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Abstract: This paper presents a prototype of a disinfection system for public transport specifically
aiming to disinfect surfaces contaminated with the SARS-CoV-2 virus on buses using 222 nm wave-
length far-ultraviolet light (far-UVC). Our study involved testing the developed technical system
installed in a 12 m long M3 category urban bus, an investigation of optimal far-UVC light angles,
and the determination of disinfection parameters for bus seat disinfection. The study identified the
ideal positioning of a light source for effective disinfection and analyzed three disinfection scenarios,
considering zone coverage, disinfection time, and energy demand. A subsystem employing real-time
occupancy monitoring enhances the disinfection process in crowded areas of buses. An energy effi-
ciency assessment model is proposed for optimizing energy consumption. Furthermore, the energy
consumption analyses in different disinfection scenarios provide valuable insights for optimizing
energy usage in public transport disinfection.
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1. Introduction

The outbreak of the COVID-19 pandemic has brought public health and safety to
the forefront of global concerns. The rapid transmission of the SARS-CoV-2 virus, which
causes COVID-19, has underscored the importance of implementing effective measures
to prevent and control the spread of infectious diseases. Among the various settings that
require attention, public transport systems have emerged as potential hotspots for viral
transmission due to the close proximity of passengers and frequent contact with shared
surfaces.

In recent years, there has been a growing body of research exploring various aspects of
the surface and airborne transmission of viral pathogens including SARS-CoV-2 in public
transport. Moreno et al. conducted a study tracing surface and airborne SARS-CoV-2
RNA inside public buses and subway trains [1]. The study collected 99 samples from
inside Barcelona buses and subway trains. The results showed that the presence of viral
RNA fragments in buses was higher than in trains, and relatively higher concentrations of
viral RNA fragments were found on support bars than in ambient air inside the vehicles.
Public transportation systems can reduce the transmission of SARS-CoV-2 by implement-
ing specific mitigation solutions such as the appropriate filtration of recirculated air and
simultaneous use of FFP2 masks, especially in long-distance buses [2]. For urban buses, the
maximum occupancy needs to be reduced to maintain a reproductive number of less than
1. However, it is very difficult to achieve such measures in highly populated areas.

In response to this unprecedented challenge, innovative technologies have been devel-
oped to enhance disinfection protocols within public transport environments. Ultraviolet
(UV) light-based systems, known for their ability to rapidly eliminate harmful microor-
ganisms, have gained significant attention as promising solutions. Specifically, the use of
UVC light at a wavelength of 222 nanometers (nm) has demonstrated efficient pathogen
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inactivation while minimizing risks to human health [3-7]. According to a review on UVC
disinfection [8], UVC-based technologies offer several advantages compared to traditional
chemical-based disinfection approaches. They are environmentally friendly, have high
levels of pathogen reduction (higher than 99.9%), and reduce the manual cleaning and
equipment maintenance provided by manpower, which make them very suitable for the
disinfection of public transport systems.

Another study [9] proved the effectiveness of UV light in inactivating SARS-CoV-2,
the virus responsible for COVID-19, in human saliva. The study compared the efficacy
of a commercial filtered krypton chlorine (KrCl) excimer light source emitting a peak
wavelength of 222 nm to that of a conventional germicidal lamp emitting UV 254 nm. The
results showed that both UV wavelengths could effectively reduce the viral load, but the
UV 254 nm had a greater capacity to inactivate the virus.

The systematic review by Ramos et al. [10] assessed the effectiveness and safety of
UVC sterilization in reducing nosocomial infections in hospitals. After analyzing 17 eligible
studies from 2010 to 2020, positive results were observed when UVC irradiation was used
alongside existing cleaning protocols. UVC demonstrated potent germicidal effects against
viruses, Methicillin-resistant Staphylococcus aureus (MRSA), and Vancomycin-resistant Ente-
rococci (VRE).

UVC Disinfection Robots have gained prominence for their ability to employ UVC
light, which possesses germicidal properties, to disinfect surfaces and air, offering auto-
mated and precise disinfection capabilities in various settings including hospitals, public
spaces, and transportation systems [11-13]. By emitting a specific wavelength of UVC light,
these robots can penetrate the DNA of viruses and bacteria, rendering them inactive and
incapable of reproduction. This technology has proven particularly effective in hospitals,
laboratories, and public spaces, where comprehensive disinfection is vital.

Numerous studies have been conducted to investigate the efficacy and practicality
of UVC disinfection robots in diverse settings, especially hospitals. A summary of these
studies is provided in Table 1.

Table 1. Summary of robotic UVC disinfection research.

Scheme

UV Wavelength Objective Findings

Tru-D™ room
disinfection device [14].

UV-C Disinfection
Robot Field Study [15]

Whole-Room UVGI
Device [16]

COVID-19 Disinfection
Robot [17]

UVC-PURGE Robot
[18]

Assess the efficacy of a Tru-D UVC room The successful eradication of organisms in an

Not specified decontamination device unoccupied operating theatre was accomplished.
The robot was not found suitable for integration
254 nm of a UVC disinfection robot in hospital Y pathog;

with enhanced environmental resilience; it was
effective in reducing the microbial burden on
hospital surfaces.

Bacillus atrophaeus spores serve as suitable model
organisms for testing the influence of shadows
on the inactivation efficacy of mobile
whole-room UVGI devices.

The robot incorporates UVC lamps, features a
six-degree-of-freedom arm and a wheeled
platform, has a method for calculating surface
dosage and creating a disinfection map, and
showed successful testing results in a
representative indoor environment.

The robot effectively disinfects surfaces, destroys

setting

Investigate the effectiveness of
254 nm whole-room UVGI devices in controlling
surface-borne pathogens

Develop a robot specifically designed
254 nm for disinfecting COVID-19 in complex
indoor settings

Evaluate the performance of the SARS-CoV-2 virus, and demonstrates
254 nm UVC-PURGE robot in combating navigational capabilities; it is highly usable and
COVID-19 cost-effective compared to other UVC

disinfection robots.
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Table 1. Cont.

Scheme

UV Wavelength Objective Findings

UVC and far-UVC light
disinfection ground
robot [19]

Far-UVC Disinfection
with Robotic Mobile
Manipulator [20]

COVID-Bot
Autonomous Sanitizing
Robot [21]

UVC-Based
Disinfection Robot [22]

Other Studies [23-25]

The study demonstrated the feasibility and
promising disinfection performance of

Investigate the feasibility and autonomous mobile robots equipped with UV
229 nm and 254 nm effectiveness of using autonomous light towers using 254 nm UVC and 222 nm
mobile robots equipped with 254 nm far-UVC lights, effectively sterilizing the
UVC and 222 nm far-UVC light towers coronavirus on irradiated surfaces, eliminating
the need for space evacuation during the
disinfection process.
The G-robot, which is a human-safe mobile
Introduce a cost-effective germicidal manipulator for UV disinfection, was presented,
system that utilizes Ultraviolet and it demonstrated its efficacy in terms of
292 nm Germicidal Irradiation (UVGI) to dosage distribution, energy consumption, and
disinfect high contact surfaces and real-world application. The G-robot is able to be
combat infectious disease agents such as used in a human presence, and it shows its
viruses, bacteria, and fungi improved disinfection effectiveness in cluttered
and shadowed spaces.
The COVID-Bot effectively disinfects surfaces
N i Introduce an autonomous sanitizing using UVC radiation; it operates autonomously
ot specified . . L - .
robotic platform utilizing UVC radiation and covers significant surface area in
approximately 8 min.
Develop a UVC-based disinfection robot The robot emphasizes remote control, path
Not specified with mobile platform and six-axis planning, data monitoring, and the
robotic arm customization of disinfection functions.
Assess the performance, efficiency, and Efforts to enhance the mobility, navigation
Not specified, 254 nm safety of UVC disinfection robots; capabilities, and integration of advanced sensors
optimize design and functionality and Al algorithms.

Despite the extensive research conducted on UVC disinfection systems, recent studies
have shifted their focus towards investigating the effects of UVC radiation exposure on
various materials. For example, one study examined the effects of UVC radiation exposure
on materials (fabric and plastic) commonly used in aircraft cabins. The study found that
cumulative damage from frequent UVC radiation application has no significant effect on
flame retardancy up to 269 J/cm? of dose, and no effect on tensile or tear strength up
to 191 J/cm?. However, changes in color or appearance can occur at lower doses, and a
limit of 40 ] /cm? was proposed to avoid perceptible changes in appearance [26]. Another
investigation on UVC'’s effect on materials was conducted in our previous research [27],
where we found that the use of far-UVC radiation with a specific wavelength of 222 nm for
disinfection can have significant negative effects on the mechanical and visual properties
of the surfaces to be disinfected. The results of the study showed that far-UVC radiation
at 222 nm causes significant color degradation in all the polymeric materials tested. The
degree of color degradation varies depending on the type of polymeric material and the
duration of exposure to far-UVC radiation.

As ongoing research and development continues to refine UVC disinfection robot
systems, these technologies are expected to play an increasingly important role in public
health and infection control strategies. The collective findings from these studies will guide
the deployment and optimization of UVC disinfection robots, leading to safer and healthier
environments for people worldwide.

The aim of this scientific article is to present a comprehensive evaluation of the reliabil-
ity and functionality of a specially developed prototype of a public transport disinfection
system using 222 nm far-UVC light. The investigation and evaluation focus on the critical
aspect of efficient surface disinfection with minimal energy consumption. By analyzing
these factors, we aim to provide insight into the system’s practicality and its potential to
effectively protect public health while ensuring sustainable operation in the face of ongoing
infectious disease challenges.
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2. Materials and Methods
2.1. Design of Far-UVC-based Disinfection System Prototype for Public Transport

The main objective of the far-UVC disinfection system is to reduce severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) surface contamination in public buses.
A prototype of the disinfection system was developed based on previous studies [6,7]
demonstrating the disinfection effect of far-UVC irradiation. However, high doses of UV
radiation also have a negative effect on the mechanical and aesthetic properties of the
surfaces being disinfected [27]. Based on these assumptions, the disinfection system must
operate in an optimal mode to inactivate viruses with the least negative impact on surfaces.
This can be achieved by monitoring the occupancy of each area in a bus during a journey
and selecting the optimum dose of far-UVC radiation in each area. Figure 1 shows the main
components of a prototype of a disinfection system comprising a computer vision system
and far-UVC radiation control system.

/ Computer vision system \

Data acquisition
and image
processing
sypsystem

Video
camera
subsystem

Occupancy of bus
interior zones
calculation
subsystem

Al-based object

detection

subsystem

Far-UVC radiation
control system

Far-UVC lamp on/

Far—U:/C ‘émp off and timer
positioning control

subsystem
Y subsystem

Figure 1. Block diagram of a prototypical far-UVC disinfection system.

The computer vision system uses a video camera to capture the image of the bus
interior, which is processed using filters and noise reduction algorithms. An object detection
algorithm is then used to detect passengers and calculate the occupancy of the bus interior.
Disinfection of the bus interior is performed by a far-UVC radiation control system, which
controls the exposure time and positions the lamps according to the occupancy of the bus
interior zones.

The computer vision system starts the process by capturing an image of the bus interior.
It then defines a region of interest that includes the bus seats. The image is then processed
by resizing, noise removal, sharpening, histogram equalization, and normalization. In
the next step, the image is fed to a trained YOLO v7 model [28], which is capable of
distinguishing only people in a video frame. Based on the detected persons, a list of all
passenger coordinates in the video frame is generated, and the occupancy of the bus interior
zones is calculated by outputting a heat map related to the bus interior zone coordinates.

Figure 2 shows a detailed flowchart of the computer vision system.

The far-UVC light sources of the prototype developed consisted of two Quantadose
B-Series DF28B-B3 (Guangdong Excimer Optoelectronics Technology, Jiangmen, China)
20-watt filtered 222 nm far-UVC excimer lamp modules fitted with 222 nm bandpass filters
and enclosed in protective housings to ensure lamp integrity and cooling. These lamp
modules were powered by a dedicated 40W high-voltage excimer lamp electronic power
supply. To increase the precision and accuracy of the far-UVC exposure, bandpass filters
were used within the lamp modules to ensure that only the desired wavelength of UV
light was emitted. In addition, the prototype incorporated a mechanism controlled by a
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microcontroller and driven by stepper motors to manipulate the distance, position, and
movement of each lamp module. By adjusting the distance between the irradiated surface
and the far-UVC light source, the intensity of the far-UVC light exposure could be varied.
The spectral characteristics of the far-UVC lamps were evaluated using an Avantes AvaSpec
ULS2048 CL spectroscope (manufacturer AVANTES B.V., Apeldoorn, the Netherlands).
The spectrogram of the direct light emitted by the lamps, which clearly shows a dominant
wavelength of 222 nm, is shown in Figure 3.
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Figure 2. Flowchart of computer vision system for bus interior occupancy detection.
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Figure 3. Spectrogram of far-UVC lamp modules used in developed prototype of disinfection system.

A X1-5 optometer (manufacturer Gigahertz Optik GmbH, Tuerkenfeld in Munich,
Germany) equipped with a calibrated 222 nm sensor was used to measure radiant exposure.
The far-UVC lamps were mounted on a robotic structure that allowed the lamps to be
positioned in the appropriate row of bus seats and lowered to the seat surface to achieve
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the required amount of irradiation on the surface to be disinfected (Figure 4). To disinfect
one row, the system developed had 2 disinfection lamps.

Figure 4. Far-UVC disinfection system installed in M3 category city bus: 1. Robotic lamp positioning
and lifting /lowering system; 2. Rotating lamp holder; 3. Far-UVC lamps.

2.2. Public Transport Disinfection Scenarios

A 12 m long M3 city bus typically has 10 rows of seats, which were used as disinfection
zones in this study. By evaluating the occupancy of the interior of the bus, it is possible to
disinfect the bus during the journey by disinfecting rows of seats that have become vacant
or to disinfect at the end of the journey when the bus is completely empty of passengers.
The most frequently touched areas of the bus seats are shown in Figure 5 and during the
disinfection process. According to previous studies [6,7], it is important that these areas
receive at least 2 mJ/cm? of irradiation to inactivate the SARS-CoV-2 virus.

Figure 5. Measurement points for the far-UVC irradiation of bus seats.

For the fastest disinfection and lowest energy consumption, three disinfection scenar-
ios can be analyzed for each row of seats.
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2.2.1. Scenario 1

Experiments were carried out to determine both the distance at which the far-UVC
light source of the disinfection system should be positioned as well as the intensity and
direction of the radiation. It was found that an even, optimum distribution of irradiation is
achieved when the light source is directed vertically downwards, the center of the light
source coincides with the center of the seat, and the source is vertically 75 cm from the seat
and 25 cm from the center of the backrest (Figure 6).

Figure 6. Far-UVC lamp positioning according to scenario 1.

Considering that the backrest is tilted, the horizontal distance is measured from the
center of the backrest. The disinfection system is fixed so that 2 mJ/cm? is achieved in the
lowest irradiance zones.

2.2.2. Scenario 2

At measurement points 1, 2, and 3, the far-UVC lamps should be positioned at three
different heights until the required irradiance (2 mJ/ cm?) is achieved (Figure 5). The lamps
are positioned at 100, 50, and 25 cm from the bottom of the seat (see Figure 7).

Position 1

(distance 100 cm) [

—
Position 2
(distance 50 cm)
Position 3
(distance 25 cm)

I
I
)
|
I
I
1
I
|
I
v

Figure 7. Far-UVC lamp positioning according to scenario 2.
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2.2.3. Scenario 3

The far-UVC lamps were lowered at a constant speed (2.5 cm/min) until the irradiance
of 2 mJ/cm? was reached at measurement points 1, 2, and 3 (Figure 5). The initial position
of the lamps (90 cm from the bottom of the seat) was determined experimentally after
evaluating the angle of illumination and the distribution of the irradiation (Figure 8).

Slow lowering at constant
speed 2.5 cm/min.

Figure 8. Far-UVC lamp positioning according to scenario 3.

2.3. Energy Efficiency Evaluation Model

In order to select the optimal far-UVC irradiation, it is necessary to create a model
that, based on the parameters of the far-UVC source and the duration of exposure, would
allow simulating the energy requirements for the disinfection process. An energy efficiency
assessment model is developed with the following assumptions:

1.  The parameters of the electrical power supply network supplying the module remain
constant over time.

2. The module has two states: connected to the electrical power supply or disconnected

from it.

The module is passively cooled.

4. The temperature of the UVC lamp is equal to the temperature of the glass bulb of the

@

lamp.

5. The temperature of the power supply of the module does not affect the light output
of the UVC lamp.

6.  The temperature of the converter of the module does not affect the light output of the
UVC lamp.

The temperature in Kelvin (K) of the UVC lamp in the module is modelled by the
following Equation (1):
T=Ts+ AT(l - ekT(f—fs)), 1)

where f is a time (s) since the start of the simulation, tg is the point in time (s) at which the

state of the module changed, T is the temperature (K) of the UVC lamp at the moment

when the state of the module changed, kt is a coefficient, and AT is the temperature
difference (K) at the moment when the state of the module changed.

The temperature difference AT depends on the change in module state and can be

expressed as follows:
AT — {Tmax —Ts, when state changes from OFF to ON o)
Tomy — Ts, when state changes from ON to OFF’

where T,,,;, is the temperature of the UVC lamp before the start of the simulation, when its
temperature is equal to the ambient temperature; Ty;4y is the maximum temperature that
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at 20 cm distance, [W/m?]

the UVC lamp can reach if when the module is operated for a sufficiently long time. At the
start of the simulation, the values of the model parameters are set as follows: Ts = T, AT
is calculated using Equation (2) assuming that the module changes state, and tg = £.

The radiance (W/m?) of a UVC lamp is modelled by the following equation:

k
E, — Cg + ekeat S +kecdog (T)  tohen state is ON @)
0, when state is OFF’
where Cr is a constant and kg, kg, and kg, are coefficients.
The instantaneous electric power (W) of the module is modelled by the following

Equation:
kpp )
p — ) Cp+kpge™*pc,  when state is ON , 4)
0, when state is OFF

where Cp is a constant and kp,, kp, and kp, are coefficients.
From the start of the simulation ty to the time point tm, the power consumed (Ws) by
the module is calculated thus:

tm

E= [ P(t)dt, ©)

fo

3. Results

To ensure sufficient surface irradiation for disinfection, an evaluation of the distri-
bution of far-UVC light irradiation on the studied surface was first carried out. For this
purpose, the area of the tested irradiated surface of 400 x 600 mm was divided into
32 sectors (4 x 8), and in each sector, the irradiance was measured at different distances
between the light source and the surface (20 cm, 30 cm, 40 cm, 50 cm, and 60 cm). The
resulting heat maps are shown in Figure 9.

at 30 cm distance, [W/m?]

Irradiance at 40 cm distance, [W/m’]

Irradiance at 50 cm distance, [W/m?]
04

Irradiance at 60 cm distance, [W/m’]
0.35 .288

'

[ o3 |
[ ow |
| 0w |

® N s e N

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Figure 9. Heatmaps of far-UVC lamp irradiance measurements at various distances between the light
source and the surface.

As we can see, at a small distance (20 cm) between the surface and the lamp, the
irradiance on the surface is very unevenly distributed, with very high irradiance in the
center and very low irradiance at the edges. These differences decrease as the distance
increases, but the average irradiance also decreases. The dependence of the unevenness of
the surface irradiance on the distance is also clearly visible after calculating the standard
deviations of the sector irradiance in Figure 10.

0.8 T T T
\
c \
Sosf . 1
o \
> \
-ch \\
-204 s 1
© ~
: P
50.2‘ \\\~ 1
50 S
0 : : Ml
20 30 40 50 60

Distance, [cm]

Figure 10. The standard deviations of surface sector irradiance according to distance.
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The dependence of the irradiance (measured around the center of the far-UVC lamp)
on the distance of the far-UVC source and the measured angle is shown in the polar diagram
in Figure 11.

Irradiancoe, [Wlm2]

-90 90

-60 60

Distance:

10 cm
-30 30 20 em

0 30 cm

Figure 11. The irradiance at the distance of the far-UVC source and the measured angle.

We can see that the beam angle of the far-UVC lamps used in the prototype is approxi-
mately 60° and can also see how the irradiance decreases with distance. Correspondingly,
the dependences of the irradiance on time and the different distances between the lamp
and the surface are shown in Figures 12 and 13.

70 T T T T Dist N
//o elsanZ(;e.
— 60 - 1l |=©=20cm
& 0~ - ©-30cm
o <. 40 cm
_ [ - -
2% =0 - ©-50cm
= 7 - © —-60cm
a0+ & 1
3 =
§30‘ = _ -0
- -
[0} o/ _—e
< - IR )
S 201 e - ) et i 1
3 - e o
T G’ 0__—»0’ 8——-8——3::_—8—
Q= i SR, bt N - B B e s
0 Q'-=_1=g:—_:8 1 8 1 1
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Time, [s]

Figure 12. The dependences of radiant exposure on time and the different distances between the
lamp and the surface.
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Figure 13. The dependences of radiant exposure on various distances and exposure times.



Appl. Sci. 2023, 13, 8501

110f15

When evaluating the disinfection scenarios described above, the speed of disinfection
and the amount of energy used were analyzed. The duration of disinfection for each
scenario was determined to achieve 2 mJ/cm? radiant exposure at the measurement points.
For each scenario, this was done by measuring the radiant exposure using a Gigahertz
Optik, X1-5 (Gigahertz Optik GmbH, Tuerkenfeld, Germany) optometer at measurement
points 1, 2, and 3.

For the disinfection of a bus row with four seats, two cases are considered for each
scenario, in which two and four far-UVC lamps are used. When two lamps are used, the
disinfection of the row takes more than twice as long, as each lamp has to be moved to the
position of the adjacent seat, which takes 30 s. Furthermore, considering the case where
the bus has ten rows and experimentally it was found that the transition of the lamp from
one row to another takes 54 s, the disinfection times of all the rows of the bus can be
calculated. The results are shown in Table 2. For scenarios 1 and 2, the disinfection time for
a zone is determined by the longest time at the measured points. Therefore, for scenario 1,
the disinfection time of 75 s is determined by measuring point 1 and for scenario 3, the
disinfection time of 73 s is determined by measuring point 3. For scenario 2, the disinfection
times for each position are summed.

Table 2. Scenario evaluation results.

Scenario 1 Scenario 2 Scenario 3
Time to reach 2 mJ/cm? at measurement point 1 75s 56 s 64s
Time to reach 2 mJ/cm? at measurement point 2 32s 51s 35s
Time to reach 2 mJ/cm? at measurement point 3 56 s 38s 72s
Row disinfection time using 4 lamps per row 75 190 s 72s
Row disinfection time using 2 lamps per row 180's 410s 174 s
Bus disinfection time using 4 lamps per row 1236 s 2366 s 1479 s
Bus disinfection time using 2 lamps per row 2286 s 4142 s 2232s
Total energy consumption using 4 lamps per row 109.8 Wh 195.9 Wh 112.3 Wh
Total energy consumption using 2 lamps per row 111.3 Wh 197.4 Wh 116.1 Wh

The electrical power requirements for the disinfection system are modelled based on
the Energy Efficiency Assessment model. The modelling also considers that 2 NEMA34
and 2 NEMAZ23 stepper motors are used to move the lamps to the next row and to the
adjacent seat, and to raise and lower the lamps. The results are shown in Figures 14-16.

Electrical power (W)

200

wn
[

W A
% B
o O

Electrical power (W)
(FS)
[=]
S

(1T 0 T ETELE Y R DO N 3 N U N JUO N o N DO TN M N W

i i i

500

1000 1500 2000 0 200 400 600 800 1000 1200
Time (s) Time (s)

(a) (b)

Figure 14. Electrical power consumption according to disinfection scenario 1 using two far-UVC
lamps (a) and four far-UVC lamps (b).
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Figure 15. Electrical power consumption according for disinfection scenario 2 using two far-UVC
lamps (a) and four far-UVC lamps (b).
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Figure 16. Electrical power consumption according for disinfection scenario 3 using two far-UVC
lamps (a) and four far-UVC lamps (b).

A summary of the disinfection times and the energy consumption for each scenario is
given in Table 2.

From the results obtained, we can see that disinfection scenario 2 is the least effective,
with the longest disinfection time and highest energy consumption. Scenario 1 is the most
efficient as it consumes the least energy and the disinfection of all bus rows is fastest with
four lamps (with two lamps, disinfection takes 54 s longer than in scenario 3 due to the
change in lamp position).

4. Discussion

The prototype of the disinfection system based on 222 nm wavelength far-UVC light
proposed in this study offers significant contributions to the field of public transport disin-
fection. By addressing multiple aspects, the system provides a comprehensive approach
to enhance the effectiveness and efficiency of disinfection processes while ensuring pas-
senger safety. This paper has emphasized the importance of disinfection effectiveness by
investigating the optimal far-UVC light angle and has reported a bus seat irradiation study.
These efforts ensure that the disinfection system achieves the desired radiant exposure of
2 mJ/cm?, which is crucial for effectively eliminating pathogens including the SARS-CoV-2
virus. This knowledge enables the development of disinfection protocols that maximize
the system’s efficiency in reducing microbial contamination on various surfaces within
public buses.
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From the previous studies, it is known that the long-term use of far-UVC radiation
at a distinct wavelength of 222 nm for disinfection purposes can considerably impair
the mechanical and visual characteristics of the surfaces intended for disinfection [27].
Energy efficiency is another key consideration in the design of a disinfection system. The
proposed energy efficiency assessment model enables the simulation and optimization of
electrical energy demand during the disinfection process. By accurately forecasting energy
consumption, public transport authorities and operators can implement energy-saving
measures and ensure the sustainable operation of a disinfection system. This will not only
reduce operational costs but also contribute to environmental conservation and the overall
sustainability of public transport services. Therefore, minimum disinfection durations
were chosen to ensure minimum disinfection doses and energy consumption during the
development of the prototype.

The analysis of different disinfection scenarios, including factors such as bus zone,
disinfection time, and energy demand, provides valuable insights for practical implemen-
tation. By identifying the optimal placement of far-UVC light sources, such as in the
fixed vertical position specified in the study, the disinfection system can fulfil the most
efficient disinfection time and energy requirements. These findings facilitate the effective
deployment of the system in real-world settings, maximizing its impact on reducing the
spread of pathogens within public transport environments.

It is also important to mention that a light source with reflectors ensures that UVC
radiation does not affect a person, and scenarios are analyzed when there are empty
disinfected seats or the bus is empty at the end stops. When considering other scenarios
that would include disinfection with people, it is necessary to evaluate the overall expected
exposure limits of far-UVC in the context of legal regulations. Additionally, it should be
noted that according to the manufacturer’s specifications, the far-UVC lamps used in the
prototype emit a minimum amount of ozone. The accumulation of ozone in an enclosed
space can have adverse effects on air quality and potentially pose health risks to passengers
and drivers. Therefore, additional studies are needed in the future that would allow to
assess whether this ozone concentration is not excessive according to regional standards.

5. Conclusions

In this paper, a prototype of a disinfection system based on 222 nm wavelength
far-UVC for public transport was proposed. The specific conclusions are as follows:

e A far-UVC based surface disinfection prototype for public buses was developed.
The far-UVC light angle of the prototype was investigated, and a bus seat irradiation
study was carried out in which the irradiances of individual zones were determined by
evaluating both the distance between the light source and each surface to be disinfected
and the disinfection time to achieve a minimum radiant exposure of 2m]/ cm?.

e Anenergy efficiency assessment model of a far-UVC-based disinfection module was
proposed that allows the simulation of the instantaneous electrical energy demand
during the disinfection process and can be used for energy consumption optimization
and forecasting.

e  Three disinfection scenarios were analyzed, focusing on bus zones, disinfection times,
and electrical energy demands. It was found that placing the far-UVC light source in a
fixed vertical position, 75 cm from the seat and 25 cm from the center of the backrest,
satisfies the optimum disinfection time and energy requirements. The disinfection of
an entire bus with two lamps per row takes 38.1 min (20.6 min with four lamps) and
requires 111.3 Wh of energy (109.8 Wh with four lamps).

e A subsystem that enables the real-time monitoring of occupancy levels in different
areas of public buses has been developed using the Yolo v7 passenger detection
algorithm. By prioritizing the disinfection process in the most crowded and frequented
areas, this subsystem increases the effectiveness of the disinfection process in a bus
interior.
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