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A B S T R A C T

Accurate characterization of ultraviolet (UV) irradiance is essential for the effective design and 
evaluation of in-duct air disinfection systems. This study aims to develop a novel angular 
correction factor to address sensor detection-angle limitations. Experimental irradiance mea
surements were conducted for 222 nm excimer lamp, 254 nm mercury lamp, 265 nm UVC LED 
and 365 nm UVA LEDs, and their environmental sensitivity was assessed under varying air 
temperature, velocity, and relative humidity. The comparative life-cycle assessment evaluated 
energy, costs, and environmental impacts for achieving a 3-log microbial reduction. Findings 
show that the correction factor reduced overestimation by up to 30 % near lamp surfaces, with a 
maximum error (18 %) observed farther from the 254 nm lamp. Model-based scalability from 
single LED modules to full arrays yielded an average relative error of ±13 %, supporting flexible 
LED arrangements. The 254 nm lamp output increased by 18 % as air temperature rose 
(25–35 ◦C) and decreased nearly to 80 % as velocity increased (0.5–2 m/s). In contrast, the 222 
nm lamp and both LED systems showed minimal sensitivity, indicating greater operational sta
bility under dynamic conditions. While LEDs and 222 nm offer their own advantages, they require 
higher energy and cost to achieve equivalent disinfection. Therefore, under continuous in-duct 
application, the 254 nm lamp is the most sustainable and cost-effective option among those 
tested. This study provides a validated, building-scale framework that improves measurement 
accuracy and supports energy-aware implementation, offering actionable guidance for optimized, 
sustainable deployment of UVGI in building ventilation systems.

1. Introduction

Indoor air quality (IAQ) plays a critical role in determining occupant health and well-being [1]. In modern buildings, heating, 
ventilation, and air conditioning (HVAC) systems are essential for delivering clean, conditioned air. However, HVAC components such 
as filters, ducts, coils, humidifiers, and cooling towers can become sources of contamination, particularly under conditions of high 
humidity and inadequate maintenance [2–4]. A major concern is the potential of HVAC systems to transport bioaerosols emitted by 
occupants, thereby facilitating airborne transmission of infectious agents.

Filtration units integrated into HVAC systems are commonly employed to capture airborne contaminants originating from both 
indoor and outdoor sources. Their performance is typically rated using the Minimum Efficiency Reporting Value (MERV), which ranges 
from 1 to 20 and indicates a filter’s ability to capture particles (≥10 μm to ≤0.3 μm) [1]. However, medium-efficiency filters (MERV 
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5–9) [2] have limited effectiveness against smaller airborne pathogens such as viruses and bacteria [3]. Furthermore, increasing 
ventilation rates or upgrading to HEPA filtration is often economically unfeasible for many general building applications [4]. Given the 
substantial health risks posed by airborne pathogens [5], there is a growing demand for cost-effective and sustainable in-duct 
disinfection technologies to complement conventional filtration and ventilation strategies [6].

Ultraviolet germicidal irradiation (UVGI) offers a promising proactive approach to microbial air disinfection [7,8]. UVC light 
(200–280 nm), particularly around 260–265 nm, exhibits peak germicidal effectiveness due to the strong absorption of this wavelength 
by nucleic acids, leading to disruption of DNA/RNA and protein structures. Traditional low-pressure mercury (LP Hg) lamps emitting 
at 254 nm closely align with this peak and are widely used [9–11]. More recently, far-UVC (e.g., 222 nm) filtered excimer lamps have 
gained attention due to their strong antimicrobial efficacy combined with limited tissue penetration, which offers enhanced safety for 
occupied spaces [12]. In contrast, wavelengths above 280 nm, typically produced by UV LEDs, have lower germicidal effectiveness due 
to reduced nucleic acid absorption.

In addition to wavelength, UVGI performance depends on UV fluence—the product of irradiance (mW/cm2) and exposure time (s). 
In-duct UVGI systems have demonstrated effectiveness in reducing microbial loads in air-handling systems, but accurately charac
terizing the irradiance field under realistic HVAC conditions remains an engineering challenge. Turbulent airflow, prevalent in 
operational ducts, reduces bioaerosol residence time and complicates uniform exposure. Many prior studies on UVGI efficacy have 
been conducted under laminar or simplified flow regimes (Re < 700), limiting their relevance to real-world scenarios. Furthermore, 
the interaction of UV lamp geometry, spatial arrangement, duct materials, and turbulent flow patterns significantly affects irradiance 
distribution and system effectiveness.

Reliable irradiance estimation is critical for UVGI system optimization. Computational methods, such as view factor models, 
trigonometric functions, or simulations, offer precision but are resource-intensive and unsuitable for routine design applications [11]. 
Experimental approaches using radiometers, photometers, or spectrometers are more accessible but often measure planar irradiance 
and are not suited for capturing omnidirectional fields, particularly in reflective enclosures. To approximate volumetric irradiance, 
some studies measure it from all six planner directions within the duct and sum the values, often neglecting the limits of the sensors’ 
angular sensitivity, leading to potential overestimation [12–18]. Experimental characterization becomes even more complex with 
UV-LED arrays due to their spatial variability and directional emission, and no standardized framework currently exists for this 
purpose.

Environmental conditions such as airflow velocity, temperature, and relative humidity (RH) further complicate UVGI system 
performance. These parameters critically affect lamp output and disinfection efficacy [11,15]. For instance, airflow velocity influences 
bioaerosol residence time, while temperature affects LP Hg lamps, with optimal performance typically occurring near 40 ◦C [13]. UV 
LEDs are especially sensitive to temperature, with optical output declining by up to 25 % as junction temperatures increase from 20 ◦C 
to 120 ◦C [19–21]. Although one manufacturer reports stable performance across moderate temperature ranges (e.g., 20–60 ◦C) [22], 
such claims are typically based on water disinfection and may not extend to air-based applications. Likewise, RH has been shown to 
variably enhance, diminish, or have no measurable effect on UVC lamp output [11,13,15,23], and these inconsistencies complicate 
optimization efforts. In real HVAC systems, where RH can exceed 60 % near cooling coils during summer, these environmental in
fluences are especially pronounced.

A further challenge is that UV lamp manufacturers usually report performance under idealized laboratory conditions, limiting the 
applicability of these data in diverse operational settings. This contributes to the persistent discrepancy between laboratory efficacy 
and field performance. Additionally, most existing studies have focused on cylindrical low-pressure mercury lamps, with limited 
frameworks available for characterizing the more complex irradiance fields of emerging technologies such as UV-LED arrays and far- 
UVC lamps. As these technologies gain popularity, a significant knowledge gap remains regarding their behavior under realistic air- 
handling conditions. Despite rising interest in UVGI, comprehensive life cycle assessments (LCAs) comparing various UV lamp tech
nologies under standardized disinfection scenarios are still scarce. This lack of robust comparative data impedes informed design 
decisions and broader adoption.

Accordingly, this study develops and validates a building-scale framework for in-duct UV dose characterization and UV lamp 
technology selection that: (i). Introduces a novel angular correction factor for irradiance mapping, which accounts for sensor 
detection-angle limits and duct-wall reflections; (ii). Experimentally evaluates the effects of environmental parameters (air 

Fig. 1. Schematic of pilot scale HVAC duct setup used for UV lamp installation and irradiance characterization duct Setup.
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temperature, velocity, and relative humidity, RH) on lamp performance; and (iii). Compares 254 nm low-pressure mercury, 222 nm 
far-UVC excimer, and UV LEDs (265 nm & 365 nm) for irradiance efficiency, energy use, cost, and operational sustainability via life- 
cycle assessment (LCA). By integrating performance testing with operational LCA, the study provides practical guidance for the design, 
optimization, and evaluation of UVGI systems in HVAC ducts, thereby advancing indoor environmental quality (IEQ) and energy- 
aware, sustainable building practice.

2. Methodology

2.1. Pilot scale duct set-up

A custom-built pilot-scale stainless steel duct system (12.7 cm × 12.7 cm) was developed for UV lamp installation and irradiance 
characterization. The setup includes essential components such as fans, filters, UV lamps, a mixing baffle, and dedicated ports for 
aerosol injection and sampling (Fig. 1). Environmental conditions, such as air velocity, temperature, and RH, are regulated using a 
feedback control system (Opto 22). Pre-qualification tests, including leakage, airflow uniformity, and aerosol distribution for the 
experimental rig, have been reported elsewhere [24] to ensure compliance with ASHRAE Standard 185.1–2020.

2.2. Lamp installation

Four UV lamp types were evaluated in this study: a LP Hg lamp (254 nm), a far-UVC filtered excimer lamp (222 nm), UVC LEDs 
(265 nm), and UVA LEDs (365 nm). These lamps were categorized into two groups based on their geometry: Cylindrical lamps (254 
nm; 222 nm), and UV LEDs (265 nm; 365 nm). The normalized spectra emission of the various lamps can be referred to in Fig. S1.

2.2.1. Cylindrical lamps (254 nm & 222 nm)
The 254 nm LP Hg lamp (OSRAM GCF5DS, 5 W X 1) and 222 nm far-UVC filtered excimer lamps (Cure-UV 510100–20, 20 W X 2) 

were installed in the same x-y plane along the duct’s total exposure length of 108 cm, divided into upstream (47.4 cm) and downstream 
(60.6 cm) sections. The 254 nm LP Hg lamp (12 mm diameter) was placed centrally, while the 222 nm lamps (35 mm diameter) were 
installed symmetrically (Fig. S2).

2.2.2. UV LEDs (265 nm & 365 nm)
Six 265 nm UVC LED modules (BOLB 2p2s SMD, 10 W each) were mounted on the left- and right-side walls of the duct using an 

opposite-facing configuration (Fig. S3a and S3b), with active heat sink and thermal paste for cooling.
The 365 nm UVA LEDs strip (Waveform PN 7021, 17 W/m) was divided into seven 14.2 cm modules and arranged in a zigzag 

pattern: four on the left wall and three on the right (Fig. S3c and S3d), forming a continuous distribution along the duct length. Overall, 
it forms a continuous zigzag pattern of UVA LED throughout the duct.

2.3. Irradiance measurements

2.3.1. Cylindrical lamps
Irradiance (mW/cm2) was measured using a calibrated ILT 960 spectrometer (International Light Technologies, USA) with mea

surement uncertainties of ±10 % for 254 nm and ±15 % for 222 nm. After a 100-h burn-in, measurements were conducted at room 
temperature (20 ◦C ± 0.5 ◦C) on nine vertical planes (five downstream, four upstream), aligned perpendicularly to airflow (Fig. S4a). 
Each plane was divided into 3 × 3 grids, and a 9-point average irradiance was calculated (Fig. S4b). Though all six sides ideally 
contribute to total exposure, preliminary tests showed negligible readings from the rear (lamp-opposing) side; therefore, only five sides 
(front, top, bottom, left, and right) were measured three times to ensure repeatability. Details of measured irradiance are available in 
Table S1 and S2.

2.3.2. UV LEDs
Unlike cylindrical lamps, LEDs were characterized in the duct’s width direction, perpendicular to each LED module. The mea

surement uncertainty of the ILT960 spectrometer was ±10 % at 265 nm and ±5 % at 365 nm. Given the complexity of full-array 
measurement, this study proposes a simplified predictive framework based on single-module characterization. The key assumption 
is that all modules exhibit symmetric irradiance profiles, and their exposure region in the duct is also similar.

For 265 nm LEDs, irradiance was measured on 10 downstream planes (totaling 20.5 cm) using 4 × 3 grids (Fig. S5a and S5b). 
Similarly, for 365 nm LEDs, 11 downstream planes were measured over a 29.5 cm exposure region (Fig. S6a and S6b). Measurements 
were taken from all six sides and repeated three times for consistency. Table S3 and S4 show the final irradiance values at each 
measurement location. Using regression analysis, irradiance trends for single modules were established. These trends enable the 
extrapolation of irradiance at any point in the duct by summing the individual contributions from symmetrically placed modules, 
based on their relative distance.

After baseline measurements at room temperature (20 ◦C ± 1 ◦C) for all the UV lamps, tests were conducted under varying air 
velocity: 0.5–2.0 m/s (T = 25 ◦C, RH = 40 %), air temperature: 25–35 ◦C (v = 0.5 m/s, RH = 40 %), and RH: 25–60 % (v = 0.5 m/s, T =
25 ◦C). Irradiance was measured three times in each condition to account for power fluctuations and ensure reproducibility.
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2.4. Novel correction factor for irradiance calculation

Most radiometric sensors do not capture light from all 360◦ directions. The ILT960 spectrometer used in this study features a cosine- 
corrected diffuser with a practical detection angle of ±60◦. Beyond this range, measurement accuracy degrades due to more than 10 % 
deviation from the ideal cosine response, and the measured values become negligible. To prevent irradiance overestimation caused by 
angular overlaps when measuring from adjacent sides (Fig. 2), a correction factor was developed: 

Ci =

⎛

⎜
⎜
⎜
⎝

1 −

∑2

j=1
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(
∑2
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j

)

∗ 2 ∗ θ
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where, Ci is the correction factor for irradiance from side, i; ∅j represents total overlap angle in direction j, θ is the 
total detection angle limit (120◦) and j is the direction of planner measurement, x and y.

The irradiance at a point can be calculated from the following equation. 

I=CfIf + ClIl + CrIr + CtIt + CbIb + CbcIbc (2) 

where, I is the total average irradiance at a specific point; Ii connotes measured irradiance from side i; (f = front side; l = left side; r =
right side; t = top side; b = bottom side, bc = back side). For cylindrical lamps, Cf = 0.75; Cbc = 0; Cl = Cr = Ct = Cb = 0.8125. For UV 
LEDs, Cf = Cl = Cr = Ct = Cb = Cbc = 0.75

To evaluate the impact of the proposed correction factor on irradiance accuracy, a statistical comparison was performed using 
irradiance values for the 254 nm lamp, obtained through three approaches: (1) from all five sides with correction, (2) from all five sides 
without correction, and (3) from a single side facing the lamp (front side only).

2.5. Exposure time and UV dose characterization

While exposure time is typically estimated by assuming uniform flow and dividing the UV-irradiated length by average airflow 
velocity, this assumption does not hold in the present study. The presence of cylindrical UV lamps and a mixing baffle at the inlet 
introduces significant flow non-uniformities. To address this, a computational fluid dynamics (CFD) approach, as described by Luo and 
Zhong (2022) [25], was adopted to accurately determine the exposure time of bioaerosols within the duct. The duct and lamp ge
ometries were modelled using locally refined, unstructured meshes near the inlet and around lamp surfaces. A grid independence study 
was conducted for the 254 nm lamp setup, resulting in an optimal mesh resolution of approximately 694,000 cells. Airflow simulations 
were carried out under steady-state, isothermal conditions using a realizable k-ε turbulence model with standard wall functions. 
Details of the CFD approach adopted can be referred to in Text S1, Table S5, and Fig. S7 of the Supplementary Material.

The obtained trajectory data were processed using MATLAB R2022b, and average particle velocities were computed between 
consecutive cross-sectional planes spaced 1 mm apart. Particles with negative axial velocities (i.e., backflow) were excluded. The local 
exposure time between each pair of planes was calculated using the particle velocities, and this exposure time was multiplied by the 
experimentally measured average irradiance between the same pair of planes to determine the local UV dose. The cumulative UV dose 
was obtained by summing these values across the entire UV-irradiated region, thus quantifying the total dose received by airborne 

Fig. 2. Overlapped measured irradiance between the adjacent sides due to the sensor’s detection angle limit.
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particles [27]. The spatial distribution of the average UV dose (mJ/cm2) along the duct length was evaluated at a mean air velocity of 
1.35 m/s, with local exposure times superimposed onto the experimentally derived irradiance field.

Finally, uncertainty in UV dose estimation was quantified by propagating errors from irradiance measurement and airflow velocity 
using the root-sum-square method (details in Text S2). Spectrometer accuracy (±10 % at 254 nm, ±15 % at 222 nm, ±10 % at 265 nm, 
and ±5 % at 365 nm) and average experimental measurement and modelling errors were combined to estimate average irradiance 
uncertainty. These were then propagated with velocity variation (±10 %), yielding overall UV dose uncertainties for each lamp type.

2.6. LCA

To evaluate the sustainability and cost-effectiveness of various UVGI technologies for HVAC systems, an LCA was performed. The 
analysis focuses on the representative UV lamp types considered in this study, taking into account their unique operational charac
teristics and disinfection mechanisms. To establish a scientifically representative basis for UVGI performance comparison, three mi
crobial surrogates: Escherichia coli (E. coli), MS2 and Phi6 bacteriophages, were selected due to their well-characterized response to 
UVC exposure. This combination of surrogates ensures that the disinfection efficacy assessment is comprehensive and conservatively 
applicable across a broad spectrum of airborne pathogens.

The LCA includes two major cost components: initial cost and operational cost. The initial cost encompasses the lamp unit and any 
required accessories or drivers. For simplification and standardization, it is assumed that no additional fixture costs were incurred. The 
cost of accessories was considered only for UV LED systems. The initial cost was calculated using Equation (3) for all the lamps used in 
this study (see Tables S6, S7, S8, and S9). 

Initial Cost = Lamp Price + Accessory Cost (3) 

The operational cost reflects the electricity consumed throughout the effective lifespan of each lamp, defined by its L70 lifetime, the 
point at which the lamp’s output drops to 70 % of its original intensity. The operational cost was estimated as: 

Annual Operational Cost=E × Pe (4) 

where E is the annual electricity consumption (kWh), and Pe is the unit cost of electricity, taken as CAD 0.1205/kWh [26]. The annual 
electricity use was calculated as: 

E=Rated Wattage (kW) × L70 Lifetime (hours) (5) 

Rated wattage values for each lamp were obtained from manufacturers’ specifications. L70 lifetime is ~8000 h for 254 nm LP Hg 
lamps [27], ~9000 to 11,000 h for both 222 nm [28] and 265 nm [29] UV sources, and ~15,000 to 20,000 h for 365 nm [30,31] UVA 
LEDs. To ensure a consistent basis for comparison, each lamp was assumed to operate continuously for one full year (8760 h).

In addition to cost, the environmental impact was assessed in terms of annual equivalent carbon dioxide (eCO2) emissions. This was 

Fig. 3. Irradiance distribution of 254 nm lamp for measured planes.
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computed using: 

Annual eCO2 =E × Ic (6) 

where Ic is the emission factor, reported to be 0.47 kg CO2/kWh [32]. This allows quantification of the greenhouse gas emissions 
associated with each lamp’s electricity consumption.

To enhance the reliability and fail-safety of the system design, the measured UV dose delivered by each setup was conservatively 
reduced by 30 % to simulate performance at L70 conditions. This ensures that the system remains effective even when the lamp output 
has degraded. The required dose for a 3-log reduction (99.9 % efficiency) of E. coli, MS2, and Phi6 was estimated using average UV rate 
constants reported in the literatures [11,12,14,18,25,33–35], specifically for air disinfection applications (Table S10). Once both the 
L70 delivered dose and the required dose were known, the initial cost and annual kWh were calculated accordingly. By integrating 
technical performance, economic viability, and environmental impact into a unified framework, this LCA facilitates informed 
decision-making for the sustainable implementation of UVGI technologies in indoor air quality management for building HVAC 
systems. However, it should be noted that the present analysis was limited to the operational phase (energy consumption and cost) to 
ensure consistent comparison across lamp types. Upstream processes (manufacturing and transport) and downstream considerations 
(end-of-life disposal) were not included, owing to the limited availability of reliable life cycle inventory data for emerging UV 
technologies.

3. Results & discussion

3.1. Irradiance characterisation of cylindrical lamps

The corrected irradiance distributions are discussed in the following sections.

3.1.1. 254 nm lamp
The spatial irradiance map for the 254 nm LP Hg lamp generated through linear interpolation is illustrated in Fig. 3. The exper

imental validation of the interpolation method showed deviations within ±10 %, confirming the reliability of this approach for 
reconstructing irradiance fields across the duct cross-section. Notably, the irradiance distribution exhibits an expected peak in 
proximity to the lamp surface (P1 and P6), with a gradual decay along both upstream and downstream directions. However, an 
intriguing observation emerges when comparing P6 and P1. Despite P1 being positioned just 79 mm downstream from the lamp 
surface, the plane P6, which is 9 mm farther upstream, displays slightly higher irradiance. This discrepancy is likely a result of 
asymmetric reflective contributions from the duct surfaces. The presence of reflective aluminum sealing tape, instrumentation mounts, 
and surface-mounted sensors near P6 may have intensified local irradiance through secondary reflections. Furthermore, upstream 
plane P7 shows an unexpected dip in irradiance, especially at the central region. This anomaly is attributed to partial obstruction by 
upstream sampling tubes positioned directly in front of P7, which likely cast shadows and attenuated the received UV radiation at the 
center of the plane. While such obstructions are physical artifacts rather than optical limitations, they highlight the importance of 
considering installation interference when designing in-duct UVGI systems.

At the edges of several planes (notably P1, P6, P3 and P8), elevated irradiance values appear near corners, primarily from 
extrapolation beyond the 3 × 3 measurement grid. These values should be interpreted with caution. Given the finite dimensions of the 
sensor’s detection area and its limited angular response, corner interpolations are less reliable due to sparse spatial resolution and 
unmeasured edge reflectance. Thus, these values are likely overestimated and may not reflect the actual irradiance experienced by 
airborne pathogens. Overall, the irradiance pattern demonstrates a non-uniform spatial distribution closer to the lamp, strongly 
influenced by both lamp geometry and duct-side reflections. The relatively high irradiance near P6 and P2, along with the decline 
observed toward P4 and P9, suggests that peak UV disinfection zones are confined within ~20 cm of the lamp. Accurate mapping of 
this field is critical for validating dose delivery in UVGI systems, especially under turbulent HVAC airflow, where particle trajectories 
may vary significantly.

Fig. 4. Irradiance field for 254 nm lamp at the middle plane of duct (top view).
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The spatial irradiance field of the 254 nm LP Hg lamp was further analyzed along the horizontal midplane of the duct to evaluate 
the distribution across the entire irradiated region. As illustrated in Fig. 4, irradiance reached its peak value of 47 mW/cm2 near the 
lamp’s surface, specifically at the lamp midpoint. To extrapolate irradiance values between measured planes, a power-law regression 
model was employed along the duct’s length (x-direction), using the experimentally acquired data. For lateral interpolation across the 
duct width (y-direction), a linear approach was applied between central and peripheral planes. This hybrid interpolation technique 
was particularly critical near the lamp, where direct measurement was limited by physical constraints such as sensor size and lamp 
geometry. The application of power-law regression allowed estimation of irradiance within a 4.1 cm radius from the lamp surface 
(more than 3 times the lamp diameter), capturing the high-gradient zones, where irradiance transitions rapidly.

All regression-predicted irradiance values were capped at the measured maximum of 47 mW/cm2. This conservative approach 
ensures that no unrealistic irradiance overshoots are introduced into the field distribution. The resulting irradiance map (Fig. 4) reveals 
a highly localized disinfection zone surrounding the lamp. The black region denotes the physical geometry of the lamp, while the 
surrounding red contour represents the irradiance peak zone. The sharp attenuation of irradiance outward from the lamp surface 
confirms the inverse relationship between intensity and distance from lamp, though not strictly following the inverse-square law due to 
significant wall reflections. This reflection-driven distortion is evident in the asymmetrical spread of irradiance contours, particularly 
between the 43 cm and 52 cm regions of the duct length, where interpolation shifts from regression-driven to measurement-based 
inputs. Although some asymmetry is visually noticeable, likely due to slight differences in measurement plane data and boundary 
interference, its impact is minimal from an engineering perspective. The distribution can be considered sufficiently symmetric to 
support its use in performance modeling, UV dose calculations, and further CFD-based airflow-disinfection interaction studies. 
Importantly, this irradiance field highlights that most of the effective disinfection occurs in a confined zone immediately adjacent to 
the UV source. This underscores the importance of strategic lamp placement and the necessity of accurate irradiance mapping to avoid 
overestimating system performance.

To further investigate the irradiance behavior of the 254 nm mercury lamp, the average irradiance values measured at each plane 
were plotted against the corresponding distance from the lamp surface (Fig. S8). Contrary to the classical inverse-square decay ex
pected in open environments, the resulting decay profile within the duct instead exhibits a trend more closely approximating an 
inverse-linear relationship. This deviation is attributed to the significant internal reflections from the duct walls, which redistribute UV 
radiation and moderate its decay throughout the enclosure. Such reflective enhancement is absent in free-space conditions where 
irradiance diminishes strictly with geometric spreading, underscoring the importance of context-specific irradiance modeling in 
enclosed HVAC systems. The average relative error between the trend obtained from downstream measurements and the verification 
points was ±8 %, indicating good modelling accuracy.

For evaluating the accuracy of the proposed irradiance correction methodology, average downstream irradiance data from this 
study were compared against computational predictions from Luo and Zhong (2022) [25]. Their CFD-based model simulated the same 
in-duct UVGI setup, but without accounting for physical obstructions such as sampling tubes and sensor mounts, which are known to 
disrupt radiation flow in practical installations. To ensure comparability, the downstream region is a reasonable consideration for 
cross-verification, as it is minimally affected by those upstream obstructions. As summarized in Table 1, the benchmarked results at 
four axial positions demonstrate strong agreement between the corrected experimental values and the simulation outputs. Relative 
errors between the two datasets ranged from − 18.25 % to +11.11 %, which is well within acceptable bounds for empirical validation 
of radiometric models, further establishing the accuracy of our measurement framework.

Notably, the higher discrepancy occurred at position closer to the lamp, where steep gradients and minor geometric misalignments 
can significantly influence local irradiance. At a distance of 14.7 cm from the lamp center, the measured irradiance was 0.9951 mW/ 
cm2, closely matching the simulated value of 1.1194 mW/cm2, yielding a relative error of +11.1 %. Strong agreement was also 
observed at intermediate distances, with minimal relative errors of − 4.3 % at 25.3 cm and +5.6 % at 36 cm. Although a slightly higher 
deviation (− 18.3 %) was noted at 43.3 cm, this can be attributed to the low irradiance magnitudes and greater influence of mea
surement noise at farther distances from the lamp. This strong correspondence affirms that the correction factor introduced in this 
study, designed to account for the angular detection limitations of planar radiometric sensors, effectively improves the fidelity of in- 
situ irradiance characterization in reflective, in-duct environments. By bridging the gap between practical measurement limitations 
and computational estimations, the proposed method offers a robust framework for validating UVGI systems under real-world con
ditions. It also enables accurate UV dose calculations, optimized lamp placement, and the design of energy-efficient air disinfection 
systems.

3.1.2. 222 nm lamp
As observed from Fig. 5, the irradiance profile for measured planes demonstrates smoother transitions and enhanced uniformity 

Table 1 
Comparison of corrected (this study) and CFD-predicted irradiance values.

Distance from Lamp Center (cm) Obtained Irradiance (mW/cm2) Relative Error (%)

Luo and Zhong (2022) [25] This Study

14.7 1.119429 0.9951 11.10643
25.3 0.474333 0.4949 − 4.33591
36 0.341889 0.3229 5.554111

43.3 0.211667 0.2503 − 18.252
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compared to the 254 nm lamp. Minor discrepancies, such as slightly elevated values at plane corners and localized dips in plane P7, 
were again present as discussed previously. However, the overall irradiance field was more symmetric and evenly distributed, pri
marily due to the dual-lamp configuration in a parallel layout, which ensured more balanced illumination across the duct’s cross- 
section. This observation aligns with CFD simulations reported by Luo and Zhong (2022) [25].

The results of the lengthwise power-law regression applied along the duct length and linear interpolation across the width to 
reconstruct the full irradiance field between measured planes are presented in Fig. 6, where a broad symmetrical region of moderate 
irradiance is visible. The maximum measured surface irradiance was 1.75 mW/cm2, and due to symmetry, the center region between 
the two lamps is expected to reach nearly double this value and is capped at this threshold to maintain physical plausibility. Like the 
254 nm trend, the 222 nm data followed an inverse-linear decay (Fig. S9), although with a shallower slope. The power-law fits applied 
to upstream and downstream regions exhibited high fidelity with measured data, with a mean error of ±8 %.

Despite the higher total lamp power for 222 nm lamps (16 W each, adjusted based on the installation), compared to just 5 W for the 
254 nm mercury lamp, the surface irradiance output was significantly lower. Specifically, the 254 nm LP Hg lamp produced irradiance 
over 25 times greater than the 222 nm lamp at comparable positions. This striking disparity highlights the inherently lower output 
efficiency of excimer technology, despite its advantages in terms of safety for human exposure. The results point to a critical area for 
improvement in lamp engineering and photon yield optimization. Taken together, the findings indicate that while the 222 nm excimer 
lamp offers more even illumination and rapid activation, its lower radiometric efficiency necessitates denser installation or longer 
exposure times to achieve comparable germicidal performance to mercury-based systems. However, the improved uniformity and 
minimal sensitivity to airflow and ambient conditions (as discussed later in Section 3.4) make it a viable candidate for occupied-space 
disinfection, where safety and reliability are paramount.

3.2. Irradiance characterization of UV LEDs

3.2.1. 265 nm LEDs
The irradiance field of the LED modules is shown in Fig. 7. The maximum irradiance (23.5 mW/cm2) occurred at the surfaces of the 

LED modules, as expected due to the strong, forward-directed beam of the diodes. The emission pattern was highly non-uniform in the 
central horizontal plane, with intense peaks at the module locations and pronounced drops between them. However, the top and 
bottom planes exhibited a more symmetric and smoothed-out distribution, confirming uniformity at the duct’s vertical boundaries. 
Notably, the lowest irradiance occurred directly above the installed module, a consequence of the limited emission angle inherent to 
LED architecture. These “shadow zones,” if unaddressed, could act as disinfection dead zones. Fortunately, the opposite-facing layout 
in this study ensured cross-coverage, mitigating the formation of dark spots and maintaining overall irradiance integrity.

The observed pattern suggests that 265 nm LED modules behave more like point sources than line sources, given their compact 
geometry (~5 cm in length with only four bulbs per module). The modelled average irradiance predicted trend was compared against 
measured verification points when all modules were active. As depicted in Fig. 8, a wave-like distribution emerged, with a sharp 
irradiance peak at module centers and valleys between adjacent LEDs. The comparison yielded a relative error within range of +9 % to 
− 24 %, with average relative error of ±13 %. Affirming the reliability and predictive power of the proposed modeling approach.

Fig. 5. Irradiance distribution of 222 nm lamp for measured planes.
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3.2.2. 365 nm LEDs
The irradiance field of the 365 nm LED system reveals a highly uniform distribution across the top, middle, and bottom duct planes 

(Fig. 9). The middle plane mirrored the installation layout of four modules on one wall and three on the other wall, creating a slightly 
staggered yet consistent illumination pattern. Fig. 10 illustrates the results of the modelled average irradiance distribution along the 
duct length, compared against experimentally measured values at randomly selected verification points. This is important for vali
dating the predicted irradiance profile of the 365 nm LED modules under full operating conditions. The predicted irradiance curve 
reveals an almost constant profile, with minor fluctuations between 3.8 and 4.5 mW/cm2, indicating a high degree of spatial uni
formity across the central duct region. This uniformity is a direct consequence of the continuous zigzag arrangement of the LED 
modules on opposite duct walls, which ensures overlapping coverage and minimizes unexposed regions.

In contrast to the 265 nm LED system, where discrete module spacing caused pronounced irradiance troughs between modules, the 

Fig. 6. Irradiance field for 222 nm lamp at the middle plane of duct (top view).

Fig. 7. 265 nm irradiance field distribution from the top view: (a) Top layer, (b) Middle Layer and (c) Bottom layer.
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365 nm setup maintains consistent illumination, even at module boundaries. Despite the enhanced uniformity, the lowest irradiance 
levels were still consistently observed near the top and bottom edges of the duct, directly above or below the installed LED strips. These 
zones fall outside the primary beam angle of the LED strips and thus receive reduced irradiance. However, the coverage remains 
sufficient due to the strategic arrangement of multiple strips. Nevertheless, the 365 nm modules behaved more like a line source, 
consistent with their extended physical dimensions (each measuring 14.2 cm in length). This characteristic contrasts with the point- 

Fig. 8. 265 nm irradiance distribution along the duct length (blue region in Fig. 1).

Fig. 9. 365 nm irradiance field distribution from the top view: (a) Top layer, (b) Middle Layer and (c) Bottom layer.
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source-like emission of the compact 265 nm modules, validating the assumption that longer LED strips (such as 365 nm LEDs) can be 
effectively modelled as line sources in duct-scale simulations and dose estimations. The modeling approach accounted for these 
characteristics and was validated against verification points, again yielding a relative error within +4 % to +19 %, with average error 
of ±13 %, demonstrating good agreement. This level of accuracy confirms the reliability and applicability of the modelling framework 
adopted in this study, particularly for systems where module spacing is minimal and emission overlap is significant.

Overall, these results highlight the practical viability of 365 nm LED arrays in applications where uniform irradiance is prioritized 
over germicidal efficacy. Their configuration provides excellent illumination homogeneity, making them suitable for scenarios 
requiring consistent UV exposure over large duct areas. However, their longer wavelength and lower germicidal effectiveness limit 
their standalone use for pathogen inactivation in HVAC systems compared to 265 nm or 254 nm sources. Nonetheless, their superior 
irradiance uniformity positions them as promising components in supplementary or multipurpose lighting-disinfection systems within 
HVAC applications.

3.3. Effect of correction factor

As illustrated in Fig. 11a, the average irradiance values derived using the correction factor were significantly different from those 
calculated without correction for distances up to 21.9 cm from the 254 nm lamp surface. Similarly, the difference between irradiance 
measured from a single side and the corrected multi-sided measurements was also statistically significant within the same spatial 
range. This underscores the critical role of angular correction in the near-field region, where sensor alignment, reflection angles, and 

Fig. 10. 365 nm irradiance distribution along the duct length (blue region in Fig. 1).

Fig. 11. (a) Significance of applying the proposed correction factor; (b) Comparison of resulting irradiance values obtained using different methods.
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irradiance gradients are most sensitive. Beyond 21.9 cm, the discrepancies among all three methods became statistically negligible, 
suggesting that single-sided measurements may be acceptable at larger distances from the lamp, where spatial irradiance becomes 
more diffuse and symmetric. These observations confirm that measurement precision is most critical in the high-flux zones closest to 
the UV source, which also corresponds to regions of highest microbial inactivation potential.

To further quantify the implications, Fig. 11b presents a line graph showing the ratio of irradiance without correction to corrected 
values, and the ratio of single-sided measurements to corrected values, for both 222 nm and 254 nm lamps. For planes located close to 
the lamp (e.g., P1), measuring irradiance from only one side underestimated irradiance by over 30 %, while multi-side measurements 
without correction overestimated irradiance by a similar margin. These results emphasize the dual risk of under- or overestimation 
when proper corrections are not applied, both of which can compromise UVGI design accuracy.

The transition distance at which single-side irradiance measurements become sufficiently accurate (defined here as within a ±10 % 
error margin) varies by lamp type, largely due to differences in lamp geometry. For the 254 nm LP Hg lamp, this transition occurs at 
approximately 17 cm from lamp surface, equivalent to roughly twice its maximum physical dimension (8.3 cm). Conversely, for the 
222 nm lamp, the transition distance extends to about 37 cm, or more than three times its maximum dimension (10.5 cm). These 
differences arise mainly due to the multiple installed 222 nm lamps apart from the physical size and shape, which influence the angular 
distribution of emitted radiation. At these respective distances, each lamp begins to behave as a point source relative to the sensor’s 
field of view. Furthermore, farther planes showed diminished sensitivity to correction due to reduced sidewall reflections, as the 
irradiance decays and reflections become optically insignificant. In contrast, near-field planes exhibited the highest dependency on the 
measurement approach due to strong angular variation, dense irradiance gradients, and reflective amplification.

The implications for LED-based systems are equally important. Unlike single-source LP Hg or excimer lamps, most LED 

Fig. 12. Lamp output with varying air parameters: (a) Effect of temperature; (b) Effect of velocity; and (c) Effect of relative humidity (RH).
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configurations involve multiple distributed modules, often installed in opposing or zigzag arrangements. These layouts inherently 
produce complex, directionally dependent irradiance patterns, further amplified by reflections and duct geometry. In such cases, 
neglecting to apply correction factors can lead to substantial cumulative errors in estimating total UV dose distribution. It is worth 
noting that while the correction factor presented in this study was developed based on the angular response of the ILT960 spectrometer 
(±60◦), the approach can be extended to other radiometric sensors with known cosine response profiles, allowing broader applicability 
of this method in UVGI irradiance characterization.

Collectively, the findings strongly support the integration of the proposed correction factor into UVGI system characterization 
protocols. It enables more accurate irradiance mapping, minimizes misrepresentation in critical high-dose zones, and provides a robust 
foundation for dose-based design and validation of UV disinfection systems in HVAC environments.

3.4. Effect of air parameters on lamp output

The influence of key air parameters on UV lamp output is summarized in Fig. 12 for all the lamp types tested in this study. The 254 
nm LP Hg lamps exhibited the most pronounced sensitivity to environmental conditions. As shown in Fig. 12a, increasing the ambient 
temperature from 25 ◦C to 35 ◦C resulted in a significant 18 % increase in lamp output, although the rate of increase plateaued beyond 
30 ◦C. This behaviour reflects the thermally governed cold-spot phenomenon intrinsic to mercury lamps, where maximum UV output is 
typically achieved around 40 ◦C at the cold spot [13]. Deviations from this optimal cold-spot temperature led to reduced mercury 
vapor pressure and, consequently, lower UV generation. In contrast, air velocity exerted an inverse effect (Fig. 12b). As velocity 
increased from 0.5 m/s to 2.0 m/s, the relative irradiance decreased to approximately 80 % of baseline. This reduction is attributed to 
the wind-chill effect, which cools the lamp surface and lowers the mercury vapor pressure below the optimal operating range, thus 
diminishing the output. These findings highlight the critical importance of thermal equilibrium for mercury lamp efficacy, particularly 
in HVAC applications where airflow is intrinsic to operation.

However, RH levels showed no measurable impact on the lamp output within the 25–60 % range (Fig. 12c). Although, prior studies 
suggest that extended operation under higher RH (>60 %) can lead to condensation and surface water film formation, thereby 
attenuating irradiance, no such effect was observed during the typical 30 min operational period used in this study. The 222 nm far- 
UVC excimer lamp demonstrated remarkable thermal and aerodynamic stability, with output remaining constant across all tested 
temperatures, velocities, and humidity levels. This is attributed to its unique plasma-based emission mechanism, where excited-state 
dimers spontaneously release UV photons independently of surrounding air conditions. Unlike mercury vaporization, this excimer- 
driven process is largely insensitive to thermal or flow-related influences, relying primarily on input voltage and current for stability.

Conventional expectations suggest that UV LEDs are sensitive to junction temperature due to the thermal dependence of their 
quantum efficiency. Rising junction temperatures typically lead to reduced photon output, accelerated material degradation, and 
shortened lifespan. However, in this study, both 265 nm and 365 nm LEDs displayed no appreciable variation in output across the 
tested air temperature (25–35 ◦C), velocity (0.5–2.0 m/s), and RH (25–60 %) ranges. This anomaly is explained by two critical factors: 
(1) thermal management design — the 265 nm LED modules were equipped with active heat sinks, while the 365 nm strips benefited 
from duct airflow acting as a passive heat exchanger. These features stabilized junction temperatures within the nominal operational 
range, mitigating the risk of thermal performance loss, and (2) Limited Temperature Gradient — although prior literature reports 
20–30 % output degradation over large junction temperature shifts (20 ◦C–120 ◦C) [19–21], such wide variations were not replicated 
in this experimental setup. The relatively narrow air temperature range tested likely produced only minor internal temperature 
changes, which were insufficient to significantly affect photon output. These results are further corroborated by recent findings from a 
leading 265 nm LED manufacturer [18], which reported negligible output variation under thermal water disinfection conditions, 
analogous to the cooling effect of the airflow environment in this study.

Fig. 13. UV dose distribution along the duct length (blue region in Fig. 1).
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3.5. UV dose characterisation across lamp types

The dose profiles for each lamp type are presented in Fig. 13. As anticipated, the 254 nm LP Hg lamp exhibits a sharp, centralized 
dose peak directly in the vicinity of the lamp. This high-intensity spike results from its narrow angular emission, higher wall-plug 
efficiency, and collimated UV output, all of which concentrate energy deposition close to the source. The maximum UV dose for 
the 254 nm lamp exceeds that of the 222 nm lamp by over a factor of 13, affirming its superior radiometric power and disinfection 
potential.

Similarly, the 222 nm far-UVC excimer lamp shows a localized peak, albeit much lower in magnitude. This behavior underscores 
the inherent trade-off in using 222 nm lamps. While they offer enhanced safety for human exposure, they deliver lower energy per unit 
area and may require denser placement or longer exposure times for equivalent disinfection.

For the 265 nm UVC LED system, the dose distribution demonstrates a wave-like trend, directly correlating with the spatial 
irradiance profile previously described (see Fig. 8). Initial dose levels near the duct entrance remain low due to reduced residence time 
in the high turbulence mixing region, induced by the baffle. As flow stabilizes downstream, both residence time and cumulative 
exposure increase, yielding successively higher dose peaks in alignment with the LED module positions. In contrast, the 365 nm UVA 
LED system yields a relatively uniform dose distribution, with a gradual rise up to ~40 cm, followed by a plateau. This trend results 
from the consistent and extended irradiance field provided by the nearly continuous LED strip arrangement. While the germicidal 
effectiveness at this wavelength is markedly lower, the uniformity of dose delivery suggests potential for baseline photoinactivation or 
synergistic roles in hybrid UVGI systems.

Importantly, Fig. 13 also reveals how each lamp’s dose profile reflects a balance between peak intensity and spatial coverage. The 
254 nm lamp delivers intense, localized doses ideal for targeted high-risk zones, while the 365 nm lamp ensures broader area coverage 
with lower peak energy, which is useful for background exposure and maintenance-level disinfection. The 265 nm LEDs, with their 
modular flexibility, allow for customizable peak-and-valley dosing that can be tuned through spatial configuration. Irregularities and 
asymmetries in the LED dose profiles are indicative of complex airflow structures and residence time variation, particularly near duct 
inlets. These patterns highlight the need to integrate aerodynamic considerations, including velocity profiles, turbulence levels, and 
duct geometry, into UVGI system design. Neglecting these factors can lead to dose shadowing or overdesign, ultimately reducing 
energy efficiency and microbial control consistency.

Importantly, the uncertainty analysis (Table S11) revealed an overall UV dose variability of approximately ±19.1 % for the 254 nm 
lamp, ±22.1 % for the 222 nm lamp, ±21.7 % for the 265 nm LED, and ±19.8 % for the 365 nm LED. These values are close to those 
reported in UVGI literature (typically ±15 to ±20 % [25]), supporting the accuracy and reliability of the UV dose estimates obtained in 
this study. Furthermore, the results highlight the robustness of the framework adopted here, which combines experimental irradiance 
measurements with a novel angular correction factor and CFD-based exposure time estimation to provide reliable UV dose charac
terization across different lamp types, geometries, and installation arrangements.

In summary, these dose characterizations underscore that effective UVGI system design must account for both lamp-specific optical 
characteristics and duct-level fluid dynamics. Optimizing lamp position, orientation, and emission type requires balancing peak dose 
delivery with uniform spatial coverage to meet the desired microbial inactivation targets under real-world HVAC operating conditions.

3.6. Life-cycle analysis

Table 2 shows the values of each variable considered for the LCA, and the results are visualized in Fig. 14. As shown in Fig. 14a, the 
dose requirement varied by both pathogen and UV wavelength. The 222 nm excimer lamp consistently required the lowest UV doses 
across all organisms, demonstrating superior biological efficacy. Notably, it achieved Phi6 inactivation with only 0.33 mJ/cm2, nearly 
four times lower dose than 254 nm. The 265 nm UV-C LED outperformed the 254 nm LP Hg lamp for E. coli and Phi6, requiring 40–50 % 
lower doses, while both were comparable for MS2 (1.7 mJ/cm2). Conversely, the 365 nm UVA LED required UV doses 10–25 times 
higher than the 254 nm lamp, confirming its limited germicidal effectiveness due to insufficient absorption of UV radiation by mi
crobial nucleic acids at longer wavelengths.

Despite its superior microbial performance, the 222 nm excimer lamp exhibited the highest energy demands, particularly for MS2, 
with consumption up to 4500 kWh/year, compared to just 128 kWh/year for 254 nm (Fig. 14b). This is attributed to the low wall-plug 
efficiency of excimer lamps (5–15 %) and reduced microbial susceptibility of non-enveloped viruses, like MS2. The 254 nm lamp, 
benefitting from 30 to 38 % wall-plug efficiency [18], delivered superior energy-to-optical conversion, resulting in the lowest energy 
use for all three microbes. While the 265 nm UV-C LED required significantly lower doses than the 254 nm lamp, its poor electrical 
efficiency and thermal losses led to 6–12 times higher energy consumption.

The 365 nm UVA LED, despite its minimal germicidal activity, consumed less energy than the 222 nm lamp due to its mature 
technology and higher electrical efficiency (30–40 %) [18], yet it remained impractical for disinfection due to the extreme UV dose 

Table 2 
Average initial cost and energy (kWh) for UV lamps arrangement employed in this study.

Lamp Type 222 nm 254 nm 265 nm 365 nm

Initial cost (CAD, see Tables S6, S7, S8, and S9) 900 11 2220 240
Annual Energy Consumption (kWh, see Eq. (6)) 280 44 630 149
Obtained L70 Dose (mJ/cm2) 0.075 0.54 0.7 1.45
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required. These trends were reflected in annual total cost (Fig. 14c) and equivalent CO2 emissions (eCO2) (Fig. 14d). The 254 nm LP Hg 
lamp remained the most economical, with annual costs under CAD 100 and emissions between 25.6 and 59.9 kg CO2, depending on the 
pathogen. In contrast, the 222 nm lamps incurred the highest total costs, almost CAD 15000 and generated up to 2100 kg of CO2 
annually for MS2, making it the least sustainable option in its current form. The 265 nm LED emerged as a moderate option, with costs 
and emissions falling between the 222 nm and 254 nm extremes. The 365 nm LED, while relatively efficient in energy use, still showed 
high operating costs due to the large number of modules and power input needed to achieve effective doses.

Some technology-specific observations are worth noting. The 254 nm lamp offers the most balanced and cost-effective solution for 
continuous HVAC disinfection applications. However, its mercury content poses disposal and regulatory challenges, which must be 
accounted for in long-term sustainability planning. The 222 nm excimer lamps, despite promising biological efficacy and occupant 
safety, remain cost- and energy-intensive due to poor UVC output conversion efficiency. These are better suited for intermittent or 
localized disinfection tasks, particularly in occupied spaces. The 265 nm UVC LEDs present an emerging compromise, with better 
biological effectiveness and lower eCO2 footprint than 222 nm, but significant room for improvement remains in thermal management, 
performance stability, and lifetime reliability. The 365 nm UVA LEDs, while mature in technology and efficient in power usage, are 
biologically inefficient for air disinfection and are unsuitable as standalone germicidal solutions in HVAC systems.

This LCA underscores the need to balance UV dose requirements with lamp efficiency in selecting UVGI systems. The results 
emphasize that energy efficiency, operational cost, and disinfection efficacy are tightly interlinked. The analysis also reinforces that 
lamp choice should be application-specific: systems requiring continuous, high-volume disinfection benefit most from 254 nm tech
nologies, whereas intermittent or human-safe disinfection may favor 222 nm or 265 nm systems, provided further technology 
development enhances their UV output efficiency.

Fig. 14. LCA for UV lamps to achieve 3-log reduction of different microorganisms: (a) Required L70 UV dose (mJ/cm2); (b) Annual energy (kWh) 
consumed for achieving the L70 dose; (c) Annual total cost (CAD) to achieve the target; and (d) Annual eCO2 (kg) generation by the operation 
of lamps.
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4. Conclusions

This study presents a validated, building-scale experimental framework for characterizing irradiance fields and estimating UV dose 
for in-duct UVGI using four source types: 222 nm excimer, 254 nm low-pressure mercury, 265 nm UVC LEDs, and 365 nm UVA LEDs. 
The principal methodological contribution is a novel angular correction factor for spectrometer measurements that accounts for 
detection-angle limitations, removing the systematic overestimation observed with uncorrected data (up to ~30 %) and reducing the 
maximum observed error to ~18 %. For LED systems, we introduced a scalable characterization protocol that extrapolates irradiance 
fields from single-module measurements to full arrays, yielding relative average errors of ±13 % and enabling flexible geometries and 
layouts. Propagating relative errors due to the instrument, repeatability, interpolation, and velocity terms by the root-sum-square 
method gives a total relative uncertainty of nearly ±20 % for UV dose, which remains within acceptable limits. Collectively, these 
advances constitute a transparent, technology-agnostic framework for in-duct UVGI dose characterization with stated accuracy and 
traceability.

Environmental testing demonstrated that air parameters influence UV output in a source-specific manner. RH had a negligible 
effect across all technologies. In contrast, temperature and airflow markedly affected the 254 nm LP Hg lamp, with approximately 18 % 
output increase with temperature rise and almost 20 % reduction at higher air velocities. With appropriate active cooling, both UVC 
and UVA LEDs maintained thermally stable performance within 25–35 ◦C, and the 222 nm excimer lamp likewise exhibited stable 
output under the tested air conditions. These results clarify the operating envelopes of common UV sources and the role of duct 
aerodynamics in governing delivered dose.

The operational LCA indicated that, under continuous in-duct duty, 254 nm LP Hg lamps provided the most favorable combination 
of energy use, cost, and environmental impact among the options considered. Although far-UVC excimer offers safe human exposure at 
222 nm and UV LED systems offer modular flexibility and compact design, they require significantly higher operational energy and 
cost to achieve equivalent disinfection performance. By integrating performance testing with operational LCA on a consistent, dose- 
based basis, the framework enables evidence-based technology selection across a diverse range of microbial targets.

The results of this study provide essential evidence for the practical design and implementation of in-duct UVGI systems in 
buildings. The validated correction factor improves the accuracy of UV irradiance measurements, enabling more accurate and reliable 
UV dose estimation in real HVAC geometries. Quantified effects of air temperature, velocity, and relative humidity on lamp output 
clarify how operating conditions influence delivered dose, allowing engineers to incorporate these variations and avoid undersizing or 
oversizing the design. The dose-based comparison of various UV lamp types, together with metrics for energy use, total cost, and 
operational sustainability, provides a direct framework for selecting the most appropriate UV technology for a given air disinfection 
application and constraint set. Collectively, these findings support the deployment of robust, energy-efficient, cost-effective, and 
sustainable UVGI systems in real-life HVAC ducts to enable future pandemic-resilient buildings.

5. Recommendations

Drawing from the practical challenges encountered in this study, the following improvements are proposed to enhance future 
implementations. 

(1) Further refinement and validation of the correction factor and irradiance are necessary, particularly in complex duct geometries 
and near-lamp regions where sensor access is limited. Future work should also investigate the influence of duct wall material 
and surface characteristics on irradiance distribution. Reflective surfaces may enhance UV irradiance by promoting secondary 
reflections, while absorptive or coated surfaces may reduce overall dose delivery. Incorporating such material effects into 
irradiance mapping and modelling would improve the applicability of UVGI system design to diverse HVAC installations.

(2) Moreover, standardizing microbial UV dose-response data across lamp types remains a key need. Expanded experimental 
datasets should encompass a broader spectrum of airborne microorganisms, including enveloped and non-enveloped viruses, 
spores, and fungal aerosols, to strengthen dose modeling and disinfection predictions.

(3) To enhance the practicability of LCA, future studies should integrate a broader range of microbial surrogates and real-world 
design variables, including lamp quantity, geometry, duct mounting configurations, and airflow patterns. Scaling consider
ations and market-specific wattage options must be factored in to assess economic and energy implications realistically. 
Importantly, pre- and post-operational phases, including raw material extraction, manufacturing, and end-of-life disposal, 
especially for mercury-based systems, should be incorporated to enable cradle-to-grave environmental impact assessments.

(4) More so, incorporating seasonal and climatic variability, such as changes in ventilation rates, air temperature, and RH, would 
improve system-level integration of UVGI technologies within the building energy framework. Additionally, regional variations 
in electricity grid carbon intensity must be accounted for, as the environmental footprint of energy-intensive systems can vary 
significantly between fossil-fuel and renewable-dominated regions.

(5) Finally, future work should rigorously investigate lamp degradation behaviors under different operational modes. Studies 
examining on–off cycling effects, thermal fatigue, intensity depreciation, and lamp burnout will be vital for defining perfor
mance reliability and failure thresholds, especially for LED systems where lifetime claims remain uncertain. Such data will 
support optimized deployment strategies for continuous versus occupancy-based disinfection, ensuring long-term viability and 
effectiveness of UVGI interventions in diverse environments. It should be noted that this study was constrained by the speci
fications of commercially available lamp models at the time of testing. With rapid advances in UVC and UVA LED technology, 
including improvements in wall-plug efficiency and thermal stability, the performance benchmarks reported here are expected 
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to improve in future systems. Nevertheless, the experimental framework and LCA methodology developed in this study remain 
directly applicable to next-generation sources.
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