of mesh refinement on the filtering surface on 

the convergence of the results. 

For the convergence study of the illuminance field, two square meshes with grid steps of 1 cm and 

0.5 cm were considered. The number of rays was progressively increased from 1,000 up to 2,048,000, 

doubling at each simulation. 

The data exported from COMSOL were organized into a matrix, where each column represents the 

illuminance field (power density) on the filtering surface for a given number of rays, and each row 

corresponds to a node of the spatial grid. The first column contains the results obtained with 1,000 

rays, the second with 2,000 rays, the third with 4,000 rays, and so on, up to the last column, 

corresponding to 2,048,000 rays. 

The error analysis was conducted incrementally: for each simulation, the values 𝐼𝑖(𝑘)in the current 

column were compared with those in the subsequent column, taken as the reference 𝐼ref. In other 

words, the reference was not exclusively the most refined simulation, but progressively the one 

obtained with the immediately higher number of rays, in order to evaluate convergence step by step. 

To quantify the error, the Normalized Root Mean Square Error (NRMSE) was used, in the form where 

normalization is performed inside the square root: 
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NRMSEk = √
1

N
∑(

Ii(k) − 𝐼𝑖(𝑘 + 1)

Ii(k)
)

2N

i=1

 

 

(5.2.1) 

 

The following definitions apply: 

• 𝐼𝑖(𝑘): power density at node 𝑖obtained from the simulation with 𝑁rays = 2𝑘 ⋅ 1000; 

• 𝐼𝑖(𝑘 + 1): corresponding value from the simulation with twice the number of rays; 

• 𝑁: number of grid nodes; 

• 𝐼(𝑘 + 1): average power density from the more refined simulation (column 𝑘 + 1), used for 

normalization. 

This formulation yields a dimensionless and robust indicator that remains well-defined even in the 

presence of nodes with very low or null intensity values. Normalization with respect to the global 

average avoids numerical instabilities and allows the error to be interpreted as a percentage deviation 

from the characteristic level of the field. 

Operationally, at the end of each simulation, COMSOL generated a file containing the incident power 

density at each node. The data were subsequently processed in MATLAB: after reconstructing the 

field matrix, the NRMSE was computed between consecutive columns, thereby measuring the 

relative variation between one simulation and the next. 

This procedure enabled a quantitative verification of numerical convergence as the number of rays 

increased and the mesh element size decreased. In particular, it was observed that the error 

progressively decreased with the increasing number of rays, eventually stabilizing, indicating the 

attainment of a convergence condition. Simultaneously, reducing the mesh element size allowed for 

a more accurate spatial description of the illuminance field, further reducing the residual error. 

The adoption of the NRMSE, computed incrementally between consecutive simulations, provided an 

objective and easily interpretable measure of the model’s numerical stability, synthesizing the 

combined influence of the number of rays and spatial discretization, and offering a clear criterion for 

determining the required level of accuracy in the simulations. 

The trends obtained from the analysis are presented below. Specifically, the NRMSE values 

computed between consecutive simulations are shown as a function of the number of rays and the 

discretization of the filtering surface, in order to highlight the asymptotic behavior of the error and 

the numerical stability of the model. 

In figure 67 results are reported for element size: 0.5 cm, figure 68 refers to on element size equal to 

1 cm. 
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Figure 67: Convergence analysis NRMSE_k (Eq. 5.2.1) as a function of the number of rays for a fixed mesh size of 0.5 cm. 

 

 
Figure 68: Convergence analysis NRMSE_k (Eq. 5.2.1) as a function of the number of rays for a fixed mesh size of 1 cm. 

The graphs shown in Figure 67 and Figure 68 illustrate the trend of the NRMSE as a function of the 

number of rays for the two spatial discretisation’s considered (mesh steps of 0.5 cm and 1 cm). In 

both cases, the error exhibits a clearly decreasing exponential behaviour, indicating rapid numerical 

convergence as the number of rays used in the simulation increases. This behaviour confirms the 

robustness of the adopted discretization procedure and the progressive stabilization of the results with 

increasing numerical resolution. 

The graphs highlight the points corresponding to 64,000 and 128,000 rays, which represent two 

operational thresholds of particular interest. For the finer mesh (0.5 cm), the NRMSE value at 64,000 

rays is approximately 7%, while at 128,000 rays it decreases to below 4%. In the case of the coarser 

mesh (1 cm), the error at 64,000 rays is already below 2.5% and drops below 1.5% at 128,000 rays. 

These results confirm that increasing the number of rays leads to a significant reduction in error, with 

a clear convergence trend toward negligible values. 
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Based on this evidence, 128,000 rays were adopted as the reference value for all subsequent analyses 

concerning the characterization of the filtering surface and metallic walls, in order to ensure an 

adequate level of accuracy and a negligible residual error. However, for large-scale simulations in 

which all sources are simultaneously active (entire lamp), a compromise between accuracy and 

computational cost was chosen, with 64,000 rays adopted as the operational value. This choice allows 

the error to remain within acceptable limits while significantly reducing computation time. 

Interestingly, and somewhat counterintuitively, the error appears to be lower in the case of the coarser 

mesh. This aspect will be specifically addressed in the following section, in order to investigate its 

causes and implications from both numerical and physical perspectives. 

To evaluate the effect of both spatial and angular discretization in the computation of the illuminance 

field, a rigorous and systematic methodology was followed. The fundamental steps and the physical-

mathematical rationale behind the adopted choices are outlined below. 

After fixing the number of rays for the discretization of the emission solid, the filtering surface was 

discretized with increasing mesh resolution, reducing the element size from 2.5 cm to 0.125 cm in 

steps of 0.25 cm. This process was repeated for various numbers of rays, ranging from 4,000 to 

256,000, to assess how the simulation quality depends on both spatial and angular resolution. 

To quantitatively compare the results obtained with meshes of different resolutions, all illuminance 

distributions were linearly interpolated onto a common grid of points. This procedure is essential to 

ensure that the comparison between different configurations is consistent and free from bias due to 

the differing positions of mesh nodes. 

For quantification purposes, the Normalized Root Mean Square Error (NRMSE) was again used, as 

previously described. 

The trends of NRMSE is a function of the element seize, corresponding to 64,000 and 128,000 rays, 

are reported in figure 69 and 70 respectively. 
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Number of rays: 64000 

 

 

 
Figure 69: Convergence analysis NRMSE_k (Eq. 5.2.1) as a function of the element size for a fixed number of rays of 64000. 

Number of rays: 128000 

 

 
 

Figure 70: Convergence analysis NRMSE_k (Eq. 5.2.1) as a function of the element size for a fixed number of rays of 128000. 

A key result, also observed in the literature, is that the error does not always decrease monotonically 

as the mesh is refined, but may exhibit a local minimum. This phenomenon can be explained by 

considering that the effective spatial resolution depends not only on the grid spacing (Δ𝑥), but also 

on the angular density of the rays, that is the spatial distance between the impact points of adjacent 

rays on the filtering surface. 
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The characteristic distance between the ray impact points can be estimated as: 

 𝑑𝑟 ≈ 𝐿 ⋅ Δθ (5.2.2) 

where 𝐿is the distance between the source and the filtering surface, and Δ𝜃is the solid angle between 

two adjacent rays. In order for the discretization to be physically accurate and to avoid the 

introduction of numerical artifacts (aliasing), the grid element size must be greater than or equal to 

𝑑𝑟: 

 𝛥𝑥 ≳ 𝑑𝑟Δ𝑥 ≳ 𝑑𝑟𝛥𝑥 ≳ 𝑑𝑟 

 
(5.2.3) 

If this condition is not met, there is a risk of introducing systematic errors due to angular 

undersampling, resulting in the appearance of non-physical light and shadow patterns [120-122]. 

In conclusion, the optimal choice of discretization requires a balance between the spatial resolution 

of the mesh and the angular density of the rays, in order to ensure solution convergence and the 

absence of numerical artifacts. This aspect is crucial for accurately modeling the illuminance field. 

To support the above discussion, illuminance maps obtained for different mesh element sizes are 

presented in figure 71, 72, 73 and 74, referring to the central LED, for element equal to 2, 1, 0.5 and 

0.125 cm respecctively. These visualizations highlight the impact of discretization on the spatial 

distribution of illuminance, empirically demonstrating the importance of an appropriate choice of 

numerical parameters in the simulation process. 

For each case, both the full illuminance maps on the target surface and the corresponding one-

dimensional plots of power density along the vertical axis are provided. The latter is chosen to 

represent the points located directly in front of the source, i.e., those for which the angle between the 

source normal and the direction of the measurement points is zero. This configuration allows for a 

direct analysis of the effect of discretization along the main direction of light energy propagation. 
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• Elements size - 2 cm 

 

Figure 71: Simulated power density map on the target surface with 2 cm mesh resolution and 128,000 ray traces. 
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•  Elements size - 1 cm 

 

 
Figure 72: Simulated power density map on the target surface with 1 cm mesh resolution and 128,000 ray traces. 
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•  Elements size - 0.5 cm 

 
Figure 73: Simulated power density map on the target surface with 0.5 cm mesh resolution and 128,000 ray traces. 
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• Elements size - 0.125cm 

 

 
Figure 74: Simulated power density map on the target surface with 0.125 cm mesh resolution and 128,000 ray traces. 
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5.3 Characterization of Walls  
 

Once an optimal mesh size of 1 cm was identified for the target surface, a similar approach was 

applied to the walls of the device. The filtering surface, modeled as a rectangle, was discretized using 

a square mesh, chosen for its regularity and ease of implementation in planar geometries. In contrast, 

the metallic structure, characterized by a more complex and three-dimensional geometry, was 

discretized using a tetrahedral mesh, which is more suitable for representing irregular and volumetric 

domains. 

The tetrahedral mesh is well-suited for complex geometries due to its geometric flexibility and ability 

to adapt to arbitrary three-dimensional domains. However, it typically offers lower per-element 

accuracy compared to hexahedral or square meshes and may require a larger number of elements to 

achieve the same level of precision. The square mesh, on the other hand, ensures higher local accuracy 

in regular geometries but is less suitable for curved or irregular surfaces. 

To validate the discretization choice, an additional mesh convergence analysis was conducted. For 

the optical characterization of the device, simulations were performed over two distinct time intervals. 

Initially, a duration of 1 second was considered, under the assumption that, with an LED-to-surface 

distance of 8 cm, the light rays would have already reached the target surface. This assumption is 

based on the law of light propagation, where the speed in vacuum is approximately 𝑐 = 3 × 108 m/s, 

implying a travel time on the order of nanoseconds. 

However, the results obtained showed strong oscillations in the simulated signal (as shown in Figures 

75 and 76), suggesting the presence of transient phenomena or multiple reflections that had not yet 

stabilized. For this reason, the simulation time was extended to 60 seconds, resulting in a noticeable 

attenuation of the oscillations and greater signal stability. The values obtained at 60 seconds were 

also consistent with simulations extended to 10 minutes, indicating that a steady-state regime had 

been reached after a certain period. 

5.3.1 Determination of the Reflection Coefficient 

The second analysis focused on determining the reflection coefficient of the material composing the 

device. This parameter, also known as spectral reflectance, represents the ratio between the intensity 

of the reflected radiation and that of the incident radiation. It strongly depends on the refractive index 

of the material and the angle of incidence of the light. 

The simulations were based on Fresnel’s equations, which describe reflection for polarized waves (S 

and P) and allow the reflection coefficient to be calculated as a function of angle and polarization. 

For metallic materials, such as anodized aluminum or sandblasted steel, reflectance values were 

extracted from regional databases and integrated into the numerical model to accurately simulate the 

optical behavior of the device. 

Whereas the previous analysis, aimed at identifying the optimal mesh size, was conducted under 

conditions that minimized the contribution of reflective walls (while keeping it non-zero), this second 

phase adopted the opposite approach. The objective was to characterize the reflective behavior of the 

material composing the device walls, and to this end, the analysis focused on the light sources closest 

to these surfaces. 
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Specifically, the variation in incident power density was evaluated as a function of the degree of 

geometric refinement. The sources considered were the LEDs of the upper and lower bars, located 

approximately 8 cm from the walls. Unlike the previous analysis, the NRMSE (Normalized Root 

Mean Square Error) coefficient was not used; instead, the variation in illuminance as a function of 

mesh refinement was directly observed. 

The procedure involved using the minimum element size proposed by the simulation software, which 

was progressively halved at each iteration. The resulting irradiation distributions are shown in the 

figures 75 and 76, referring to the condition in which the first LED of the upper bar is activated. 

For this type of analysis, particular attention was not paid to the region adjacent to the source, as the 

variations observed in that area were not significant from an evaluative standpoint. Instead, the focus 

was placed on the available extraction region, comparing experimental and numerical data in the 

illuminated zone, where the interaction between light and the reflective surface is more pronounced 

and representative of the system’s overall behavior. 

Figure 76 refers to the simulation time of one second, whereas Figure 77 shows the results obtained 

for a simulation time of sixty seconds. 

 

Simulation Time 1s 

Figure 75: Comparison between power density profile along the x-axis for different wall size elements in 1s. 
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Simulation Time 60s 

 

 
Figure 76: Comparison between power density profile along the x-axis for different wall size elements in 1min. 

As previously mentioned, it can be observed that, in the one-second case, significantly higher 

oscillations are present compared to those observed in the sixty-second simulation, indicating a 

condition of transient instability. 

By focusing on the second graph, a clear correspondence can be noted with the mesh convergence 

analysis related to the target surface. In particular, a progressive attenuation of the power density is 

observed as the degree of mesh refinement increases. However, once the optimal size is exceede, 

corresponding in this case to the initial mesh reduced by a factor of eight, the power density tends to 

return to values comparable to those obtained with the original mesh. 

This behavior can be explained by considering that the effective spatial resolution depends not only 

on the mesh size, but also on the distance between the impact points of adjacent rays, which is 

determined by the angular density. If the mesh is too fine relative to this distance, numerical artifacts 

such as aliasing may be introduced, resulting in non-physical light and shadow patterns. 

For this reason, the mesh corresponding to the initial configuration reduced by a factor of eight was 

adopted as the optimal size, as it represents the best compromise between numerical accuracy and the 

stability of the simulated signal. 
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Finally, it is noted that the peak observed on the left side of the distribution may be attributed to 

external light leakage or to reflections from uncontrolled ambient sources, which locally interfere 

with the measured field. 

To describe the optical behavior of the device walls, a statistical diffuse reflection model, as available 

in the COMSOL Ray Optics module [109], was adopted. This model is suitable for opaque and 

slightly structured surfaces, such as the treated metals, where incident light is scattered in multiple 

directions rather than reflected according to the law of incidence. Diffuse reflection produces a more 

uniform illumination distribution and allows realistic definition of wall boundary conditions, 

accounting for the combination of specular and diffuse components and the angular distribution of 

reflected light. In this way, the propagation of light and its interactions with the surfaces are simulated 

accurately. Previous studies [113] have shown that similar surfaces can be effectively modeled using 

diffuse reflection approaches. 

In the present study, several values of the reflection coefficient were analyzed: 1.0, 0.9, 0.8, 0.7, and 

0.5. For each case, the resulting illuminance was evaluated by activating the first LEDs of the upper 

and lower bars, focusing on the regions farthest from the source installation position, in order to 

isolate the reflected contribution from the direct one. 

The graphs shown in the following figures 77 and 78 display the simulated illuminance trends for 

each coefficient, both for the lower and the upper lamp, respectively. The comparison with the 

experimental data allowed the identification of the reflectance value most consistent with the 

observed behavior, contributing to the optical calibration of the numerical model. 
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Power density – upper lamp 

 
Figure 77: Comparison between power density profile along the x-axis for different material reflection coefficient in case of upper 

lamp on. 
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Power density – lower lamp 

 
Figure 78: Comparison between power density profile along the x-axis for different material reflection coefficient in case of lower 

lamp on. 

As can be observed from the resulting graphs, as the reflection coefficient decreases, the illuminance 

curve maintains the same spatial distribution but is progressively shifted downward. This behaviour 

suggests that reflectance primarily acts as a scalar factor on the overall intensity, without significantly 

altering the shape of the light field. It is worth noting that this effect may be related to the simplified 

nature of the adopted model, in which reflection is treated as isotropic and independent of the incident 

direction. 

For this reason, based on both the graphical analysis and the comparison with the literature, a 

reflectance value of 0.8 was selected. Lower values, such as 0.7 or 0.5, tend to underestimate the 

reflected contribution, while maintaining the coefficient at 1.0 introduces an excessive systematic 

error, which is not compatible with the experimental measurements. The choice of 𝑅 = 0.8 therefore 

represents a physically justified compromise between numerical accuracy and consistency with the 

observed behavior. 

Figures 79 show the final configuration of the discretized structure, with the finite element sizes 

defined according to the adopted modeling criteria. This representation summarizes the discretization 

process previously described and reflects the design choices made in terms of geometry, mesh 

density, and element characteristics. 
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a)  

b)  

 
Figure 79: Final mesh configuration used for the test device simulation: a) lateral view of the reconstructed device, b) lateral view of 

the reconstructed device. 

The air inlet duct, although made of the same material as the walls, was discretized using coarser 

elements. This choice was motivated by its limited influence on the reflection phenomenon and 

allowed for a significant reduction in computational load without compromising the overall quality 

of the simulation. 
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5.4 Numerical Simulation 
 

Once the illuminated domain was discretized, comprising both the light source, modelled through its 

emission solid, and the geometry of the structure of interest, the numerical simulation phase was 

carried out. This phase was followed by a direct comparison with the experimental data, conducted 

across different activation scenarios: individual LEDs turned on, entire bars activated one at a time, 

and finally, three bars turned on simultaneously. 

Particular attention was devoted to the simulation of individual active LEDs, with the aim of 

analyzing in detail the contribution of each light source to the overall irradiance. In particular, the 

behaviour of the sixteenth LED (out of a total of 32), positioned at the center of the lamp, was studied 

with reference to the three bars: upper, lower, and central. In addition to the central LED, the first 

source of each bar was also analyzed, in order to evaluate the effect of the sources located at the ends 

of the geometry. 

This targeted selection allowed for a deeper investigation of the irradiance distribution and the 

internal reflection phenomena within the structure, in scenarios already validated numerically. The 

results obtained from these simulations contributed to a more detailed understanding of the optical 

behaviour of the system, confirming the consistency between the numerical model and the 

experimental observations. 

Figure 80 shows the structure of the lamp, highlighting the reference LED that will be used in the 

graphs presented in the following sections. 

 

Figure 80: Lamp structure with highlighted simulated source (LED – 16). 

Based on the graph nomenclature, it can be observed that the positions obtained through numerical 

simulation do not coincide with the experimental ones, but are shifted by a small Δy, with the 

exception of the central position, which shows a more accurate correspondence. 

The misalignment observed between the numerical and experimental positions is attributable to the 

fact that the manual mapping system does not perfectly match the grid used for the discretization of 

the filtering surface. 

The positions for which the sensor is perfectly aligned with the source, as in the case of the central 

position, or located in its immediate vicinity, as for the upper and lower LEDs, will be represented 

with larger markers, in order to highlight their relevance in the analysis. 
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Sixteenth middle led of central lamp 
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Figure 81: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the central 16-LED lamp for different ordinates: a) 13 cm numerical ordinate – 13 cm experimental ordinate, b) 5 cm 

numerical ordinate – 4.75 cm experimental ordinate, c) 6 cm numerical ordinate – 6.25 cm experimental ordinate, d) 8 cm numerical ordinate – 7.75 

cm experimental ordinate, e) 9 cm numerical ordinate – 9.25 cm experimental ordinate, f) 11 cm numerical ordinate – 10.75 cm experimental ordinate, 

g) 12 cm numerical ordinate – 12.25 cm experimental ordinate, h) 14 cm numerical ordinate – 13.75 cm experimental ordinate, i) 15 cm numerical 

ordinate – 15.25 cm experimental ordinate, l) 17 cm numerical ordinate – 16.75 cm experimental ordinate, m) 18 cm numerical ordinate – 18.25 cm 

experimental ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 
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Sixteenth middle led of upper lamp 
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Figure 82: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the upper 16-LED lamp for different ordinates: a) 9 cm numerical ordinate – 9.25 cm experimental ordinate, b) 5 cm 

numerical ordinate – 4.75 cm experimental ordinate, c) 6 cm numerical ordinate – 6.25 cm experimental ordinate, d) 8 cm numerical ordinate – 7.75 

cm experimental ordinate, e) 11 cm numerical ordinate – 10.75 cm experimental ordinate, f) 12 cm numerical ordinate – 12.25 cm experimental ordinate, 

g) 13 cm numerical ordinate – 13 cm experimental ordinate h) 14 cm numerical ordinate – 13.75 cm experimental ordinate, i) 15 cm numerical ordinate 

– 15.25 cm experimental ordinate, l) 17 cm numerical ordinate – 16.75 cm experimental ordinate, m) 18 cm numerical ordinate – 18.25 cm experimental 

ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 
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Sixteenth middle led of lower lamp 

In the case of the position corresponding to the lower bar, due to the imperfect symmetry of the 

installation, the source is located exactly halfway between two sensor positions. For this reason, in 

order to correctly represent the distribution, both corresponding graphs are reported. 
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Figure 83: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the lower 16-LED lamp for different ordinates: a) 17 cm numerical ordinate – 16.75 cm experimental ordinate, b) 18 cm 

numerical ordinate – 18.25 cm experimental ordinate c) 5 cm numerical ordinate – 4.75 cm experimental ordinate, d) 6 cm numerical ordinate – 6.25 

cm experimental ordinate, e) 8 cm numerical ordinate – 7.75 cm experimental ordinate,  f) 9 cm numerical ordinate – 9.25 cm experimental ordinate, 

g) 11 cm numerical ordinate – 10.75 cm experimental ordinate, h) 12 cm numerical ordinate – 12.25 cm experimental ordinate, i) 13 cm numerical 

ordinate – 13 cm experimental ordinate, l) 14 cm numerical ordinate – 13.75 cm experimental ordinate, m) 15 cm numerical ordinate – 15.25 cm 

experimental ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 
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After analyzing the graphs related to the central LEDs of the three bars, the examination now 

proceeds with the peripheral LEDs, which also belong to the same bars. In this case as well, for the 

positions where the angle between the normal of the sensor and that of the source is zero or close to 

zero, the comparisons between numerical and experimental data will be represented with larger 

markers, in order to highlight their relevance. 

The following section presents comparison of the illuminance generated by the first lamp source. 

Figure 84 highlights the source under investigation. 

 

 

• First led of the central lamp  

Figure 84: Lamp structure with highlighted simulated source (LED – 1). 

First led of central lamp 
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Figure 85: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the central 1-LED lamp for different ordinates: a) 13 cm numerical ordinate – 13 cm experimental ordinate, b) 5 cm 

numerical ordinate – 4.75 cm experimental ordinate, c) 6 cm numerical ordinate – 6.25 cm experimental ordinate, d) 8 cm numerical ordinate – 7.75 

cm experimental ordinate, e) 9 cm numerical ordinate – 9.25 cm experimental ordinate, f) 11 cm numerical ordinate – 10.75 cm experimental ordinate, 
g) 12 cm numerical ordinate – 12.25 cm experimental ordinate, h) 14 cm numerical ordinate – 13.75 cm experimental ordinate, i) 15 cm numerical 

ordinate – 15.25 cm experimental ordinate, l) 17 cm numerical ordinate – 16.75 cm experimental ordinate, m) 18 cm numerical ordinate – 18.25 cm 

experimental ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 
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First led of the upper lamp 
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Figure 86: : Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the upper 1-LED lamp for different ordinates: a) 9 cm numerical ordinate – 9.25 cm experimental ordinate, b) 5 cm 

numerical ordinate – 4.75 cm experimental ordinate, c) 6 cm numerical ordinate – 6.25 cm experimental ordinate, d) 8 cm numerical ordinate – 7.75 

cm experimental ordinate, e) 11 cm numerical ordinate – 10.75 cm experimental ordinate, f) 12 cm numerical ordinate – 12.25 cm experimental ordinate, 

g) 13 cm numerical ordinate – 13 cm experimental ordinate h) 14 cm numerical ordinate – 13.75 cm experimental ordinate, i) 15 cm numerical ordinate 

– 15.25 cm experimental ordinate, l) 17 cm numerical ordinate – 16.75 cm experimental ordinate, m) 18 cm numerical ordinate – 18.25 cm experimental 

ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 

b 

c 

d 

e 

f 

g 

h 

i 

l 

m 

n 

o 



 

 

117 

 

First led of lower lamp 
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Figure 87: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the lower 1-LED lamp for different ordinates: a) 17 cm numerical ordinate – 16.75 cm experimental ordinate, b) 18 cm 

numerical ordinate – 18.25 cm experimental ordinate c) 5 cm numerical ordinate – 4.75 cm experimental ordinate, d) 6 cm numerical ordinate – 6.25 

cm experimental ordinate, e) 8 cm numerical ordinate – 7.75 cm experimental ordinate,  f) 9 cm numerical ordinate – 9.25 cm experimental ordinate, 

g) 11 cm numerical ordinate – 10.75 cm experimental ordinate, h) 12 cm numerical ordinate – 12.25 cm experimental ordinate, i) 13 cm numerical 

ordinate – 13 cm experimental ordinate, l) 14 cm numerical ordinate – 13.75 cm experimental ordinate, m) 15 cm numerical ordinate – 15.25 cm 

experimental ordinate, n) 20 cm numerical ordinate – 19.75 cm experimental ordinate, o) 21 cm numerical ordinate – 21.25 cm experimental ordinate. 

 

An initial analysis of the results shows that the numerical model performs effectively in well-

illuminated areas, where the irradiated power density is sufficiently high. In contrast, in peripheral 

regions characterized by low power density, discrepancies are observed between the simulated and 

experimental values, with tendencies toward either overestimation or underestimation of the 

parameter of interest. 

These differences can be attributed to several factors. From an experimental standpoint, the mapping 

system used is manual and not automated, which introduces uncertainties in the spatial positioning 

of the sensor relative to the source, affecting the accuracy of the measurements, particularly in low-

intensity regions. 

Moreover, the geometry of the numerical model was reconstructed based on manual measurements 

taken with a tape measure directly on the test device, in the absence of the original CAD file. This 

geometric approximation may introduce systematic errors in the spatial discretization, which are 

reflected in the numerical results, especially in peripheral areas where sensitivity to geometric 

variations is greater. 
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It should also be noted that, in low-illumination zones, even small discrepancies between the 

numerical model and the experimental setup become more evident compared to highly illuminated 

areas, where the dominant intensity tends to mask potential deviations. This effect amplifies both the 

visual and numerical differences, making the comparison between simulation and measurement more 

critical. 

The analysis now proceeds with the numerical, experimental comparisons related to the three light 

sources, each activated individually. This phase allows for the evaluation of the model’s behavior 

under isolated emission conditions, highlighting any discrepancies between simulation and 

measurement for each configuration. 

In the case of the maps corresponding to the individual activation of each bar, as well as for the 

configuration in which all three bars are simultaneously activated, it was necessary to ensure 

comparability between the experimental and numerical data. To this end, a targeted interpolation of 

the illuminance data was performed, limited exclusively to the areas near the bars and to the positions 

corresponding to the source location. 

This choice made it possible to include in the datasets the points where the irradiated power density 

is maximal, namely those for which the normal to the measurement plane is orthogonal to the surface 

of the bar. Under these conditions, the contribution of the source is more significant and 

representative, making the comparison between simulation and measurement more reliable. 

The interpolation was performed directly on the original data, with the aim of estimating the values 

at the positions of interest, even when not directly measured. In this way, correspondence between 

the positions was ensured, and quantitative comparisons could be made at physically relevant points, 

minimizing errors due to the different spatial distribution of the data. 
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Central lamp 
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Figure 88: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the central lamp for different ordinates: a) 13 cm numerical ordinate – 13 cm experimental ordinate, b) 5 cm numerical 

ordinate – 5 cm experimental ordinate, c) 6 cm numerical ordinate – 6 cm experimental ordinate, d) 8 cm numerical ordinate – 8 cm experimental 

ordinate, e) 9 cm numerical ordinate – 9 cm experimental ordinate, f) 11 cm numerical ordinate – 11 cm experimental ordinate, g) 12 cm numerical 

ordinate – 12 cm experimental ordinate, h) 14 cm numerical ordinate – 14 cm experimental ordinate, i) 15 cm numerical ordinate – 15 cm experimental 

ordinate, l) 17.35 cm numerical ordinate – 17.35 cm experimental ordinate, m) 18 cm numerical ordinate – 18 cm experimental ordinate, n) 20 cm 

numerical ordinate – 20 cm experimental ordinate, o) 21 cm numerical ordinate – 21 cm experimental ordinate. 
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Upper bar  
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Figure 89: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from the upper lamp for different ordinates: a) 9 cm numerical ordinate – 9 cm experimental ordinate, b) 5 cm numerical ordinate 

–  cm 5experimental ordinate, c) 6 cm numerical ordinate – 6 cm experimental ordinate, d) 8 cm numerical ordinate – 8 cm experimental ordinate, e) 

11 cm numerical ordinate – 11 cm experimental ordinate, f) 12 cm numerical ordinate – 12 cm experimental ordinate, g) 13 cm numerical ordinate – 

13 cm experimental ordinate h) 14 cm numerical ordinate – 14 cm experimental ordinate, i) 15 cm numerical ordinate – 15 cm experimental ordinate, 

l) 17.35 cm numerical ordinate – 17.35 cm experimental ordinate, m) 18 cm numerical ordinate – 18 cm experimental ordinate, n) 20 cm numerical 

ordinate – 20 cm experimental ordinate, o) 21 cm numerical ordinate – 21 cm experimental ordinate. 
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Lower bar  
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Figure 90: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission 

distribution and experimental data from the lower lamp for different ordinates: a) 17.35 cm numerical ordinate – 17.35 cm experimental ordinate, b) 

5 cm numerical ordinate – 5 cm experimental ordinate, c) 6 cm numerical ordinate – 6 cm experimental ordinate, d) 8 cm numerical ordinate – 8 cm 

experimental ordinate,  e) 9 cm numerical ordinate – 9 cm experimental ordinate, f) 11 cm numerical ordinate – 11 cm experimental ordinate, g) 12 

cm numerical ordinate – 12 cm experimental ordinate, h) 13 cm numerical ordinate – 13 cm experimental ordinate, i) 14 cm numerical ordinate – 14 

cm experimental ordinate, l) 15 cm numerical ordinate – 15 cm experimental ordinate, m) 18 cm numerical ordinate – 18 cm experimental ordinate, 

n) 20 cm numerical ordinate – 20 cm experimental ordinate, o) 21 cm numerical ordinate – 21 cm experimental ordinate. 
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As can be observed from the graphs, the numerical model demonstrates a good level of accuracy in 

the frontal regions and in areas adjacent to the source, that is, in the points where the normal to the 

measurement plane is orthogonal to the surface of the source itself. Under these conditions, the 

emission and reception geometry is optimal, and the comparison between simulation and 

measurement is particularly meaningful. 

An analysis of the relative error, defined as: 

 
Relative error = (

Experimental − Numerical

Experimental
) × 100 

 

(5.4.1) 

shows that, at the frontal position, the error remains limited, ranging between 4% and 7%. This 

confirms the good agreement between the simulated and measured data in proximity to the source. 

However, as shown in the graphs corresponding to the individual activation of the LEDs, the situation 

changes significantly in the peripheral regions. In these areas, the numerical model exhibits strong 

oscillations compared to the experimental data, with non-negligible deviations. This behavior can be 

attributed to several factors: 

• Sensor geometry: the active surface of the photodiode is larger than the size of the emitting 

elements, which may introduce spatial averaging effects not captured by the model. 

• External light leakage: the presence of unmodeled diffuse or reflected light may alter the 

measured values, especially in regions that are not directly illuminated. 

• Emission solid quality: potential improvements or variations in the angular distribution of the 

real source compared to the modeled one may affect the accuracy of the numerical calculation. 

In summary, while the numerical model proves to be reliable in the central and directly irradiated 

regions, further optimizations are required to accurately describe the behavior in peripheral areas, 

where more complex and less controllable phenomena come into play. 

In case of three bars are lit at the same time, the profiles opposite to the central lamp, opposite to the 

upper lamp and opposite to the lower lamp are shown in figure 91. 
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The three lamps lit at the same time 
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Figure 91: Comparison between the power density profile along the x-axis on the target surface from a numerical pure gaussian emission distribution 

and experimental data from three lamps lit at the same time for different ordinates: a) 13 cm numerical ordinate – 13 cm experimental ordinate, b) 9 

cm numerical ordinate – 9 cm experimental ordinate, c) 17.35 cm numerical ordinate – 17.35 cm experimental ordinate, d) 5 cm numerical ordinate – 

5 cm experimental ordinate,  e) 6 cm numerical ordinate – 6 cm experimental ordinate, f) 8 cm numerical ordinate – 8 cm experimental ordinate, g) 11 

cm numerical ordinate – 11 cm experimental ordinate, h) 12 cm numerical ordinate – 12 cm experimental ordinate, i) 14 cm numerical ordinate – 14 

cm experimental ordinate, l) 15 cm numerical ordinate – 15 cm experimental ordinate, m) 20 cm numerical ordinate – 20 cm experimental ordinate, n) 

21 cm numerical ordinate – 21 cm experimental ordinate. 
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From the analysis of the graphs corresponding to the configuration in which all three sources are 

simultaneously activated, it clearly emerges that the numerical model is capable of accurately 

describing the system’s behavior, particularly in the frontal regions of the target surface. In these 

areas, the relative error between simulation and measurement remains low, ranging from 2% to 4%, 

confirming the validity of the model under conditions of maximum direct incidence. 

However, this result contrasts with what is observed in the upper portion of the target surface, where 

significant discrepancies between the numerical and experimental data are found. This phenomenon 

can most likely be attributed to a malfunction of the upper source during the measurement phase. 

Supporting this hypothesis is the observation that the maximum illuminance values recorded in the 

configuration with all three sources active are not significantly higher than those obtained with only 

the upper source turned on. This suggests that, in this configuration, the measurement points in the 

upper region of the target surface are primarily influenced by the contribution of the other two 

sources, namely the central and lower ones. 

Moreover, although the upper and lower sources are not perfectly symmetrical with respect to the 

central one, their geometric misalignment is not sufficient to justify the magnitude of the observed 

discrepancy. For this reason, the reported errors refer primarily to the portion of the surface located 

in front of the central and lower sources, where the radiant contribution is effectively present and 

correctly modeled. 
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Chapter 6 – Geometry optimization 

Based on the results obtained and discussed in the previous chapter, the developed numerical model 

was adopted as the reference for the subsequent design phases, despite the critical issues observed in 

certain experimental configurations. In particular, the good agreement between simulation and 

measurement under the condition of simultaneous activation of the three sources, with relative errors 

ranging from 2% to 4%, confirmed the robustness of the model in the central regions of the target 

surface, making it suitable as a support tool for system optimization. 

Building on this foundation, the work focused on improving the optical performance of the prototype, 

with the aim of enhancing illuminance effectiveness, especially in the peripheral areas where the 

largest discrepancies had been observed. At this stage, attention was directed toward the internal 

geometry of the device, under the hypothesis that a targeted modification of the wall shape could 

positively influence the spatial distribution of UV-C radiation. 

As a first step toward system optimization, the spatial arrangement of the LED modules was modified 

to make the lateral bars symmetrical with respect to the central one. This choice was motivated by 

the desire to ensure a more balanced distribution of UV-C radiation on the target surface, reducing 

the asymmetries observed in previous configurations. To this end, two distinct configurations were 

tested, characterized by a vertical displacement (Δy) of 4 cm and 4.35 cm, respectively, in order to 

evaluate the impact of this variation on the irradiance distribution. 

In these symmetrical configurations, the effect of the distance between the sources and the target 

surface was also analyzed, considering two specific cases: all bars placed at 8 cm and at 11 cm from 

the surface. This comparison made it possible to assess how the variation in distance affects beam 

collimation and illuminance uniformity, providing useful insights for the optical design of the system. 

Once a basic symmetrical configuration was defined, the study proceeded with the analysis of the 

internal geometry of the device, focusing in particular on the shape of the upper and lower walls of 

the optical chamber. The initial hypothesis was that a properly designed curvature could act as a 

passive optical guide, contributing to the apparent collimation of the beam emitted by the LEDs and 

improving the germicidal effectiveness of the system. 

Preliminary simulations were therefore conducted on different geometric configurations, analyzing 

the optical behavior associated with concave (inward-curved) and convex (outward-curved) surfaces. 

The objective was to evaluate which geometry promotes a more homogeneous radiation distribution 

and a localized increase in light intensity, thereby contributing to the improvement of the system’s 

germicidal performance. 

This phase represents a crucial step toward the development of an optimized prototype, in which 

geometry is no longer a secondary element but an integral part of the UV-C beam control and 

management strategy. The integration between numerical modelling and geometric design thus 

constitutes the core of the following chapter, dedicated to the optimization of the device. 
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6.1 Preliminary Optimization of the Source Arrangement 
 

In the process of optimizing the irradiation system, it was considered essential to begin with a 

reflection on the spatial configuration of the sources. Before intervening on the internal geometry of 

the device, it was necessary to ensure a condition of symmetry among the LED bars, in order to 

establish a consistent basis for the subsequent optical analyses. For this reason, the lateral bars were 

repositioned with respect to the central one, adopting two values of vertical displacement (Δy), equal 

to 4 cm and 4.35 cm, to evaluate the influence of small geometric variations on the system’s response. 

This phase represented a preliminary but essential step, aimed at isolating the contribution of 

symmetry in the distribution of the UV-C beam. 

This intervention was accompanied by a second alignment operation, aimed at centering the bars 

longitudinally with respect to the axis of the device. In this way, a uniform distance was ensured 

between the ends of the bars and the lateral-vertical walls of the optical chamber, a necessary 

condition to avoid edge effects and asymmetric reflections that could compromise the regularity of 

the radiant field. The complete symmetrisation, both in the transverse and longitudinal directions, 

allowed for the definition of a stable and balanced reference configuration, from which to proceed 

with the subsequent numerical and experimental analyses. 

In parallel, the effect of the distance between the sources and the target surface was analyzed, 

considering two configurations with the bars placed at 8 cm and 11 cm from the filtering plane, 

respectively. The objective was to understand how the variation in distance affects beam collimation 

and illuminance uniformity, providing a quantitative basis for the subsequent geometric 

modifications of the device. 

Figure 92 shows the vertical sections of the device, highlighting the alignment of the LED bars with 

respect to the central axis. 

 

 

Figure 92: The alignment of the LED lamps: a) 4 cm alignment, b) 4.35 cm alignment. 

With regard to the analysis of the irradiated power density curves, the focus was placed on 

configurations in which the system structure was fully symmetrized. Under these conditions, thanks 

to the alignment of the LED bars and their symmetrical arrangement with respect to the horizontal 

central axis of the device, a perfect correspondence is observed between the positive and negative 

positions relative to this axis. This allows the analysis to be limited to only one half of the domain, 

simplifying the interpretation of the results without losing significant information. 

a b 
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For the study of the curves, three representative positions were selected: 

1. The position where the normal to the sampling point coincides with the normal to the surface 

of the bar, a condition that ensures the maximum direct contribution from the source. 

2. The position corresponding to the edge of the filtering surface, where a lower level of 

illuminance is expected and where system optimization is more critical to ensure adequate 

exposure to UV-C radiation. 

3. An intermediate position between the two above, useful for observing the transition in the 

irradiance distribution and for evaluating the system’s effectiveness along the entire vertical 

profile. 

These three reference positions will be systematically adopted in all analyses presented in this section, 

in order to ensure methodological consistency and comparability across the different geometric 

configurations examined. 

Figure 93 shows the sampling positions used for the analysis of the irradiance distribution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 93: The sampling positions used for the analysis of the irradiance distribution. 

Starting from these reference positions, the different trends in the irradiance distribution are analyzed 

as a function of the spatial arrangement of the LED bars within the device. The objective is to evaluate 

how the positioning of the sources influences the shape and intensity of the UV-C beam, with 

particular attention to the peripheral areas of the target surface, where optimization is more critical. 

In Figure 94, the comparison between the irradiance profiles obtained for the two installation 

geometries is presented, showing the power density distribution along the x-axis of the target surface 

when all three lamps are simultaneously activated.  
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Figure 94: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit at the 

same time for different lamp installation: a) Trend corresponding to the ordinate “a” in Figure 93 with max error between the 

curves of 20%,  b) Trend corresponding to the ordinate “b” in Figure 93 with max weeroe between the curves of 4%, c) Trend 

corresponding to the ordinate “c” in Figure 93 with max weeroe between the curves of 20%. 

 

The image clearly illustrates the impact of the relative positioning of the LED bars on the distribution 

of the irradiated power density, highlighting how even minor geometric variations can lead to 

significant differences in the optical behaviour of the system. 

The two configurations under comparison, characterized by a vertical displacement Δy of the lateral 

bars with respect to the central one, equal to 4 cm and 4.35 cm respectively, are both symmetric with 

respect to the central axis of the device. Nevertheless, the effect produced by this slight variation is 

far from negligible. As observed, increasing the distance between the lateral bars and the central one 

(Δy = 4.35 cm) results in a noticeable enhancement of irradiance in the peripheral regions of the target 

surface. This outcome is particularly relevant, as the peripheral areas initially exhibited the lowest 

illuminance levels and therefore required optimization interventions. 

Conversely, the configuration with Δy = 4 cm, in which the bars are positioned closer to the central 

one, yields an improvement in illuminance within the central region, which was already subject to 

high irradiation. This contrasting behavior between the central and peripheral zones underscores the 

high sensitivity of the UV-C beam distribution to the system’s geometry and demonstrates that even 

a variation of merely 0.35 cm can substantially influence the device’s effectiveness. 

From this analysis, it can be inferred that selecting the configuration with Δy = 4.35 cm provides a 

greater contribution to peripheral coverage without significantly compromising central illuminance. 

This balance between peripheral coverage and central intensity constitutes a fundamental criterion 

for optimal system design, particularly in applications requiring a uniform distribution of germicidal 

radiation. 
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To assess the influence of this parameter, two distinct configurations were considered: one with the 

LED bars positioned 11 cm from the filtering plane, and another with the bars placed at 8 cm. Both 

configurations were analyzed in conjunction with the two previously studied vertical symmetry 

variants (Δy = 4 cm and Δy = 4.35 cm), thereby enabling a comprehensive evaluation of the 

interaction between vertical positioning and source-target distance. In total, four geometric 

configurations were examined, each defined by a specific combination of Δy and distance from the 

filter, as it shown in figure 95. 

The results obtained were compared with those from the previous analysis, in which the source-target 

distance was held constant. Comparative graphs of the different configurations are presented in figure 

96 and 97, visually illustrating the combined effect of Δy variation and distance from the filtering 

plane on the irradiance distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 95: Different lamp configurations: a) Original configuration with  external lamps installed at distance of 4 cm from the 

central source, b) Configuration with lamps spaced 4 cm apart and located 8 cm from the target surface, c) Configuration with lamps 

spaced 4 cm apart and located 11 cm from the target surface, d) Original configuration with  external lamps installed at distance of 

4.35 cm from the central source, e) Configuration with lamps spaced 4.35 cm apart and located 8 cm from the target surface, f)  

Configuration with lamps spaced 4.35 cm apart and located 11 cm from the target surface. 
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Symmetry Configuration: Δy = 4 cm 

 

Figure 96: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit 

at the same time for different lamp installation spaced of 4 cm: a) trend corresponding to the ordinate “a” in Figure 93 

with max error between the configurations 4_11 and 4_8118 of 60% at the center and 110% laterally and between the 

configurations 4_11 and 4_888 of 56% at the center and 92% laterally,  b) trend corresponding to the ordinate “a” in 

Figure 93 with max error between the configuration 4_8118 and 4_11 of 16% at the center and 25% laterally and between 

the configurations 4_8118 and 4_888 of 6% at the center and 15% laterally, c) trend corresponding to the ordinate “a” in 

Figure 93 with max error between the configuration 4_888 and 4_8118 of 17% at the center and 20% laterally and 

between the configurations 4_888 and 4_11 of 13% at the center and 19% laterally. 
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Symmetry Configuration: Δy = 4.35 cm 

 

Figure 97: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit 

at the same time for different lamp installation spaced of 4.35 cm: a) trend corresponding to the ordinate “a” in Figure 93 

with max error between the configurations 4_11 and 4_8118 of 52% at the center and 98% laterally and between the 

configurations 4_11 and 4_888 of 47% at the center and 83% laterally,  b) trend corresponding to the ordinate “a” in 

Figure 93 with max error between the configuration 4_8118 and 4_11 of 20% at the center and 28% laterally and between 

the configurations 4_8118 and 4_888 of 6% at the center and 15% laterally, c) trend corresponding to the ordinate “a” in 

Figure 93 with max error between the configuration 4_888 and 4_8118 of 19% at the center and 24% laterally and 

between the configurations 4_888 and 4_11 of 11% at the center and 21% laterally. 

 

The graphs presented in the figure serve to extend and consolidate the observations derived from 

previous analyses. In particular, they confirm a behaviour already identified during the study of the 
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vertical displacement Δy: increasing the separation leads to an enhancement of irradiance in the 

peripheral regions of the target surface, accompanied by a slight reduction in intensity at the center. 

Conversely, decreasing the distance between the bars strengthens central illuminance at the expense 

of peripheral coverage. 

A similar behavior is observed in the graphs related to the variation of the source-target distance. By 

longitudinally shifting the LED lamps, i.e., modifying their distance from the filtering plane (from 8 

cm to 11 cm), a comparable effect to that of vertical displacement is observed: increasing the distance 

results in a wider angular spread of the beam and improved irradiance in peripheral zones, whereas 

reducing the distance intensifies the central contribution. 

The error parameters shown in the graphs refer to the curve with the highest intensity, while the colour 

of the frame highlights which of the lower-intensity curves is being compared to the reference. 

Visually, a clear improvement in irradiated power density in the peripheral zones is evident for 

configurations in which all bars are positioned 11 cm from the filtering plane (configurations 4_11 

and 4.35_11). 

The error analysis reveals that, although reducing the distance between the bars yields a greater 

contribution in terms of central intensity, this increase is not comparable to the improvement achieved 

in the peripheral zones, which are particularly critical in terms of germicidal effectiveness. 

Finally, having confirmed the superiority of the configuration in which all bars are placed at 11 cm 

compared to both the configuration with all bars at 8 cm and the initially hypothesized arrangement 

(8-11-8), a comparison was conducted between the two variants with different Δy values. In this 

context, contrary to the previous case, the configuration with Δy equal to 4 cm exhibits more 

favourable behaviour, suggesting that the source-target distance may alter the optimal conditions 

associated with vertical displacement. 

6.2 Geometric Optimization of the Irradiation System 
 

The analysis conducted on the spatial configurations of the LED sources has demonstrated that even 

minor variations in the vertical and longitudinal positioning of the bars significantly affect the 

distribution of UV-C irradiance. Specifically, it was observed that increasing the vertical distance of 

the lateral sources relative to the central one enhances illuminance in peripheral zones, whereas 

decreasing this distance intensifies the central contribution. Similarly, varying the distance between 

the sources and the target surface revealed that a greater separation improves peripheral coverage, 

while a shorter distance concentrates irradiance at the center. 

These findings underscore the necessity of intervening not only in the arrangement of the sources but 

also in the internal geometry of the system, with the aim of improving the directionality of the UV-C 

beam and optimizing germicidal effectiveness across the entire target surface. To this end, a parallel 

investigation was initiated focusing on the shape of the internal walls of the device, with particular 

attention to the upper and lower surfaces that define the optical chamber. 

The initial hypothesis posits that a suitably designed curvature may contribute to beam collimation, 

channelling the rays toward central and peripheral zones in a more controlled manner. To test this 

hypothesis, preliminary trials were conducted on configurations with concave and convex surfaces, 
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evaluating their impact on irradiance distribution. The objective is to determine whether such 

geometric modifications can produce a sharper local peak or a more homogeneous radiation spread, 

thereby enhancing the overall performance of the system. 

The first modification introduced to the internal geometry of the system concerned the curvature of 

the walls surrounding the frame of the filtering surface. In the initial phase, the horizontal walls were 

modified to be convex, followed by the application of the same transformation to the vertical walls. 

The goal was to identify which of the two geometric components contributes more significantly to 

the irradiance distribution, particularly in the peripheral zones of the target surface. 

This design choice stems from the hypothesis that a well-defined curvature may facilitate UV-C beam 

collimation, improving ray directionality and enhancing the germicidal effectiveness of the system. 

The two configurations were analyzed separately to isolate the contribution of each geometric 

element and assess their impact on irradiated power density. 

Figure 98 presents the two new configurations, corresponding respectively to the curvature of the 

horizontal walls and that of the vertical walls, used for numerical and experimental analysis. 

 

Figure 98: Sections of the new geometric configurations of the device: a) Configuration with convex latero-horizontal walls, b) 

Configuration with convex latero-vertical walls. 

To ensure the comparability of results, the simulations were conducted while maintaining a constant 

installation configuration for the LED sources; specifically, the upper bar was positioned with a 

vertical displacement of Δy = 4 cm, and the lower bar with Δy = 4.35 cm. This configuration, 

previously adopted as a reference in earlier analyses, provided a consistent basis for evaluating the 

effects of the introduced geometric modifications. 

Figure 99 presents the comparative graphs related to irradiated power intensity. These comparisons 

highlight the differences between the new geometries and the baseline configuration, allowing for an 

assessment of the effectiveness of the proposed modifications in terms of irradiance distribution and 

improvement of peripheral coverage. For clarity, the following nomenclature is defined: geom 1 

refers to the baseline configuration, geom 2 to the configuration in which the lateral vertical walls are 

convex, and geom 3 to the configuration in which the lateral horizontal walls are compressed. This 

terminology will be systematically employed in subsequent analyses to facilitate comparison among 

the various geometric configurations. 

a 
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Figure 99: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit for the 

configurations shown in figure 97: a) trend corresponding to the ordinate “a” in Figure 93 with max error between the 

configurations GEOM_2 and 1 of 50% at the center and 68% laterally and between the configurations GEOM_2 and GEOM_3 of 

18% at the center and 45% laterally,  b) trend corresponding to the ordinate “a” in Figure 93 with max error between the 

configuration 1 and GEOM_3 of 5% at the center and 9% laterally and between the configurations 1 and GEOM_2 of 4% at the 

center and 9% laterally, c) trend corresponding to the ordinate “a” in Figure 93 with max error between the configuration 1 and 

GEOM_4 of 3% at the center and 4% laterally and between the configurations 1 and GEOM_2 of 3% at the center and 4% laterally. 
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The analysis of the graphs corresponding to the three reference planes reveals that, in the central and 

intermediate zones (represented respectively by graphs b and c), the introduced geometric variations 

do not yield a significant contribution. Specifically, the central region, already characterized by high 

irradiance intensity, does not exhibit appreciable sensitivity to the effects of the internal geometric 

modifications. This suggests that, in these regions, the beam distribution is primarily governed by the 

position and orientation of the LED sources rather than by the shape of the optical chamber walls. 

A different behavior is observed in the peripheral zone, where the system demonstrates greater 

sensitivity to geometric variations. Notably, the configuration featuring convex lateral vertical walls 

(geom 2) exhibits a more pronounced contribution compared to both the baseline configuration (geom 

1) and the one with compressed lateral horizontal walls (geom 3). This result motivated a deeper 

investigation into the effect of lateral horizontal curvature, hypothesizing that a convex shape could 

further enhance beam collimation toward the peripheral regions. 

Following these observations, a new comparison was introduced involving three geometric 

configurations: one with convex lateral vertical walls, one with concave lateral vertical walls, and 

one with ramp-shaped lateral vertical walls. The objective was to evaluate which of these solutions 

could provide the most significant improvement in irradiance distribution, particularly in peripheral 

areas where germicidal effectiveness is most critical. 

Figure 100 presents the geometric configurations used for this comparison, along with the 

corresponding graphs of irradiated power density at the three predefined planes. These results enable 

a comparative analysis of the effects of different geometries on UV-C beam distribution and guide 

design decisions toward more effective solutions. 

 

Figure 100: Cross-sectional view of the three geometric configurations: a) convex lateral vertical walls, b) concave lateral vertical 

walls, c) ramp-shaped lateral vertical walls. 

In the analysis of irradiated power density trends, the following nomenclature was adopted: geom 7 

refers to the configuration in which the lateral horizontal walls are convex, while geom 8 denotes the 

geometry in which the same walls are shaped as ramps. 

The final comparison will be conducted among the three geometric configurations just described 

(geom 7, geom 8, and the ramp-shaped lateral vertical wall geometry), also including data from the 

initial configuration, consistently referred to as geom 1. This comparison will enable a systematic 

evaluation of the effectiveness of the proposed geometric solutions. 

b c a 
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Figure 101: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit 

for the configurations shown in figure 99: a) trend corresponding to the ordinate “a” in Figure 93 with max error between 

the configurations geom2 and 1 of 46% at the center, between geom2 and geom7 of 43% at the center and  between geom2 

and geom8 of 39% at the center, b) trend corresponding to the ordinate “a” in Figure 93 with max error between the 

configuration geom8 and geom2 of 9% at the center, between geom7 and geom2 of 9% at the center and between 1 and 

geom2 of 9% at the center, c) trend corresponding to the ordinate “a” in Figure 93 with max error between the geom7 and 

geom2 of 4% at the center, between geom8 and geom2 of 4% at the center and between 1 anf geom2 of 4% at the center. 
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The analysis of the graphs corresponding to the three reference planes reveals a behavior consistent 

with that observed in previous geometric configurations. Specifically, in the central and intermediate 

zones (graphs b and c), modifications to the internal geometry do not result in significant variations 

in UV-C illuminance. The central region, already characterized by high irradiance intensity, appears 

largely insensitive to changes in wall shape, confirming that geometric effects manifest primarily in 

peripheral areas. 

It is precisely in the peripheral zone (graph a) that the most relevant differences emerge. In this case, 

the configurations with ramp-shaped and convex lateral vertical walls do not exhibit appreciable 

improvements compared to the baseline geometry (geom 1). In contrast, the configuration with 

concave walls demonstrates a significant contribution, with increased irradiance in the marginal areas 

of the target surface. This result is particularly relevant, as peripheral zones represent the most critical 

areas in terms of germicidal effectiveness. 

From this analysis, it can be concluded that among the geometries considered, the concave 

configuration most effectively optimizes illuminance in the peripheral zone, outperforming the 

convex, ramp-shaped, and baseline geometries. Figure 103 presents the comparative graphs of 

irradiated power density for the three analyzed geometric configurations, along with the data from 

the baseline configuration (geom 1), used as a reference. 

To conclude the geometric optimization process, a final series of analyses was conducted focusing 

on the progressive introduction of concave surfaces into the frame surrounding the filtering surface. 

The upper and lower walls were shaped to extend from the filter plane and terminate at various 

heights, taking into account the positions of the three LED bars. The objective was to assess whether 

a more targeted curvature could further improve UV-C beam collimation, particularly in peripheral 

zones where germicidal effectiveness is most critical. 

The concave configurations analyzed, shown in Figure 102, include: 

• a curvature with a radius equal to the height of the frame (geom 2) 

• a curvature reaching the height of the upper and lower LED bars (geom 4) 

• a curvature terminating halfway between the central bar and the upper/lower pair (geom 5) 

• a curvature extending to the position of the central bar (geom 6) 

 

Figure 102: Comparison between four concave configurations with curvatures extending respectively to the frame height (a), the 

external LED bar height (b), halfway between the central and upper/lower bars (c), and to the central LED bar (d). 

 

 

a 

b c 

d 



 

 

143 

 

The comparative graphs will be generated for the four proposed concave configurations and the 

baseline configuration, in order to systematically evaluate the effect of the different geometries on 

the distribution of UV-C irradiance. 

 

Figure 103: Comparison between the power density profile along the x-axis on the target surface from the 3 three lamps lit 

for the configurations shown in figure 101: a) trend corresponding to the ordinate “a” in Figure 93 with max error 

between the configurations 2 and 1 of 71% at the center, between 2 and 6 of 63% at the center,  between 2 and 5 of 57% at 

the center and between 2 and 4 of 56% at the center, b) trend corresponding to the ordinate “a” in Figure 93 with max 

error between the configurations 1 and 2 of 9% at the center, between 4 and 2 of 9% at the center,  between 5 and 2 of 9% 

at the center and between 6 and 2 of 9% at the center, c) trend corresponding to the ordinate “a” in Figure 93 with max 

error between the configurations 1 and 2 of 4% at the center, between 4 and 2 of 4% at the center,  between 5 and 2 of 4% 

at the center and between 6 and 2 of 4% at the center. 
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The analysis of the graphs corresponding to the three reference planes shows that configurations geom 

4, geom 5, and geom 6 exhibit trends that are nearly identical to those of the baseline configuration 

(geom 1) in the central and intermediate zones, represented respectively by graphs 3 and 2. This 

behavior indicates that, in these regions, the geometric modifications introduced do not significantly 

affect irradiance intensity, resulting in only slight improvements over geom 2. 

In contrast, in the peripheral zone (graph a), there is an increase in illuminance compared to the 

baseline configuration; however, this rise remains lower than that achieved with geom 2. The error 

analysis related to the maximum irradiance values confirms that geom 2 is still the most effective 

setup for optimizing illuminance, especially in peripheral areas where germicidal effectiveness is 

most important. 

The entire analytical process has shown that the distribution of UV-C irradiance is heavily affected 

by both the spatial arrangement of the sources and the internal shape of the device. In particular, the 

symmetrization of the LED bars, both vertically and along their length with respect to the normal to 

the sources, was a crucial step in creating a stable and consistent foundation for later optical 

assessments. The combined effect of vertical displacement and source-target distance allowed for the 

identification of a configuration that balances central intensity with peripheral coverage. 

Building on this foundation, modifications were made to the internal wall geometry, exploring 

various solutions such as convex, concave, and ramp-shaped forms to enhance the UV-C system's 

beam collimation. The analysis indicated that, although geometric changes have little effect on the 

central and intermediate zones, the concave shape is the most effective at increasing illuminance in 

peripheral areas, outperforming other configurations and the baseline design. 

This thorough comparison has identified an optimized geometric solution that can serve as a reference 

for future design and experimental validation phases.  
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Conclusions 

The research in this thesis has developed within a scientific field that, in recent years, has become 

increasingly important: the disinfection of indoor air using non-drug-based technologies, especially 

UV-C radiation. Interest in these solutions has grown due to global events like the SARS-CoV-2 

pandemic, which underscored the need for effective, safe, and easily integrated disinfection systems 

within existing infrastructures. 

The work was divided into several phases, each helping to build a knowledge base and operational 

framework useful for designing UV-C devices. In the initial phase, a detailed review of scientific 

literature was carried out to understand how microbial inactivation occurs through ultraviolet 

radiation, focusing specifically on the UV-C range (100–280 nm), known for its germicidal 

properties. This analysis helped identify the most effective wavelengths, inactivation kinetics models, 

and environmental factors that affect treatment effectiveness. 

Subsequently, an experimental phase was initiated in collaboration with industrial partners, resulting 

in the development of a prototype device equipped with UV-C LED sources. Irradiance 

measurements were performed using high-precision photometric sensors placed at the filtering 

surface to map the distribution of irradiated power density. This phase involved establishing a strict 

measurement protocol, calibrating instruments, and controlling environmental factors such as 

temperature, humidity, and internal reflections. 

Meanwhile, a three-dimensional numerical model was created using the Ray Optics module of 

COMSOL Multiphysics to simulate the system’s optical behavior. To input data into the model, it 

was necessary to reconstruct the emission solid of the LED sources based on experimental data 

collected from individual modules. This reconstruction involved coordinate transformations, angular 

analysis of luminous intensity, and defining parametric functions that could approximate the emission 

profile. Several models (Gaussian, polynomial, Lambertian) were tested and compared for descriptive 

accuracy and consistency with measured data. 

Once the numerical model was validated, simulations were performed on various geometric 

configurations of the device, changing the position of the sources, the distance from the filtering 

plane, and the shape of the internal walls. In particular, the impact of concave, convex, and ramp-

shaped surfaces was examined, showing that internal geometry can greatly influence irradiance 

distribution, especially in peripheral areas. Simulations indicated that, in some configurations, 

peripheral illumination could be enhanced without reducing central intensity. 

However, it is important to stress that the results obtained, while promising, should be interpreted 

carefully. The lack of a detailed CAD model required manual reconstruction of the geometry, which 

may have introduced approximations. Additionally, the experimental measurements, though carefully 

performed, showed some variability, especially in low-intensity conditions where the signal is more 

vulnerable to noise and uncontrolled reflections. The behavior of reflective materials, modeled in a 

simplified way, may also have contributed to differences between simulation and actual results. 

Considering these points, the work is seen as a helpful but not final contribution to designing UV-C 

systems. Several future paths can be suggested to improve and broaden the research. 
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a) Enhancing experimental measurement quality by using more advanced acquisition systems 

that automatically collect data with higher precision. This helps minimize manual errors and 

yields a more accurate depiction of irradiance distribution. 

b) Refining simulation models to make them more representative of real operating conditions, 

including complex optical phenomena such as irregular reflections and radiation dispersion. 

The integration of air physical parameters (variations in refractive index as a function of 

temperature, pressure, and humidity) and the effects of fluid-dynamic and thermodynamic 

processes on radiant energy distribution is also foreseen, in order to achieve numerical 

predictions that are more reliable and consistent with the system’s actual behavior. 

c) Exploring more flexible geometric solutions, such as devices with movable or adjustable 

components that can adapt to various operating conditions and enhance light distribution in 

real time. 

d) Evaluate the effect of irradiance distribution on the effective dose and on microbiological 

inactivation under real operating conditions. 

e) Expanding the numerical model to include aspects related to material heating and mechanical 

response will enable assessment not only of germicidal effectiveness but also of the system’s 

durability and long-term sustainability. 

These directions not only continue the work already done but also offer a chance to make UV-C 

technologies more advanced, dependable, and ready for real-world use in places like hospitals, 

schools, public transportation, and industrial sites. 

In summary, the research conducted has helped develop advanced skills in optical modeling, 

photometric testing, and the geometric design of UV-C systems. Carefully executed, this work is 

believed to lay not only a strong foundation for future innovations in environmental disinfection, 

aiding in the development of safer, healthier, and more technologically advanced indoor 

environments, but also useful support for the prelamination design of UV-C devices devoted to air 

sanification. 

Alongside the main research presented in this thesis, a supplementary study is currently in progress 

to analyze and compare the performance of low-pressure mercury vapor lamps, a well-established 

and historically important technology for producing UV-C radiation. This study arises from the need 

to systematically compare mercury-based radiative sources with solid-state UV-C LEDs, focusing on 

metrics such as radiometric efficiency, spectral stability, and long-term operational reliability. The 

ultimate aim is to develop objective criteria for their best use in air and surface disinfection systems. 

Mercury vapor lamps generate light through an electric discharge in a low-pressure mercury vapor 

environment, producing a specific emission spectrum dominated by the 253.7 nm line, which explains 

their renowned germicidal effectiveness. The current study includes quantitative irradiance 

measurements, spectral power distribution (SPD) analysis, and the evaluation of radiant flux 

reduction over time to assess the devices’ photometric performance, thermal stability, and effective 

lifespan under controlled operating conditions. 

Particular attention is given to the relationships among electrical input parameters, thermal 
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equilibrium, and radiative output, as these factors significantly influence the stability and uniformity 

of the emitted UV-C flux. The research also examines how lamp geometry, fill gas composition, and 

envelope materials, especially synthetic quartz, affect ultraviolet transmittance, internal reflection 

phenomena, and resistance to photochemical degradation. 

The comparative framework established by this study will enable the development of benchmark 

models for germicidal performance and energy efficiency of mercury vapor lamps versus UV-C LED 

systems. While the latter offer benefits such as compactness, modular design, and environmental 

safety because they do not contain mercury, traditional mercury vapor lamps still demonstrate higher 

radiant output, consistent spectral properties, and advantageous cost-to-performance ratios. This 

makes them suitable for applications requiring high irradiance and wide-area coverage. 

From an applicative perspective, the ongoing work aims to enhance the integration of mercury vapor 

lamps into Heating, Ventilation, and Air Conditioning (HVAC) systems and Air Handling Units 

(AHUs) by developing multiphysics models that describe the combined optical, thermal, and fluid-

dynamic behaviors of these systems. The goal is to find a rational balance between disinfection 

effectiveness and energy efficiency, supporting the design of next-generation hybrid UV-C systems 

(mercury-based and LED-based) with improved performance and reduced environmental impact. 

This parallel research project should not be seen as an ancillary activity, but rather as a natural and 

coherent extension of the scientific path established by this dissertation. It reinforces the main goal 

of developing innovative, reliable, and sustainable technologies for indoor air and surface 

disinfection, ultimately helping to create safer, healthier, and more technologically advanced built 

environments. 
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