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We summarize here the recent advances in UV-LED technology with focus on their use for drinking water disinfection on small scale drinking water production plants and with a main target on decentralized systems as well as point-of-use applications. The state of the art on the UV-LED technology and the challenges for their use for drinking water production are highlighted together with regulation and standardization issues. Technological/operational differences compared with the existing UV technology on mercury-based UV lamps are also shown. The possibility to use flashing modes and combinations of different UV wavelengths to enhance disinfection are two of the most advantageous options available for devices using LED technology for disinfection. The UV-LED disinfection units are already implemented into small and medium-sized water treatment units characteristic of water decentralized systems.

INTRODUCTION

Ultraviolet treatment is a safer approach for drinking water disinfection, however the dominant technology today for delivering UV is based on the use of low-or highpressure mercury lamps. These lamps require high operating voltages, continuous operation, and pose a hazard for people and the environment. UV-LEDs are projected to replace the old mercury-based lamps with the added value of low power consumption, no pre-heating needed, and the possibility to operate in pulsed mode, as well as the combination of UV wavelengths. This transition will happen, and it is now the responsibility of researchers, technologists, entrepreneurs, and water purification plant operators to make a quick and efficient implementation towards a mercury-free UV disinfection technology. This will contribute to securing long term resilience, stability, sustainability, and security of potable drinking water in society. The transition towards water decentralized systems will open new possibilities for the implementation of pure UV-LED water disinfection units.

RESULTS AND DISCUSSION

Recent reviews by Lui et al. [START_REF] Lui | Point-of-use water disinfection using ultraviolet and visible light-emitting diodes[END_REF] and [START_REF] Song | Application of ultraviolet light-emitting diodes (UV-LEDs) for water disinfection: A review[END_REF] summarized the current understanding, recent advances, and current problems of the application of UV-LEDs for water disinfection focusing on point-of-use applications, and recent studies on the inactivation efficiency of different wavelengths respectively. It is however clear that there are several key challenges that need to be addressed for a successful implementation of UV-LED for water disinfection purposes. UV mercury lamps and UV-LEDs operate in substantially different manner. There is an urgent need to establish standardized protocols for studying UV-LED inactivation of microorganisms. The inactivation credit of UV radiation for viruses, bacteria and protozoan oocysts in water was recently reviewed by [START_REF] Hijnen | Inactivation credit of UV radiation for viruses, bacteria and protozoan (oo)cysts in water: a review[END_REF]. They summarized the efforts for a quantitative microbial risk assessment by relating the inactivation kinetics of microorganisms with the applied UV fluence. A better understanding of the microorganisms' response to UV-LEDs goes alongside in the list of needs to be addressed. The application of multiple wavelengths (other than the characteristic for the absorption of DNA at 260 nm) on the whole UV spectra to improve the inactivation efficiency, as well as the use of pulsating operation modes of the LEDs, are two main research directions that are critical in the development of new UV-LED reactors for point-of-use and small-scale applications in drinking water purification plants. In this work we will summarise the recent advances and key R&D directions for a successful implementation of UV-LED disinfection for small-scale decentralized water systems.

The specific UV-LED technology to implement is also an important factor in formulating a complete strategy for small to medium scale water disinfection. Unlike the development we have seen with visible LEDs, in particular the GaN-based blue LED reaching efficiencies upwards of 80%, the AlGaN-based UV-LED is still struggling to achieve the desired efficiency. The reason for this is well known; the AlGaN material used suffers from high amounts of crystal dislocations that degrade the optical and electrical properties of the material. There is currently an intense worldwide effort focused on developing UV LEDs with better wavelength tunability and more competitive wall plug efficiency. The option to use multiple wavelengths that is characteristic from UV-LED disinfection is one of the several advantages that will came from the implementation of this kind of technology. At the same time these new options will pose big challenges for the regulation that is not adapted to LEDbased technology. On table 1.1 we show a selection of multiple wavelengths combinations (UV-C, UV-B and UV-A) targeting different microorganisms on different mediums. Looking at the current state-of-the-art we can see that the technology is ready for small scale drinking water production plants, but an obvious lack of the right regulatory framework is present. There is also a room of opportunity for the use of different UV wavelengths in combination as well as flashing modes adding functionality for disinfection purposes. Regulations and standards to measure performance are focus on the pre-existing technology while the new UV-LED technology require a new regulation that considers differences in design of the reactor, operation modes and energy source, etc. This regulation should come to place in the following years through a more active cooperation and dialogue between the technologists and regulators. The results of our survey show that developing new devices with UV-LED technology should result in increased efficiency and help to embrace the objectives of the MINAMATA convention on mercury allowing for drinking water UV disinfection without the use of mercury-based UV lamps. This UV-LED systems are already optimal for small and medium-scale decentralized water purification systems.

Table 1 . 1 .

 11 Disinfection studies under combinations of different UV wavelengths targeting several microorganisms.

	Author			Microorganism		Media	UVC	UVB	UVC/
									UVA	UVA	UVB-
										UVC
	(A.		C.	E. coli and CIP 6224,	buffered	Yes Yes N/A
	Chevremont	et	Enterococcus faecalis		solutions	
	al., 2012)								
	(Oguma et al.,	E. coli			PBS	No	No	No
	2013)								
	(Nakahashi et al.,	Vibrio parahaemolyticus	PBS	Yes N/A N/A
	2014)								
	(Beck	et	al.,	E.	coli	K12,	MS2	PBS	N/A N/A No
	2017)			coliphage,	Human		
				Adenovirus	type	2,		
				Bacillus pumilus spores		
	(Green et al.,	E. coli, L. innocua, L.	saline	No	N/A Yes
	2018)			monocytogenes and L.	solution	
				seeligeri, 5 pathogenic		
				salmonella strains			
	(Hull and Linden,	MS2 bacteriophages		PBS	N/A N/A N/A
	2018)								
	(Li et al., 2017)	E. coli			saline	N/A N/A No
								solution	
	(Nyangaresi et al.,	E. coli			sterilized	No	N/A No
	2018)							saline	
								solution	
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