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Philosophy of drinking water treatment
and disinfection in Germany with a focus

on UV disinfection and upcoming UV LED
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Field Test

Technical Univ. Tokyo (Japan)
SUppoft * Intensive survey on UV-LED industries and market
« Critical review of UV-LED research & applicationsfor water
"'Corporate"' Data *« Communication with stakeholdersfor field test in Japan

feedbackl « System setup, sampling and data analysis

« Identification of issues in operation & maintenance

| Partners |
Reactor
Data
feedback

Reactor sharing

Reactor Validation

DVGW:TZW (Germany)
*Critical review of UV-LED reactor
validation protocolsin the world

*Pre-validation and characterization
of UV-LED reactors (before field test)

*Post-validation and characterization
of UV-LED reactors (after field test)

*Developmentof European UV-LED
reactor validation protocol for

international recognition

Data
Sharing

Sample
sharing

* Implicationson UV-LED validity at small water systems

Sample &
reactor sharing

Toxicological Evaluation

«Critical review of toxicological studieson
UV-treated water

*Optimization of international sample
shippingand assay protocols

*Toxicity tests of samples from Japan

*Test at wastewater reclamation pilot
facilityin Czech (with local corp. partner)

*Implicationson UV-LED validity from
toxicological viewpoints
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Kumiko Oguma, Field demonstration of UV-
LED disinfection at small and decentralized
water facilities. Journal of Water & Health,
jwh2023192, 2023.

INRBRETF. EANFENT A F— F2AWNTaKDEE-/I\
FARTEKMHHIGHEER (CH T HFEI L RE-. KIRBEF R
Vol. 47(A), No. 3, 95-98, 2024.
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TZW: DVGW-Technologiezentrum
Wasser

Multi-barrier Principle

In Europe, and particularly in Germany, it has
become clear over the past decades that ensuring a
hygienically safe drinking water supply requires not
only technically flawless extraction and treatment
of drinking water but also the consistent protection
of drinking water resources. These three pillars are
referred to as the "Multi-Barrier Principle." In the
Multi-Barrier Principle, the catchment area for water
sources (groundwater, spring water, reservoirs, lakes)
serves as the first barrier. It is crucial to consistently
protect the resources intended for drinking water
extraction within these catchment areas. Alongside the
stringent protection of catchment areas, ensuring the
quality of drinking water also relies significantly on
proper extraction, treatment, storage, transportation,
and distribution based on generally recognized
engineering standards. It is essential that the correct
products and procedures are chosen at all stages of the
drinking water supply, from extraction to distribution,
constituting the second barrier. The responsibility
of the water supplier ends at the transfer point in the
house, typically at the main shut-off valve in the water
meter system. At this transfer point, it is crucial to
ensure that water of drinking quality is provided to the
consumer. Thus, the house installation represents the
third barrier, ensuring that the drinking water delivered
by the water supplier reaches consumers consistently
in the same quality. The materials used for pipes, pipe
fittings, and fixtures are of particular importance in this
regard.

In Germany, nearly 7,000 water supply companies
ensure the supply of 80 million German citizens.
On average, each person consumes 135 liters of
drinking water per day. Groundwater (including spring

water) accounts for approximately 70 percent of
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drinking water production in Germany, while surface
water resources (reservoirs, bank filtrate, recharged
groundwater, direct abstraction from rivers and lakes)

account for around 30 percent.

Disinfection Practice

In the international context, Germany stands out as
one of the few countries where disinfection of drinking
water is not mandatory, neither during treatment
nor distribution. While the German Drinking Water
Ordinance (DWO) does not mandate disinfection,
raw waters contaminated with microorganisms must
undergo treatment and disinfection. About half of
German water utilities distribute drinking water
without any disinfection measures, as their raw water
sources, such as deep groundwater from confined
aquifers, are not microbially contaminated. However,
other sources, such as surface water require efficient
treatment and disinfection. In such cases, chlorine,
chlorine dioxide, ozone, or UV with type-tested UV
disinfection devices must be used for disinfection
according to the German DWO.

In Germany, it is not obligatory to maintain disinfectant
residuals within the distribution systems. Therefore,
many distribution systems of German drinking water
utilities, or at least significant portions of them, are
free from disinfectant residuals. The use of chemical
disinfectants such as chlorine, chlorine dioxide, and
ozone, with the known issue of generating health-
hazardous disinfection by-products, has been declining
for years. UV treatment, a physical disinfection
method, is increasingly being used for drinking
water disinfection, eliminating the need for chemical
additives. More than half of German water suppliers
that perform disinfection already use UV devices. The

availability of type-tested and certified UV devices,
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which have demonstrated a disinfection efficacy of at
least 400 J/m? and ensure safe disinfection of drinking

water, has significantly contributed to this trend.

UV Disinfection

The fundamental requirements for UV devices were
established in the DVGW (German Technical and
Scientific Association for Gas and Water) guideline
W 293 in 1994 and in the testing standard W 294 in
1997. The revised version of the DVGW guideline W
294 "UV Devices for Disinfection in Water Supply"
was published in 2006, defining requirements not only
for testing UV devices but also for their operation. In
recent years, comprehensive revisions of the guideline
W 294 have been carried out. The requirements and
testing of UV LP devices have been harmonized in
Germany and Austria, resulting in the publication
of DIN 19294-1 and the new ONORM M 5873-1 in
Austria in 2020.

Currently, work is underway to define requirements for
UV MP devices, which will be published in the same
series of standards as DIN 19294-2. The publication of
this draft standard is scheduled for 2024.

As part of the type testing, components essential for
monitoring and generating UV radiation (duty sensors,
UV lamps and electronic ballasts) are characterized.
A central part of each type test is the biodosimetric
testing of the disinfection efficacy of the UV device.
This involves determining the inactivation rate of a test
organism with known UV sensitivity at different water
flow rates, irradiances, and water qualities (variation of
the UV transmission of the test water). Based on these
data, the suitability and operational characteristics of
the UV device are determined, requiring a minimum
reduction equivalent fluence of 400 J/m? (based on
a wavelength of 254 nm) to achieve at least 4-log
reduction (99.99%) of hygienically relevant bacteria,
viruses, and protozoa, ensuring safe disinfection.

In Germany, more than 150 tested and certified types
of UV devices are available on the market, capable
of safely disinfecting flows of up to 5,000 m*h. Only

mercury vapor lamps are used as radiation sources in

UV devices, which have been established as technically

mature and cost-effective products for many decades.

UV LEDs

While UV disinfection offers many advantages, the
drawbacks of the lamp types used should not be
overlooked, including the risk of breakage, the high
operating temperatures (leading to thermally induced
deposits), required warm-up time, and especially the
highly toxic heavy metal mercury contained therein.
In this context, the Minamata Convention on Mercury,
ratified in 2017, imposes global bans and restrictions
on the manufacturing, trade, and sale of mercury-
containing products, including mercury vapor lamps.
In this context, the development and application of
mercury-free radiation sources such as UV LEDs are
becoming increasingly important.

UV LEDs possess properties that are immensely
advantageous for drinking water disinfection. They
exhibit relatively narrowband emissions with a
bandwidth of approximately 10 to 12 nm and can be
tailored to the disinfection process without emitting
side peaks. UV LEDs contain no toxic substances,
including mercury. Compared to the lamp types
described earlier, they are very compact, robust,
and shatterproof, eliminating the need for additional
protection against glass breakage.

Long-lasting and maintenance-free UV LEDs
achieve their performance in nanoseconds and can
be regulated promptly over a wide power range.
They are on-demand ready, allowing for energy-
efficient, cost-optimized control and extended
lifetime of components. The new technology is more
environmentally friendly and more economical than
conventional radiation sources. As a result, the use of
UV LEDs is moving into focus for water disinfection
in the public sector, driven by technical progress and

the potential ban on mercury.

The path to a standard for UV LED-based disinfection
devices

As mentioned earlier, biodosimetric testing and
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technical characterization by an accredited testing
laboratory, followed by certification, are prerequisites
for the use of UV devices. However, both the
aforementioned DVGW guideline W 294 and DIN
19294-1 for ND lamps exclusively consider mercury-
containing UV lamps as radiation sources. These
regulations are not directly applicable to UV LED
disinfection devices. Consequently, this technology is
currently not permitted for drinking water disinfection
in Germany. The development of a corresponding
standard for UV LED-based disinfection devices is
therefore essential for the development, type testing,
approval, and market introduction for drinking water
disinfection.

In Germany, research and application of UV LEDs
have been ongoing for years. The TZW: DVGW
Water Technology Center is involved in various joint
research projects in this regard and is contributing
to the development of LED-based solutions for
UV disinfection of drinking water. Following the
completion of these research projects and driven
by significant political and industrial interest in
replacing mercury vapor lamps with mercury-free UV
LEDs, corresponding standardization activities have
commenced.

The findings of these research projects will be directly
incorporated into the DIN standard for UV LED-based
disinfection devices. Open questions will be clarified
in a joint project (DINoLED) funded by the German
Federal Ministry for Economic Affairs and Energy,
which was launched in May 2021 and is co-financed
by the DVGW.

The standard, which is currently still under
development, will be based on DIN 19294-1 (UV
devices with LP lamps), which is to be modified in
all requirements for the UV sources and the resulting
consequences for UV LED based disinfection devices.
Various monitoring and testing concepts are being
evaluated and tested on a dedicated disinfection reactor
equipped with UV LEDs. Detailed considerations and
investigations include the technical characterization of

components, permissible tolerances, LED aging and

failure scenarios. Another key aspect of the work is
determining the spectral sensitivity of Bacillus subtilis
spores, which are used as test organisms for assessing
disinfection efficacy. The results will contribute to the
development of a biodosimetric test concept for UV
LED-based water disinfection devices.

The central outcome of the project is to establish a
normative basis for the regulated area of application
of UV drinking water disinfection and to minimize the
consequences of a future mercury ban in the EU. The
new test standard enables reliable development, testing
and certification of LED-based UV devices, which will
also gain international acceptance and implementation
in drinking water treatment. Water suppliers will have
access to innovative, energy-efficient, and secure
technology for future-proof drinking water disinfection.
This means that in future a disinfection process
will be available that does not require the addition
of chemicals containing chlorine and does not use
mercury vapor discharge lamps, making it significantly
more environmentally sustainable. The standardization
work of this project will contribute to the provision of
globally standardized methods for characterizing and
monitoring UV LED-based drinking water disinfection

for the national and international water sector.
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Introduction

Water scarcity is becoming a major problem for many
parts of the world, and there are clear needs to advance
technologies allowing for reuse or recycling of waste
waters. In the European Union, new regulation on water
reuse sets criteria for indicators including microbial
(fecal contamination) and hazardous micropollutants
(Council of the EU 2020; https://eur-lex.europa.eu/
legal-content/EN/TXT/?qid=1598957517761 &uri
=CELEX:32020R0741). To achieve high quality of
recycled wastewater, innovative technologies should
be validated such as advanced oxidation processes
(AOPs) including UV irradiation. UV technologies
have primarily been used for final treatment of
drinking water, namely for inactivation of bacteria and
viruses (Malayeri et al. 2016). But the anti-bacterial
efficiencies were also shown in final purification steps
of wastewaters (US EPA 2006; https://nepis.epa.gov/
Exe/ZyPURL.cgi?Dockey=901T0000.txt). However,
the currently used devices use mercury (Hg), which
is being banned globally under the United Nations
Minamata Convention (https://minamataconvention.
org/) The mercury-free alternatives are based on light-
emitting diodes (LED) with flexible UV systems, and
have been implemented for high UV transmission
applications such as drinking waters (e.g. https://
aquisense.com/uvc-led-technology/). The unique
properties of UV LED technology make them a
viable option for disinfection at small or decentralized
drinking water systems as shown in the USA (Hull
et al., 2019) and Japan (Oguma and Watanabe 2020;
Oguma, 2023). UV LED might also serve for final

treatment of wastewaters intended for recycling but
the characterization of UV LED performance in the
complex matrix containing high organic material load,
large numbers of microbiota or elevated micropollutant
levels, needs research. Here we report outcomes of
one of the first pilot testing of UV LED reactors at the
wastewater treatment plant (WWTP) and comparison
with conventional mercury-based UV lamp, which was
performed within the international project InNLEDApp
supported by the EIG CONCERT Japan programme.

Experimental design

Two commercially available UV LED modules were
investigated including bench-top-sized, 55 cm long
UV LED reactor (Nikkiso) and a handy size with a
total length of 9 cm POU device (Asahi-Kasei/Crystal
IS, Klaran). The UV LED reactors were installed at
the WWTP Modrice, Brno, Czech Republic, which
is treating municipal wastewater from about 640
thousand equivalent inhabitants. The conventionally
treated effluent (i.e. mechanical-biological treatment
with nitrification and denitrification processes and
phosphorus removal by chemical precipitation)
was further with AZUD Helix 2 (mechanical filter
with discs filtering elements, 130 um pores, low
pressure, self-cleaning, in-line), and the outlet was
then connected to the two UV LED modules and a
conventional low pressure mercury UV lamp installed
in parallel (Figure 1, panel A). This setup allowed
direct comparison of the performance using the same
inlet wastewater. Both UV LED systems underwent

a biodosimetric testing approach at TZW Karlsruhe,
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Germany, to determine the disinfection performance
and thus enable prediction of log removal for pathogens
during operation. Samples of wastewaters prior and
after UV treatments were collected from the inlet
(Valve VO, cf Fig. 1A) and outlets (Valves V1, V2, V3)
in periods 1-168 h after the installation while the flow
rates were different for different UV reactors. Water
samples were analyzed for microbiological parameters
and micropollutant levels. The microbiological

parameters included total cultivable bacteria at 22 °C

and 36 °C, Escherichia coli, thermotolerant and other
coliforms, Pseudomonas aeruginosa and Enterococci
using the methods respected the Regulation 2020/741
of the European Parliament and the Czech Standard
CSN 757143. The inactivation of microorganisms in
the effluent after UV and UV LED treatments was
determined as a negative log of ratio of bacterial
concentrations (UV output /input). In addition,
the effects of UV on indicator pharmaceuticals as

representatives of micropollutants were studied using
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the multitarget LC-MS/MS (UPLC Acquity with mass
spectrometer Xevo TQS, Waters, Milford, MA, USA)
following pre-concentration on solid phase extraction
cartridges (SPE Oasis HLB, Waters).

Results and discussions

As shown in Figure 1, the conventional low pressure
Hg UV reactor had high potency to inactivate bacteria
in specific sub-groups (i.e. species) such as E. coli (see
example Figure 1B) with log inactivation ranging up to
4.8. The lowest log inactivation after Hg-UV irradiation
was observed for Pseudomonas aeruginosa (data not
shown). For UV LED, log inactivation ranged between
maximum 4.6 (Nikkiso, coliform bacteria, 1-24 h)
to minimum 0.1 (Nikkiso, Pseudomonas aeruginosa,
1-24h). However, when comparing the total anti-
bacterial effectiveness of UV irradiation (effects on all
cultivable microorganisms), both Hg UV and Klaran
UV LED reactors showed comparable anti-bacterial
efficiency (Figure 1, panel C) with log inactivation
around 2. These findings correspond to previous study
that showed similar inactivation of E. coli around 3
logs in batch laboratory experiments with wastewaters
(Zhou et al., 2017). Overall, the pilot testing at WWTP
confirmed anti-microbial efficiencies of UV LED
despite of elevated levels of microorganisms (up to
10* CFU/mL total cultivable microorganisms), which
is several orders of magnitude higher in comparison
with drinking waters, for which UV LED devices were
previously introduced.

In addition, our study further investigated changes
in micropollutant concentrations. From total 13
micropollutants, concentration of 8§ compounds did
not significantly change after UV (data not shown).
For 4 pharmaceuticals, we observed a significant
decrease of concentrations after UV (diclophenac —
shown in Fig. 1D; sulfomethoxazole, ciprofloxacin
and naproxen). This corresponds to some previous
studies that described UV-induced degradation of
micropollutants at WWTP (Pereira et al., 2007, Wang
et al. 2014). Interestingly, our study also revealed an

opposite trend for acetaminophen (Fig. 1, panel E) with

systematic and significant increase of concentrations
after UV. This might be explained by the release of
acetaminophen from its conjugated forms, i.e. the
metabolites naturally released in human excreta.
Recent studies indicate that conjugates reach WWTP
and may pass through treatment processes (Zonja et al.
2016; Gewurtz et al. 2022). Thus, the hypothesis that
UV might cause deconjugation and release of active
hazardous micropollutants requires further research
attention to allow for full risk assessment of the
advanced wastewater treatment technologies.

Figure 1: Comparison of conventional Hg UV reactor
and two UV LED modules during one week-long
pilot testing at WWTP (sampling times 0-168h after
installation). (A) Parallel installation of UV modules
for pilot testing. The UV-induced inactivation of E.
coli (B) and total bacteria at 22°C (C), degradation
of diclofenac (D), and increase in concentrations of
acetaminophen (E, linked to the UV-release from

metabolic conjugates)

Conclusions

The present study documents one of the first UV
LED testing at WWTP providing, thus, solid data
for initial assessment of this innovative technology
for wastewater treatment. Our study showed good
efficiency of UV LED against microorganisms,
which was well comparable with the conventional
mercury low pressure UV module. The effects of UV
on micropollutants were documented and included
both photolysis (degradation) as well as increase of
concentrations (release of parent pharmaceuticals from
their metabolites — conjugates). In summary, despite of
a complex nature of the wastewater matrix (elevated
organic matter, colloids and particles which affect UV
transmittance; high concentrations of microorganisms),
the results of the present pilot testing showed good
efficiencies opening the way for future potential

applications of UV LED technologies.
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