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Comparison of two different
container designs and UV-C LED
configurations in their drinking
water disinfection efficiency

Lea Caduff'?*, Alexander Englert’, Regula Meierhofer? and
Michael Burkhardt*

10ST, Eastern Switzerland University of Applied Sciences, Rapperswil, Switzerland, 2Eawag, Swiss
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Safe drinking water free of microbial contamination can be obtained by using water
treatment technologies, such as UV irradiation, applied at the household level.
This study investigated the disinfection efficiency of two different configurations
of UV-C LEDs in water containers (domes with five LEDs and a lance containing
40 LEDs), and it assessed their potential for providing effective drinking water
treatment options at the household level. Male-specific (MS2) coliphages were
used as biodosimeters, and their concentration was measured before and after a
defined irradiation time to calculate the log inactivation. The reduction equivalent
dose (RED) was calculated using averaged data from published collimated beam
experiments. One of the two configurations (domes) achieved a 4-log inactivation
in two different containers, even though it consisted of eight times fewer LEDs
than the lance: the container with a volume of 11.1 L and a RED of 1,120 J/m?
after an exposure time of 6 h and the container with a volume of 31.1L and
a RED between 735 J/m? and 1,821 J/m? after 6-12 h of exposure time. The
disinfection efficiency of both configurations could be improved by including a
stirring device or flow-through solution to avoid the occurrence of non-irradiated
water and a placement of LEDs that avoid the overlapping of UV-C light cones
and allow for large light cone formations. It was demonstrated that UV-C LEDs
can be combined with ordinary containers in a low-cost, self-built setup and can
be applied to treat drinking water.

KEYWORDS

drinking water disinfection, UV-C LED, LED placement, non-irradiated volume,
container design, household water treatment, MS2 inactivation, DIY UV device

1 Introduction

The UN General Assembly explicitly recognized the human right to water and sanitation
in 2010—suflicient, continuous, safe, acceptable, physically accessible, and affordable water for
personal and domestic use (World Health Organization, 2022). The importance of ensuring
the availability and sustainable management of water and sanitation for all was further
highlighted by the Sustainable Development Goal 6 (World Health Organization, 2020). Yet,
in 2020, 2 billion people still lacked access to a safely managed drinking-water service, which
is defined by the availability on the premise, the availability when needed and by the absence
of contamination (World Health Organization, 2022). Microbial contamination of the water
poses a threat to human health (Singh et al., 2019; Edegbene et al., 2025). Consumption of
such contaminated water can lead to diseases like cholera, typhoid, hookworm disease,
diarrhea, and others (Troeger et al., 2017).
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An option to improve drinking water quality is the application of
a technology for household water treatment, such as chlorination,
boiling, membrane filtration, solar, or artificial ultraviolet (UV)
2011). with the
implementation of household water treatment revealed that, ideally,

irradiation (Smieja, Previous experiences
technologies should fulfill certain criteria to facilitate their application;
be affordable, durable, easy, and safe to use (Lanrewaju et al., 2022).

UV-C radiation has been used for the treatment of drinking water
in centralized systems since 1910, using either low-pressure
(monochromatic at 254 nm) or medium-pressure (polychromatic
spectrum) mercury lamps (Masschelein, 2022). The application of
UV-C light emitting diodes (LEDs) in drinking water treatment
instead of conventional lamps has gained interest because they do not
contain toxic mercury, they can be instantly turned on and off and
their production costs dropped significantly (Linden et al., 2019;
Moore et al., 2023; Pelayo et al., 2024). In addition, their small size
allows for the design of innovative products with nearly unlimited
geometries (Beck, 2018; Li et al, 2019). UV-C LEDs emit a
monochromatic spectrum, and their wavelength depends on the
material used for production (Nicolau et al., 2022).

The spectrum of 200-280 nm is described as UV-C light, and it
inactivates microbes because their DNA or RNA absorbs the UV light
(Gross et al,, 2015). The UV-C spectrum from 250 to 270 nm is
absorbed by nucleic acids, with the peak germicidal wavelength being
at 262 nm (Khan et al., 2022). This leads to broken bonds and new
formations within their genetic material (Li et al., 2019). The nucleic
damages prevent the organisms from being replicated and thus from
being infectious (Beck, 2018).

When working with UV-C for the disinfection of drinking water,
several aspects should be considered:

1) The waste heat generated by the UV-C LED lamp needs to
be managed, as 98% of the energy input is lost as heat and
negatively affects the wavelength and irradiance of the lamp
(Beck et al., 2017).

2) The energy input that is not lost as heat is called the fluence and
is defined as the UV-C energy output per area (unit J/m?) in the
system. It is calculated by multiplying the fluence rate with
time. The fluence must be high enough to achieve complete
inactivation and prevent potential regrowth of pathogens
(Bolton and Linden, 2003; Batch et al., 2004). Of the fluence,
only a very small fraction is absorbed by exposed pathogens,
which results in inactivation. This small fraction is called the
dose (unit J/m?) (American Air and Water, 2019). The dose is
calculated by multiplying the irradiance with time. Calculating
the fluence in applied configurations often relies on
computational modeling and can be challenging because the
fluence rate is not uniformly distributed in space, the LEDs
show varying radiation profiles, the heat of the LEDs leads to
convection-mixing and UV energy is absorbed by dissolved
organic matter and turbidity (Baldasso et al, 2021;
Keshavarzfathy et al., 2021; Sun et al., 2022; Wu et al., 2023).
Instead of using computational simulations, the fluence is often
derived from collimated beam experiments, in which the
required parameters to calculate the fluence rate are established
under near-perfect conditions. Because all light rays reach the
exposed area in quasi-parallel beams, the fluence rate is
identical to the irradiance. Therefore, the fluence and the dose
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are interchangeable terms in collimated beam experiments
(Bolton and Linden, 2003).

3) Applying different exposure times changes the fluence; for
instance, a low exposure time leads to a low fluence (Sommer
et al., 1998).

4) Dose-response curves are created by using a biodosimeter (a
specific test-organism) in a collimated beam experiment. The
concentration of the biodosimeter is measured before and after
UV exposure and expressed as log inactivation value. Applying
different UV exposure times and plotting the dose against the
log inactivation value creates the dose-response curve (linear
relationship between dose and log inactivation). Dose-
response curves can vary due to numerous parameters: UV
lamp type, optical power output, apparatus setup, intensity
measurement, shutter operation, petri dish specifications,
sample volume and depth, biodosimeter type and protocol,
mixing conditions, and matrix specifications (Kuo et al., 2003).
Some studies use UV dose as an interchangeable term with
fluence and therefore refer to fluence-response curves (Bolton
and Linden, 2003). Testing different conditions in the actual
LED configuration (not in a collimated beam experiment) will
also result in log inactivation values. These can be compared
with the dose-response curve, and a reduction equivalent dose
(RED) for each condition can be calculated (Nguyen et al.,
2019; Romero-Martinez et al., 2022).

5) The wavelength of the light emitted by the lamp should be as
close as possible to the peak germicidal wavelength of 262 nm
to achieve the highest inactivation (Khan et al., 2022).

6) Turbid water and dissolved organic matter lower the UV light
transmittance (UVT) (Gandhi and Prakash, 2023).

7) Materials used for lamps require a high UVT (e.g., fused
quartz). If disinfection is done in a container, a high reflectivity
of the container’s materials enhances effectiveness (e.g.,
aluminum or optical polytetrafluoroethylene (PTFE))

(Sommer et al., 1996).

8) Biological fouling on UV-transmitting materials should
be reduced or prevented to keep UVT at a maximum (Nessim
and Gehr, 2006).

9) Potential risks to humans must be prevented because UV-C
light is not only damaging the genomic material of microbes
but also of any living cell (Raeiszadeh and Adeli, 2020).

10

=

Inactivation of microorganisms via UV-C light can
be improved by considering various design strategy parameters:
number and placement of LEDs, heat management, constant
versus intermittent usage, container material and geometry,
LED beam angle, and flow rate of matrix (Kang et al., 2024;
Moreno-Araujo et al., 2024; Pelayo et al., 2024).

The industry has developed various products using UV-C LEDs
for stored (not pumped) drinking water treatment of small volumes
(0.5-1.8 L). Examples include UV lances that are inserted into a water
volume, water pitchers with integrated UV disinfection or bottles
containing a UV-C LED in the lid. The costs of these products range
from 20 to 200 USD, a price range which is above the ability to pay for
most vulnerable households in a low-income region (Varuste, 2023;
LARQ, 2023a; LARQ, 2023b; Giffits, 2023).

The objectives of this study were to develop two configurations
of UV-C LEDs in water containers, test their disinfection
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efficiency and assess their potential for providing low-cost
drinking water treatment options at the household level as a do-it-
yourself device.

2 Materials and methods

Two configurations of UV-C LEDs in water containers of different
shapes were developed and constructed.

2.1 Rectangular water containers with
wall-integrated UV-C LEDs (“domes”)

The first configuration consisted of rectangular containers
(transport-box type) of two different sizes with a single UV-C LED
(“dome”) integrated into each of the four sidewalls and the lid of the
container. Figure 1 depicts the rectangular containers with the domes
installed on the right side of the image. All five UV-C LEDs consisted
of a waterproof front end, the electronics (including an integrated
switching regulator to protect the LED, limiting the power input per
dome to 0.3 W) and a heat management (TaoYuan, TY-UVC-275W).

Each of the containers had a total of five UV-C LEDs, positioned
at different heights to better handle changing water levels. All five
LEDs were connected in a parallel setup using a luster terminal and
were attached to an electrical power source (Tenma machine
72-2550). The electrical input for five domes was 12V and 0.112
A. The price for the total of five domes was 40 USD. The domes are
very durable, can be placed under water and have a theoretical

10.3389/frwa.2025.1490541

lifespan of over 10,000 h according to the manufacturer (TaoYuan,
2020a). The handling of the domes is very easy for a user (turn on or
turn off).

Two different ordinary polypropylene (PP) containers with the
same base area were used as water containers. The small container
(inner length x  inner width x inner height:
36.8 cm x 26.8 cm x 11.8 cm) had a usable volume of 11.1 L when the
lid was closed, which limited the filling height to 0.5 cm below the
inner height (utzgroup 36-203-11.7000). The large container (inner
length x inner width x inner height: 36.8 cm X 26.8 cm x 32 cm) had
a usable volume of 31.1 L (utzgroup 36-205-13.7000). Holes with a
diameter of 1.6 cm were drilled to insert the domes, while the sealing
ring of the LEDs was placed on the outside of the container to
prevent leakages.

The five domes in each container were positioned in the middle
of the width of each wall and the middle of the lid, while the distance
of the domes from the bottom of the container was varied. In the small
container, the domes in each wall were fixed at the following distances
from the bottom (measured on the inside of the container): 2.6 cm,
4.5 cm, 5.8 cm, and 7.6 cm. In the large container, the domes were
fixed at 6.5 cm, 12.2 cm, 17.5 cm, and 22.5 cm from the bottom. The
large container had the lowest dome on a large wall, and the heights
increased clockwise when looking at the container from the top. The
small container had the lowest dome in a narrow wall, and the heights
increased clockwise.

The capital expenditure for the rectangular containers (container
costs and dome costs) per liter of volume in the container was 3
USD/L for the large rectangular container and 6 USD/L for the small
rectangular container.

FIGURE 1

Containers used in this study; large and small round containers on the left and large and small rectangular containers on the right. Lance is inserted
into the large round container, and both rectangular containers have domes installed.

Frontiers in Water

03

frontiersin.org


https://doi.org/10.3389/frwa.2025.1490541
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Caduff et al.

2.2 Round water containers with UV-C LED
strips in a fused quartz tube (“lance”)

The second configuration consisted of two different sizes of round
containers that contained a fused quartz tube. Inserted into the quartz
tube were UV-C LED strips (“lance”), which could be submerged into the
water. Figure 2 depicts the round containers with the lance installed on
the left side of the image. The lance contained two strips with 20 LEDs
(TaoYuan TY-UVC-12-A-300mm), a heat pipe (Conrad 557190), thermal
adhesive tape (Conrad 870919-UO), two heat sinks (Conrad 188045), a
fused quartz tube (Conrad 520460), and a self-designed 3D-printed lid
(see Figure 2). The total length of the lance was 43 cm, and the length of
the fused quartz tube and red lid was 34 cm. A thermo element type K
(Omega 5SRTC-GG-KI) was used to measure the temperature resulting
from the input power lost as heat at one of the LEDs. Both LED strips
were connected in a serial setup after removing their transformer and
attached to an electrical power source (Tenma machine 72-2550).

The electrical input for the lance was 28 V and 0.393 A. The price
for the lance was 140 USD. The LEDs have a theoretical lifespan of
over 10,000 h according to the manufacturer (TaoYuan, 2020b). The
handling of the lance is very easy for a user (insert, turn on or turn
off). For upscaling, the configuration of the containers with the lance
requires a process to ensure a secure electrical wiring, a switch for
protecting users from uncontrolled exposure to UV radiation during
handling and a suitable heatsink to avoid hot areas.

Two different sizes of round containers with the same height but
different diameters were used, and holes with a diameter of 3 cm were
drilled in the middle of their lids to insert the lance. The small
container was made of polyvinyl chloride (PVC, inner diameter x
inner height: 10.3 cm x 40 cm) and had a usable volume of 3.0 L when
the lid was closed, which limited the filling height to 4 cm below the
inner height (container: Ostendorf 220000, lid: Ostendorf 220630).
The large container was made of PP (inner diameter x inner height:
28.5 cm x 40 cm) and had a usable volume of 23.0 L (container: streng
176.415.048, lid: Ostendorf 225630).

The capital expenditure for the round containers and their lids
(container costs and lance costs) per liter of volume in the container

10.3389/frwa.2025.1490541

was 30 USD/L for the large round container and 57 USD/L for the
small round container.

2.3 Biodosimetry

The effectiveness of disinfecting drinking water of both
configurations in two container sizes was tested using the male-specific
(MS2) coliphage virus (Emesvirus zinderi, DSMZ 13767) as
biodosimeter (Sommer et al., 2008). It is a bacteriophage infecting only
strains of the bacterium Escherichia coli (E. coli) as a host strain. MS2
is commonly used as a surrogate for enteroviruses in the water
treatment industry due to its similar shape, size, and genome
composition (Beck et al., 2016). Even though it shows differences in
UV and spectral sensitivity, it is also used as a surrogate for
cryptosporidium, adenovirus and bacteria due to its higher resistance
to UV-C radiation: a dose of 290-1,200 J/m” is required for a 4-log
inactivation of MS2 (Malayeri et al., 2016). Handling of MS2 during
experimentation is non-problematic, as it is a biosafety level one strain,
it only infects bacteria and is relatively easy to culture and enumerate
(Lazarova and Savoye, 2004). To be considered a suitable solution for
drinking water treatment at the household level, the two configurations
needed to achieve a 4-log inactivation of MS2 as stated by the US EPA
(United States Environmental Protection Agency, 2006).

As host, the bacterium E. coli (DSMZ 5695) was used. E. coli was
grown at 95 rpm and 37°C overnight in autoclaved ATCC media 271
(10 g/L tryptone, 1 g/L yeast extract, 8 g/L sodium chloride, 1 g/L
glucose, and 0.3 g/L calcium chloride). To prepare MS2 stock
solutions, tris buffer (2.5 g/L tris(hydroxymethyl)-aminomethane,
0.6 g/L magnesium sulfate, pH 7.3) was prepared and autoclaved. To
propagate MS2, 0.1 L of tris buffer was mixed with 0.1 L of ATCC
media 271 ina 0.5 L sterile glass flask (Erlenmeyer). Streptomycin was
added for a final concentration of 2 mg/L, magnesium sulfate for
0.6 g/L, 2 ml of a log-phase E. coli culture, and 0.2 ml of an existing
MS2 stock. The flask was well mixed and incubated (non-shaking) at
37°C for 24 h. The solution was centrifuged at 2,844 g for 15 min
(Hermle Z400). The supernatant was sterile filtered using 0.2 pm

Thermoelement
2x 20 LED strips

Fused quartz tube

FIGURE 2
Assembled lance with the UV-C LED strips in a fused quartz tube.

3D printed lid
Heatpipe

Heatsink
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syringe filters (Corning 431222). The filtrate was filled up to 1 L using
sterile tris buffer. This stock solution was kept at 4°C in the dark. The
concentration was determined using a 10-fold dilution series and the
double agar layer method. The concentration of the stock solution was
normally approximately 10" plaque-forming units per milliliter
(PFU/ml).

The double agar layer method was used for the enumeration of
MS2 (United States Environmental Protection Agency, 2001). Tryptic
soy agar plates (40 g/L tryptic soy agar, 0.6 g/L magnesium sulfate)
with a diameter of 9 cm containing roughly 9 ml of agar were
prepared. Sterile glass vials were inserted into a water bath at 55°C. A
sample of 2.5ml of soft agar (32 g/L tryptic soy agar, 0.6 g/L
magnesium sulfate, autoclaved) was pipetted into each glass vial. For
each sample, 0.2 ml of a log-phase E. coli culture was added to a glass
vial and vortexed. Additionally, 1 ml of a sample containing MS2 was
added and vortexed again. The solution was poured onto an agar plate
and distributed evenly. Once all agar plates had solidified, they were
incubated overnight at 37°C for 10-20 h. Incubation was performed
with the plates being upside down inside a sealed plastic bag
containing a wet paper tissue. The day after, PFUs were counted, and
the concentration of the undiluted sample was calculated as PFU/ml.

2.4 UV-C LED and UVT specifications

The wavelength and optical power output of the UV-C LEDs were
measured with a spectrometer (Instrumentsystems CAS 140 D) and a
goniometer (Instrumentsystems Ledgon 123) together with the
software SpecWinPro (Version 3.6.3.2635). Measuring the total power
output of the UV-C LED strip with 20 lights was not possible because
the instrument could not handle the length of the strip. Instead, a strip
with five lights (TaoYuan TY-275-05-06) was measured with the
assumption that its deviations from the specifications were
representative of the 20 LED strip. Four lights were covered so that
only the middle LED was measured. To improve heat transmission,
the strip was attached to an aluminum heat sink using a paste. The
strip was then inserted into the spectrometer for measurement.

Additionally, the UVT of the tap water used for the experiments
was measured. A fused quartz cuvette of 1-cm width (Hellma
Analytics 100-QS) was filled with the sample, and the intensity of
UV-C radiation transmitted was analyzed using the photometer
UV-1800 by Shimadzu. The wavelengths used to determine the UVT
were according to the emitted wavelengths of the UV-C LEDs.

2.5 lrradiation experiments

To investigate the relationship between exposure time and log
inactivation, single replicate irradiation experiments were conducted.
Experiments were performed using multiple exposure times for each
container. Exposure times of 1 h and 5h were used for the lance
configuration. Exposure times of 1.5 h, 3 h, 6 h, and 12 h were used
for the domes configuration.

For experimentation, containers were rinsed three times with tap
water and then filled with room temperature (21°C) water spiked with
MS2. MS2 stock solution was added to reach a starting concentration
of 10* PFU/ml. This solution was well mixed for at least 30 s using a
stirring device.

Frontiers in Water

10.3389/frwa.2025.1490541

After mixing, a 10 ml sample was taken just below the water
surface from the spiked water before the treatment. The container was
closed and allowed to settle for 30 min before the UV-C LEDs were
turned on for a defined exposure time. After the treatment, the
solution was mixed well again, and a 10 ml sample was taken just
below the water surface from the spiked water. After the experiment,
the spiked water was disinfected using 0.25 L of bleach for each 10 L
solution. It was well mixed and left alone for at least 20 min before
being discarded. The container was then rinsed three times with tap
water to get rid of any excess bleach. Both samples—before and after
exposure—were 10-fold serial diluted in tris buffer from 10°
(undiluted) to 1077,

As described above, the MS2 concentration in each dilution
step was quantified in duplicates using the double agar layer
method. For each dilution step, the undiluted MS2 concentration
in PFU/ml was calculated from the average of the duplicates.
Averages of the duplicates with more than 400 PFU/ml and less
than 10 PFU/ml were excluded. The final undiluted concentration
of MS2 was calculated from the average of all dilution step
concentrations. Using the final undiluted concentration before
(Nj) and after the exposure (N), the log inactivation was calculated
(log inactivation = log,o(N¢/N)). The raw data is provided in
Supplementary material S1.

To determine the approximate exposure times required to achieve
sufficient disinfection in both configurations, a pre-test was conducted
using an exposure time of 1.5 h for the domes and 15 min for the lance.
The containers in the pre-test were not allowed to settle for 30 min
before the UV light was turned on. The water could still have been
moving due to the stirring, which could result in a higher inactivation.
The lance achieved hardly any MS2 inactivation during the pre-test;
thus, exposure time was prolonged during the experiment. Exposure
times applied during the main experiment were 1 h and 5 h for the
lance and 1.5 h, 3 h, 6 h, and 12 h for the domes (data for the 1.5 h time
point using the domes came from the pre-test). Process controls
consisted of the same configurations, but without turning on the LEDs.
The small rectangular container with the domes and the small round
container with the lance were used for process controls. They contained
spiked water, and samples were taken before and after the same time
intervals as from the irradiated containers (1.5 h and 3 h control in a
small rectangular container, 12 h control in a small round container).

2.6 Calculating dose

Instead of creating another dose-response curve for the
biodosimeter MS2 under UV-C LED conditions, the averaged
parameters of other publications were used to evaluate the obtained
inactivation results. First, a literature search was conducted to
identify studies that developed dose-response curves using
collimated beam experiments by applying similar experimental
parameters (to avoid inter-study differences). The parameters that
had to be matched were: collimated beam experiments, created dose-
response curves, used biodosimeter MS2, tested in a water matrix,
used UV-C LEDs and the LEDs had a wavelength range from 265 to
285 nm. From each study, the experimental data were directly
extracted from the dose-response graphs via graphreader.com
(Version 1) and plotted to recreate the dose-response curves. A linear
trendline starting at the origin of the scatter plot was used to average

frontiersin.org


https://doi.org/10.3389/frwa.2025.1490541
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org
http://graphreader.com

Caduff et al.

all studies into a single dose-response curve. The trendline equation
(y =mx + b, where b is 0) was used to calculate a reference value
for RED.

2.7 Visualization of irradiation

To gain deeper knowledge of the LED configurations and their
effect on irradiated areas and inactivation, a three-dimensional
(3D) model was created for the domes and the lance. The large
rectangular and round containers were drawn using computer-
aided design software. UV-C LEDs were added, assuming that a
single LED created a light emission in the shape of a geometrical
cone. The angle of the cone was dependent on the “beam angle”
provided by the technical specifications. All LEDs used had a
beam angle of 140°. Those models visualized the occurrence of
non-irradiated (dead) volumes in the round containers, while the
rectangular containers were fully irradiated.

To calculate the dead volume V., in the round containers,
the irradiated volume was subtracted from the total volume V, as
can be seen in Equation 1. The irradiated volume can be calculated
by subtracting the “cone-shaped” dead volume below the lance
Veone from the irradiated portion of the total volume based on the
beam angle of the LEDs Vzp. For Vizp it was assumed the lance
touched the ground of the round container (no appearance of
Veone)- FOr Ve, it was assumed the “cone-shaped” dead volume
was a geometrical cone.

2
Vpead = Ve = (VLED — Vone ) = 1&mhe —

° 2
I’Li?.,é.n.hc _| tan| 180 —bLED (hc ~hiEp)
180 2

1
2 'g'(hc —hrED )}

The parameter 7 describes the radius of the round container
(0.1425 m for large round container and 0.0515 m for small round
container), hc the height of the water (0.36 m for both round
containers), b;zp the beam angle of the LEDs (140°), and hyzp the
distance of the lowest UV-C LED from the water surface (0.2 m).

3 Results
3.1 UV-C LED and UVT specifications

The measurements of the UV-C LEDs used in the “domes”
configuration identified differences from the LED specifications of the
manufacturer. As presented in Table 1, the measured wavelength
emitted by the domes was lower than indicated. The required input
power was roughly half the power indicated by the manufacturer. This
difference was due to the switching regulator attached to the UV-C LED,
which limited the electrical power input to a maximum of 0.3 W. Given
this limitation in input power, the optical power output was almost as
high as indicated by the vendor. Consequently, less input power was lost
to heat in the measurements than in the manufacturer’s specifications.
The overall input power for five domes resulted in 1.3 W, while the
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overall optical power resulted in 0.013 W (1%). Taking the cost of five
domes into consideration (40 USD), this would result in a price of 3
USD per mW optical power output.

The measured wavelength emitted by the five LED strip as a
proxy-measure for the 20 LED strip (used in the “lance”
configuration) was higher than indicated by the manufacturer. Input
power, optical power, and heat percentage were all in a very similar
range. The measured wavelength was assumed to be the same for the
20 LED strip. Using the manufacturer’s specifications for heat loss
and the measured input power, the theoretical optical power output
could be calculated for the 20 LED strip. The overall input power for
the lance resulted in 11 W, while the overall optical power resulted in
0.22 W (2%). Taking the cost of the lance into consideration (140
USD), this would result in a price of 0.6 USD per mW optical
power output.

For all types of UV-C LEDs used in this study, most of the input
energy was lost as heat. This resulted in only a fraction of the input
energy being available for inactivation. Both the measurements and
the manufacturer showed that the peak emission wavelength of all
used UV-C LEDs was not the peak germicidal wavelength of 262 nm.
Nevertheless, inactivation can be achieved with off-peak wavelengths,
but with a lower efficiency. Also, each LED emits not only a single
wavelength, but a spectrum of wavelengths. The two measured spectra
of the LEDs are supplied in the Supplementary material S2.

The measurement of the UVT of tap water was 98% for
wavelengths 271 and 277 nm. In tap water spiked with the MS2
solution (final concentration of 10* PFU/ml), the UVT was 97% for
271 nm and 97.5% for 277 nm.

3.2 Irradiation experiments

The log inactivation of MS2 in the containers with domes
(rectangular) or lance (round) in dependence on the exposure time is
presented in Figure 3. The results show that inactivation increased
with increasing UV exposure time in both configurations (domes and
lance) in all containers, with all inactivations following a similar trend
as a function of exposure time. For the exposure time of 12 h, no
plaques were detected in the small rectangular container (indicated
with an arrow above the container symbol). The log inactivation in the
small rectangular container, therefore, could be higher than 7.5-log.
The process controls showed that the experimental setup itself did not
cause any significant inactivation or growth of MS2.

For every exposure time, the inactivation in the small container was
higher than in the large container (water volume in the large container
was 2.8 times (domes) or 7.6 times (lance) larger than in the small
container). During shorter exposure times (1, 1.5, and 3 h), the
inactivation differences in small and large containers were not very
distinguishable. Only during longer exposure times (5, 6, and 12 h) do
the small containers show a distinctively higher inactivation than the
large containers. The highest inactivation during the shortest exposure
time was reached by the small rectangular container, even though it
contained eight times fewer LEDs than the lance in the round containers.

After 5 h of UV exposure, the lance in the small round container
achieved a 2.6-log inactivation, and the lance in the large round
container achieved a 2-log inactivation. After 6 h of UV exposure, the
domes in the small rectangular container achieved a 4-log
inactivation, respectively, a 2.6-log inactivation in the large
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TABLE 1 LED specifications from the manufacturer compared with goniometer and spectrometer measurements.

10.3389/frwa.2025.1490541

1 dome Five LED strip (1 LED) 20 LED strip (1 LED)
Measured According to Measured According to Measured According to
manufacturer manufacturer manufacturer
( ) ( ) ( )
Wavelength in nm 270.8 275 2774 275 277.4° 275
Input power in W 0.26 0.6 0.4 0.48 0.275 0.2
Optical power output in W 0.0026 0.003 0.0023 0.003 0.0055° 0.004
Percentage of input power 99 99.5 99.4 99.4 98¢ 98
that becomes heat
“Value taken from measurement of five LED strip. "Value calculated using measured input power. “Value taken over from manufacturer’s specifications.
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FIGURE 3
Log inactivation of MS2 based on different UV exposure times. Domes were tested in rectangular containers, lance in round containers, and control in
round and rectangular containers (1.5 h and 3 h done in small rectangular container, 12 h in small round container).

rectangular container. After 12 h, the domes achieved a 6.5-log
inactivation in the large rectangular container and >7.5-log
inactivation in the small rectangular container. A 2-log inactivation
was achieved in both rectangular containers after 3 h and the large
round container after 5 h. The 4-log inactivation recommended by
US EPA guidelines was achieved in the small rectangular container
after 6 h of exposure time and in the large rectangular container
sometime between 6 and 12 h of exposure.

Normalizing each inactivation value by the LED power (number
of LEDs multiplied by optical power output per LED) and the water
volume to be able to compare the different configurations better,
showed similar trends (see Supplementary material S3); the highest
log-inactivation per (LED power * volume) was achieved in the small
rectangular container, followed by the large rectangular container,
then the small round container and finally the large round container.
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3.3 Calculating dose

A total of eight studies were identified with matching
parameters to calculate a reference dose-response curve (Bowker
etal, 2011; Oguma et al., 2016; Beck et al., 2017; Hull and Linden,
2018; Oguma, 2018; Hull et al., 2019; Nguyen et al., 2019;
Nyangaresi et al., 2023). The extracted data points from those
studies are presented in Supplementary material S4, and a scatter
plot with the linear trendline (y = 0.0036x) is shown in Figure 4.
The RED of each experimental data point was calculated using the
equation of the linear trendline (y = 0.0036x). The k-value based
on the Chick-Watson equation would therefore equal 0.0036 m?*/J
(or 0.036 cm?*/m]J) for each container, as for each container, the
RED was calculated based on the same linear trendline (Li
etal., 2019).
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FIGURE 4
Extracted data points from published dose—response curves investigating MS2 in a water matrix using UV-LEDs with a wavelength range between 265
and 285 nm. A total of eight collimated beam studies were found and averaged via a linear trendline.

The RED in the large rectangular container resulted in 360 J/
m? for 1.5 h, 579 J/m? for 3 h, 735 J/m? for 6 h, and 1,821 J/m? for
12 h. In the small rectangular container, the RED was 487 J/m? for
1.5h, 599 J/m? for 3 h, 1,120 J/m? for 6 h, and 2,072 J/m? for 12 h.
The RED in the large round container was 276 J/m” for 1 h and
540 J/m? for 5 h. In the small round container, the RED was 306 J/
m?’ for 1 h and 729 J/m? for 5 h. The small rectangular container
inactivated all MS2 phages present in the system after 12 h. For
this container, the log inactivation and RED value could have been
higher if a higher starting concentration had been used.

With an increasing exposure time, the RED also increased,
though not in a linear relationship. For example, a five times
higher exposure time in the round containers did not lead to a five
times higher RED, but rather a two times higher RED. Using all
the RED values versus exposure time, the relationship expressed
via linear trendline was y = 2.43x + 110. For every time point, the
RED was higher in the small container than in the large container.
The RED was highest in the small rectangular container and
lowest in the large round container. Three containers (large round
and both rectangular containers) showed a 2-log inactivation, and
they were assigned a similar RED value, despite the exposure
times (3 or 5 h), the LED configurations (domes or lance) and the
water volumes (31.1, 11.1, and 23 L) being different. The 4-log
inactivation as stated by US EPA guidelines was achieved in the
small rectangular container after 6 h of exposure time with a RED
of 1,120 J/m? and in the large rectangular container somewhere
between 735 and 1,821 J/m? (6-12 h).
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3.4 Visualization of irradiation

Visualizations of the configurations in the large containers are shown
in Figure 5. Schematic overviews of the UV-C LED placement within the
large containers are in Panels a-c of Figure 5, 3D models in Panels d-f of
Figure 5. The light cones of the LEDs indicate irradiated volume. In the
case of the round containers, Panels b, ¢, and f show the occurrence of
non-irradiated volume, due to the positioning of the UVC-LED:s in the
lance. In the rectangular containers, no dead volumes occurred due to
the positioning of the LEDs and all the water was reached by at least two
light cones. If different UV-C LEDs with a smaller beam angle of 60° had
been used instead, significantly more dead volumes would also occur in
the rectangular containers (see Figure 5¢). As these findings are not
experimentally investigated (i.e., via irradiance measurements or ray
tracing simulations), they are rather qualitative than quantitative.

Equation 1 resulted in a dead volume of 5.7 L (25% of the total
volume) in the large round container and 1.2 L (41% of the total
volume) in the small round container. With a decreasing volume of
the round container, the relative dead volume increased.

4 Discussion
4.1 Implementation costs

The specific costs of providing safe drinking water are an important
criterion that determines its applicability in low-income households.
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FIGURE 5
Schematic view of light cones in the different containers. (a) Large rectangular container including domes from the top, (b) cross-section of large
round container including lance from the side, (c) large round container including lance from the top, (d) 3D depiction of large rectangular container
with 140° beam angles showing no dead volumes, (e) 3D depiction of large rectangular container with 60° beam angles showing the occurrence of
dead volumes, and (f) 3D depiction of large round container showing the occurrence of dead volumes.

Considering the price of the configurations (domes versus lance), the
domes were 3.5 times less expensive than the lance. The production of
LEDs, however, is expected to increase and will result in lower prices,
which might lead to more affordable product options in the near future
(Linden et al,, 2019). Prototyping costs for the lance were relatively high,
but could be reduced in a large-scale production. Considering the
capital expenditure costs per liter of volume in the container, the lance
configuration resulted in approximately 10 times higher costs than the
domes configuration. A significant part of the capital expenditure was
due to the container costs, which amounted to 79% of the total cost for
the large round container, 18% for the small round container, 53% for
the large rectangular container, and 42% for the small rectangular
container. Specific costs can be significantly reduced by choosing a
lower-cost container, either a different type or sourcing it from a country
with more favorable material prices.

4.2 RED values align with literature

Comparing the RED values required for a 4-log inactivation (as
recommended by the US EPA) to the values from other published
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studies shows similar results. The RED values calculated here (small
rectangular container 1,120 J/m? large rectangular container
735-1,821 J/m?) are of course based on the dose-response curve from
many of the comparable studies. But numerous other studies (with
different matrix or lamp type) also show comparable RED values:
Malayeri et al. (2016) summarized 57 publications dating from 1965
to 2016 investigating MS2 inactivation and obtained RED values
ranging from 290 to 1,200 J/m’* to achieve a 4-log inactivation.
Similarly, studies after 2016 found RED values of 600-1,750 J/m? to
fulfill a 4-log inactivation in MS2 (Zyara et al., 2017; Oguma et al.,
2019; Baldasso et al., 2021; Beck et al., 2021; Keshavarzfathy et al.,
2021; Szczuka et al., 2021; Freitas et al., 2024).

4.3 Inefficient inactivation

The LED configurations and container designs in this study were
inefficiently applying the fluence to the biodosimeter due to several
facts: First, in the lower exposure time range (1, 1.5, and 3 h) the
inactivation results (and the RED values) achieved in large and small
containers for both the domes and lance were very similar. However,
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the water volumes in large and small containers differed a lot. Second,
log-2 inactivation data were measured for the domes and the lance,
but a longer exposure time was used for the lance (3 versus 5 h). Third,
even though the lance consisted of 40 UV-C LEDs and the domes only
of five, the domes resulted in a higher inactivation in less time. Fourth,
compared to collimated beam experiments, all containers required a
much higher exposure time on the scale of hours instead of minutes
or even seconds. To achieve higher inactivation rates in a shorter time
and to improve the LED and container configurations, the following
changes should be considered:

1) Using UV-C LEDs with a higher optical power output in the
spectrum of 250-270 nm will lead to a higher inactivation. It is
expected that doubling the optical power output will reduce the
inactivation time by 50%.

2) Choosing LEDs with a wavelength closer to the germicidal
peak will increase their inactivation efficiency.

3) The placement of the LEDs, the beam angle and the geometry
of the container are of high importance to avoid non-irradiated
volumes and reduce inefficiency due to overlapping light cones.
In the lance, the narrow spacing of LEDs led to highly
irradiated volumes due to 20 largely overlapping light cones.
Instead, the light cone of a single LED in the large round
container could have covered the complete container height,
and therefore, could have disinfected almost the same volume
as 20 LEDs. Hence the number of LEDs in the lance could
be reduced and their orientation improved (e.g., facing the
bottom of the round container as well) to avoid non-irradiated
volumes. Or try the domes in the round container and install
them in the lid and bottom. The shape of the container
influenced the size of light cones, as a single light cone in the
rectangular containers could reach a much larger volume than
in the round containers: The light cone of a single UV-C LED
irradiated 35% of the volume in the large round container and
90% in the large rectangular container (details of calculation in
Supplementary material S5). Using reflective material inside
the container could further improve the usage of UV light, as
it would not be absorbed instantly.

4) The influence of UVT becomes more significant when the
UV-C LED light cone is larger. In large containers, more UV
light will be absorbed. For example, a light ray in the small
round container had to pass an average irradiation distance
(xav) of 20.8 cm of tap water (with a UVT of 98%) and lost
34.3% of its optical power. However, a light ray in the large
rectangular container lost 46.3% of its optical power over an
average irradiation distance of 30.8 cm. If the water in the
container has a low UVT, for instance, due to turbidity, this
effect is enhanced (calculation of x,y; and optical power loss
see Supplementary material S6).

5) Mixing or stirring the water will lead to a more homogenous
irradiation as bacteria or viruses are moved from
non-irradiated volumes to irradiated volumes and lower
the required exposure time, making the inactivation
process faster. The high optical power of the lance would
be more effectively used in a flow-through reactor,
for instance.

6) Product safety, especially when dealing with cytotoxic UV-C
radiation, is of utmost importance. Materials used for the
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container should not transmit any UV-C radiation, and
irradiation of users must be prevented. The power supply
must be secured over inactivation time, and operation
requirements, including instructions for cleaning, should
be clearly defined.

Specifically, the domes were able to achieve a 4-log inactivation,
even though the lance contained eight times more LEDs. A higher
LED number results in a higher fluence, but the inactivation values
did not reflect this. Potential reasons for this inefficient application
of the fluence by the lance include container geometry (occurrence
of non-irradiated volumes, overlapping of light cones, and
formation of much smaller light cones in the round containers),
insufficient heat management (self-built in lance versus integrated
in dome unit, could negatively affect wavelength and irradiance),
and difference in LEDs (domes are closer to peak germicidal
wavelength of 262 nm).

4.4 Recommendations for further research

This study involved a relatively low number of samples and
replicates. It is recommended that further experiments be performed
with a greater number of samples (more exposure times) and
replicates. Additional experiments would help to improve the
understanding of the treatment mechanisms of each configuration.
Also, as the lance was only tested with two exposure times, additional
experiments are needed to refine the inactivation curves, which could
show after how many hours a 4-log inactivation will be achieved with
the lance. Additionally, more replicates would increase the reliability
of the data, as even in well-controlled collimated beam experiments,
variances between replicates and between publications have been
documented (see Figure 4).

Further experiments are recommended to investigate the effects
of various factors on inactivation. For example, the effects of
non-irradiated volumes on the inactivation should be investigated.
Qualitative 3D models have shown the presence of non-irradiated
volumes, but their actual effect in each configuration has not yet been
experimentally tested. Quantitative modeling approaches like ray
tracing or irradiance maps could support this investigation. Also,
further experiments with the domes would be beneficial: applying
improved conditions (stirring of the water to lower inactivation time,
usage of LEDs with a higher optical output), using varying
biodosimeters (test other pathogens), and applying field conditions
(vary water levels, test different water parameters like turbidity,
investigate performance under higher ambient temperature, look into
post-disinfection regrowth).

5 Conclusion

This study demonstrated that low-cost configurations of UV-C
LED installations in containers can be easily constructed and operated
to improve the microbiological quality of drinking water at the
household level. The domes achieved a 4-log inactivation of MS2 in
the small and large containers, while the lance did not. The
configuration with the domes required fewer individual parts, was
cheaper and disinfected a larger volume than the lance. The findings

frontiersin.org


https://doi.org/10.3389/frwa.2025.1490541
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Caduff et al.

underline the importance of understanding the dispersion of light
within a container, the potential formation of non-irradiated volumes
and the effect of overlapping light cones. The results show that the
domes are an affordable, durable, easy, and safe to use configuration
that can disinfect drinking water in simple containers as a build-
your-own device.

While this study does not introduce a new theoretical framework
or experimental technique, its primary contribution lies in the
practical demonstration and comparison of two low-cost UV-C
configurations. The applied perspective provides insights for future
UV-C designs regarding the importance of non-irradiated volumes on
reducing disinfection efficiency, the placement of UV-C LEDs
resulting in a potential overlapping of light cones and the effect of the
chosen container geometry on light cone size.
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