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UV Disinfection as Best Available Technology (BAT)
for Drinking Water

through reducing DBP level must not be at the expenseof
increasedmicrobial risk. While the presentdebateassumesa
tradeoff - reducing the risk from one agent results in an
increasedrisk from another - a more appropriatestrategy
would be to ask what combination of technologiesallows one to
meet acceptablerisk levels for both agents.

The removal or inactivation of pathogenicorganismsin water
and wastewateris an important step toward protecting the public
health againstwaterborneoutbreaksassociatedwith potable and
recreationalwaters. In the United States.the 1996 Amendments
to the SafeDrinking Water Act have mandatedthe development
of new regulations governing potable water treatment that
achievean appropriatebalancebetweendisinfection byproducts
(DBPs) formed during chemical disinfection and microbial risk.

With the discovery that UV disinfection readily inactivates
Giardircysts and Cryptosporidiumoocysts at doseswell below
current guidelines (see UV News, 1(1):18-22 (1999)1, UV
disinfection has come under the spotlight as a potential BAT for
drinking water disinfection. Backed by six decadesof peer
reviewed science and a track record based on thousandsof
installations treating groundwater, surface water, reclaimed
water, and wastewater,UV disinfection is a cost-effective,
established,and increasinglypopular alternativeto chemical
disinfectants. lfV disinfection is effective againsta wide range
of pathogenicwaterbornebacteriaand viruses. Furthermore,
unlike chemical disinfection, microbe inactivation by UV
radiation is not a function of the water temperatureand pH. UV
disinfection produces negligible levels of disinfection
byproducts and no increase in water carcinogenicity and
mutagenicity. Applied either as an add-on technology to
inactivate Cryptosporidium and Giardia, or as a primary
disinfectantfollowed by a chemical disinfectantresidual,UV
disinfection holds great promise for enhancingpublic health
protection and solving the dilemma facing the current round of
regulatorynegotiations.

To meet this challenge,the U.S. EPA has set up a M/DBP
(Microbial,/DisinfectionByProducts)Advisory Committee under
the Federal Advisory Committee Act (FACA) consistingof
stakeholder groups from industry, government, public and
environmentalhealth groups to negotiatenew rules governing
DBPs and microbial risks. The first stageof this processhas led
to the promulgation of the Stage I Disinfectant/DisinfectionByProduct O/DBP) Rule and the Interim EnhancedSurfaceWater
Treatment Rule (IESWTR). The second stage,currently being
negotiated,will lead to the promulgationof the Stage2 D/DBP
Rule and the Long Term 2 Enhanced SWTR some time during
2001-2002.
The negotiatorsare challengedto use sound scienceto establish
requirements that provide additional public health protection.
The main issues are Cryptosporidlum oocysts and DBPs.
Cryptosporidium is responsible for waterborne outbreaks
causing diarrhealinfections. ln some cases,infection leadsto
death for the old, young or immuno-compromised.
Cryptosporidium is quite resistant to chlorine and an order of
magnitudemore resistantto ozone than are Giardia cysts.Water
treatmentplants that do not use ozone or chlorine dioxide must
reduce Cryptosporidium risk using filtration and watershed
control.

The Need for UV Reactor Vatidation/Certification
While the ultimate goal of public health protection through the
reduction and inactivation of pathogens is the same for
wastewater and drinking water disinfection, regulations
governing how this goal is achievedvaries notably between
these two media. With wastewaterdisinfection, regulations
specify a target level of indicator microbes (e.g., 200 fecal
coliforms per l00mL as a 30-day geometricmean). Compliance
to target levels and validation of equipmentperformance can be
assessedeasily by sampling the wastewater effluent after
disinfection and enumerating the concentration of indicator
microbes. On the other hand, indicator microbe and pathogen
concentrationsin finished drinking water prior to disinfection
often are at or below the detectionlimits of the microbiological
assay. Concentrationsafter disinfectioncan be expectedto be

DBPs, on the other hand, have been linked to cancerand birth
defects. Reducing levels of DBPs may only be achievedby
controlling DBP precursors,lowering chemical disinfectant
concentrations,moving the disinfectantpoint more toward the
end of the treatment process or changing the disinfectant.
However, lowering DBP levels by modifying chemical
disinfection posesa dilemma - public health benefits achieved
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below detectionlimits, and microbial methodscannot be usedto
assessthe performance of drinking water disinfection unit
operations.Accordingly,drinking water regulationsmandatea
targetreduction of waterborne pathogensand provide guidance
on how to achieve that reduction usins various disinfection
technologies.
Guidancefbr compliance with the disinfection requirements of
the SWTR currently are provided in the form of CT tables (U.S.
EPA, 1989). The SWTR mandatesthat water treatmentachieve
overall3-logsremoval/inactivationof Giardia cysts and 4-logs
removal/inactivationof enteric viruses. CT tables for the
inactivationof Giardia cysts and virus by various log removals
are publishedas a function of water temperatureand pH for free
chlorine,chloramine,chlorine dioxide, and ozone. In the case
of chemical disinfectants,CT is defined as the product of
measuredresidualdisinfectantconcentrationand contacttime.
CT tables for UV disinfection also are published for virus
inactivation.whereinCT for UV inactivationsis defined as UV
dose,the product of UV intensity and exposuretime. These CT
valuesare basedon the UV inactivation of Hepatitis A virus and
incorporatea safety f'actorof 3. Since rotavirus and adenovirus
both are more UV-resistant than Hepatitis A, current regulatory
talks may redefine the viral targets for UV. Guidance for the
UV inactivation of Giardia and Cryptosporidium currently are
under development.
The issueof UV dosedeliveryby a UV reactoris controversial.
Severalmodels for dose delivery by a UV reactor exist. The
simplest model assumes that a UV reactor performs
hydraulically as a plug flow reactor with completemixing across
UV intensity gradients. Under these conditions, each fluid
element leaving the reactor experiencesthe same UV dose,
defined as the product of the averageUV intensity within the
reactor and the theoreticalcontact time. In a more advanced
model (Qualls and Johnson, 1985), the residence time
distributions(RTDs) through UV reactorswere multiplied by
the averageUV intensity to define a distribution of delivered
UV doses which in combination with microbe inactivation
kineticscould be used to define net inactivationby the reactor.
In an alternativeversion of this approach(Scheible, 1985), a
longitudinal dispersioncoefficient derived from the RTD was
combinedwith the averageintensity and inactivation kinetics to
definereactorperformance. The most advancedmodel to date
for UV reactorperformance(Do-Quanget al, 1997 Lyn et al,
1997) uses computationalfluid dynamics to define the flow
pathsof microbesas they passthrough the UV reactor. UV dose
experiencedby eachmicrobe is defined as the integration of UV
intensity over exposuretime. Since no two particlestake the
samepath when traversingthrough a UV reactor, each microbe
receivesa different dose. Dose delivery by the reactorcan be
presentedas a histogram of UV dosesdelivered to the microbes
and can be combined with microbe inactivation kinetics to
predict net inactivationby the reactor.

All of these models use flow rate through the reactor, UV
absorbanceof the water, and UV sensor output as input
variables. Flow rate through the reactor combined with reactor
geometry is used to define UV exposure time(s). UV
absorbanceof the water is usedto define UV intensityprofiles
within UV reactors. UV sensor measurementsare used to
estimate UV lamp output and quantify any impacts of lamp
aging and quartz sleevefouling.
While performancemodels for UV reactorsare useful tools for
providing guidance in designing and sizing UV disinfection
systems,they havelimited value from a regulatoryperspective.
First, since the models rely on information provided by the
manufactureron the performanceof various componentswithin
the UV disinfectionsystem,they cannotbe usedto provide an
independentassessmentof dose delivery by the UV reactor.
Second,sincethe modelsrely on assumptions,all modelsneed
to be validated experimentally by comparing predicted
inactivationto measuredinactivation.
As an alternativeto using models to gaugeUV dosedelivery,
microbial inactivation performancecurves for a UV reactor can
be establishedas a function of flow rate, UV absorbance,and
UV sensoroutput. Performancecurvescan be usedto identify
a rangeofreactor operatingconditionsunderwhich the reactor
meets the disinfection objectives. Performance curves
incorporatedinto an on-line commandand control systemensure
actions are taken should dose delivery be jeopardized by
excessivewaterflow rate,high UV absorbance,or reducedUV
intensity caused by lamp aging, lamp failure, lamp sleeve
fouling, or power failures. Appropriate actionscould include
increasing the power setting of the lamps, initiating a lamp
sleevecleaning sequence,controlling or shutting off water flow,
and triggering alarmsto warn plant operators. Certificationof
UV reactor performanceby an independentthird party provides
a guaranteeto the end user that the UV disinfection systemwill
provide and maintain target levels of microbial inactivation and
meet regulatoryrequirements.
Validation/Certification

Protocols

The GermanDVGW StandardW294 (DVGW, 1997)describes
a validation/certification
processinvolving four areas- support
documentation,UV sensors,command and control, and UV
dose delivery. Support documentation supplied by the
manufacturer on assembly and installation, operation and
maintenance,cleaning procedures,UV lamps, sleeves,and
sensorsis examined.UV lamp documentationmust include the
lamp type, electricaloperation,and UV spectraloutput. With
UV disinf-ection systems using polychromatic lamps,
documentationmust show that UV radiation below 240 nm
penetrating the water does not exceed 27o of the radiation
between240 and 290 nm. Sleevedocumentationmust include
the sleeve material, dimensions, and UV transmittance

spectrum. Sensor documentationmust include the sensor's
operating range in Wm2, spectral selectivity, measurement
uncertainty, linearity, temperature and long term stability, and
recalibration requirements.
A UV reactor must have at leastone on-line sensor. On-line UV
sensorsmust provide continuousmonitoring of UV lamp output
with measurementsverifiable using a reference sensor.The
propertiesof on-line and reference sensorsare defined in detail
(seeTable 1). A sensorport with definedphysical dimensions
and a quartz viewing window also is defined. If the on-line
sensorprovides a UV irradiancemeasurementthat deviatesfrom
the reference sensor measurement by more than the
measurementuncertainty, the on-line sensor must be either
cleaned,recalibrated,or replaced. Sensorsmust'tie testedand
recalibratedevery 15 months. The distancebetweenthe sensor
window and the lamp being monitored must be chosenby the
manufacturerto provide a similar sensitivityto changesin UV
lamp output and changesin the UV absorbanceof the water.
The UV disinfection system's on-line command and control
continuously monitors water flow rate and UV sensoroutput.
and respondsto ensure UV dose delivery is maintained during
system operation. UV dose delivery is ensuredwhen the UV
sensorindicatesan irradianceabove a set point. The set point
is defined as the sensorreading required to achievethe objective
dose delivery as determined using biodosimetry plus the
sensor'smeasurementuncertainty. The on-line commandand
control system must respond to lamp failure and low sensor
output by activatingsafetydevicesand triggering alarms.
German drinking water regulations require at least a 4-log
inactivation of waterbome pathogensachievedusing a UV dose
of 40 mJ/cm2. Ideally, the UV disinfection system should be
challenged using a microbe that demonstrates a 4-1og
inactivation at a dose of 40 mJ/cm2. Lacking such a microbe,
StandardW 294 requiresUV systemsto be challengedusing
two microbes- Bacillus subtilussporesand E. coli. B. subtilus
inactivationis used to demonstratea dose of 40 mJ/cm2,while
E. coli inactivation followed by photoreactivationis used to
a 4- log i n a c ti v a ti o n .
d e mons t r ale
The challengetest involves seedingthe challengemicrobe into
the UV disinfection unit and measuring the inactivation
achievedby the reactor. Static mixers are used upstreamand
downstream of the unit to ensure that seededmicrobes are
properly mixed and that microbial samplesare representative.
Challenge tests are performed at the minimum and maximum
flow through the UV unit with the UV sensorreading at the set
point. The set point is achieved using two methods - by
lowering the lamp output with the water UV absorbance
unchangedand by increasingthe water UV absorbancewith the
lamps at maximum output. A UV doseequivalentis assignedto
the UV reactor by comparing the inactivation achieved by the

reactorto a UV dose-responsecurve lbr the challengemicrobe
obtainedusing a collimatedbeam apparatus(seeFigure 1). In
a collimated beam apparatus,the inactivation of a challenge
microbe is measuredas a function of applied UV doseunder
controlled laboratoryconditions. In the Germanstandard,the
collimated beam apparatusmay use either a low or medium
pressure mercury arc lamp as a source. Furthermore, the
microbial suspensionirradiated must not be stirred and must be
sampledfrom the centerof the suspensionusing a small volume.
All tests are performed at a facility capable of evaluating
sensors,performing challenge tests, and evaluatingone-line
command and control strategies. Validated UV disinfection
systemsare certified with a registration number and a period of
validity.
Leuker (1999)and Sommeretal(1997) reportedon UV reactor
validation using Austrian StandardOXORV M 5873, a standard
similar to the German DVGW standard. The certification
process,performed at a test facility, identifies conditionsof flow
rate, UV absorbance,and UV sensoroutput that provide for a
dose equivalentof 40 mJ/cm2. Challengetestsare performed
using ^8. subtilus spores. Static mixers upstream and
downstreamof the UV reactor are used and the test stand is
designedwith a 90" elbow locatedimmediately upstreamof the
reactor. The UV absorbanceof the water is increasedby
seedingthe influent with a UV absorbing chemical such as
sodium thiosulfateor fluorescein. UV lamp intensity is reduced
to the level expectedat the end of its useful servicelife. If the
sensoroutput falls below a target level, the systemmust reactby
increasing lamp output, activating redundant lamps, or
restricting flow. Alarms are sounded and shutoff valves
activatedif dosedelivery is in jeopardy.
NSF/ANSI Standard55-1991 outlines a cerlification protocol
that usesB. subtilus sporesto challengeUV reactorsdesignedto
deliver 38 mJ/cm2andSaccharomycescerevisiaeto challenge
UV reactors designed to deliver 16 mJ/cm2. S. cerevisiae,
having a greaterUV sensitivity than B. subtilus spores,is a more
appropriatechallengemicrobe for the lower doserequirementof
of the challengemicrobeis
16 mJ/cm2.The UV dose-response
measuredusing a collimated beam apparatusin which a stirred
sampleis irradiatedusing UV light from a low pressuremercury
arc lamp. The UV dosedelivery must be challengedat the UV
sensorsetpoint, obtainedeither by reducingthe lamp intensity
or by increasingthe water UV absorbancethrough addition of
parahydroxybenzoicacid (PHBA).

Table 1. Sensorcharacteristicsdefinedin GermanDVGW StandardW 294
Pronertv
OnJine sensor
Reference sensor
Output
Wm2
Wm'
+IjVo
Measurementuncertaintv
<
I +57o
>907afor 240-290nm
Selectivitv
>957ofor 240-290 nm
Openinsansle
30'
30'
Sensitivity
>90Voover 15o
>90Vaover 15o
<5Vafrom 15 to 30'
<5Vofrom 15 to 30'
+5Va
+5Vo
Linearity
+107ofrom 5 to25"C
+107ofrom 5 to 25"C
Temperature
stabilitv
+57a
+5Vaover 5000 hrs
Lons term stabilitv
over 5000 hrs
Figure L.

A UV doseequivalentis assignedto the UV reactorby comparing the inactivation achievedby the
reactor to a UV dose-response
curve for the challengemicrobe obtainedusing a collimatedbeam
apparatus.
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Issues
While UV reactor validation/certification protocols currently
exist and have been applied successfully,advancesin the
understanding and application of UV disinfection challenges
conventionalwisdom. Cabaj et al (1996) showedthat the UV
dose equivalent obtained when challenging a UV reactor
depends on the UV dose distribution delivered by the reactor
and on the kinetics of inactivation of the challenge microbe.
The measureddose equivalentdecreaseswith a broader dose
distribution and decreasesas the UV sensitivity of the challenge
microbe increases. However, shoulders in the UV inactivation
kinetics may increasethe measureddose equivalent. Figure 2
demonstratesthe dependencyof the dose equivalent on the
microbe's first order inactivation constantfor a UV reactor with
a dosedistributionas indicated.
A number of rules of thumb may be used when evaluating the
resultsof microbial challengetestsgiven thesedependencieson
dosedistribution and inactivation kinetics. First, if a challenge

test using two microbes of differing UV sensitivity gives the
samedose equivalent,the reactor is performing with near ideal
hydraulics and UV dose may be expressedas the product of
averageUV intensity and exposuretime. If a non-ideal reactor
is challenged by a single microbe, microbes that are more UV
sensitivethan the challengemicrobe will have a log reduction
at least equal to that experiencedby the challenge microbe. On
the other hand, microbes less sensitivewill experiencea UV
doseat least equal to that experiencedby the challengemicrobe.
For example,if an MS2 challengeshowsa log reductionof 2.8
and a UV doseequivalentof 50 mJ/cm2,one can arguethat E.
coli, amicrobe with a UV sensitivity greater than that of MS2,
will experienceat least a2.8-log removal. On the other hand,
adenovirus, a microbe more UV resistant than MS2, will
experiencea doseequivalentof at least50 mJ/cm2.
These arguments demonstrate the importance of choosing a
challengemicrobe with an appropriate UV sensitivity. Table 2
presentsa list of targetpathogensand their UV sensitivity,and
suggests appropriate challenge microbes. The challenge
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microbe used as a surrogatefor UV-resistantrotavirus should
differ from the challengemicrobe used as a sulTogatefor UV
sensitiveCryptosporidium.
DifTerencesexist in the methodologyusedto obtain UV doseresponsecurveswith a collimatedbeamdevice. Someprotocols
allow the use of polychromaticUV sources. Dose calculation
with a polychromatic sourcerequiresdata on the spectral output
of the source,the action spectrumof the microbe being irradiated, and the UV absorbancespectrumof the water. The dose
calculation sumsthe dosedelivered at eachwavelengthweighted
by the microbe's action spectrumand normalizesthat sum to
give a doseequivalentexpectedat 254 nm. On the other hand,
dose calculations with low pressuremercury arc lamps are
simplified by the monochromaticnature of the sburceand are
basedon readily measuredUV intensities. Given that UV dose
delivery requirementsare basedon inactivationdata originally
derived using low pressuremercury arc sources,using such a
source within a collimated beam apparatusis justified and
preferred.
While some collimated beam protocolsrequire stirred suspensions,othersrequirethe sampleto be quiescent.By stirring the
sample,dosedelivery to all fluid elementswithin the suspension
is uniform. This is very important when the intensity gradients
across the suspensionare large due to high UV absorbance.
Collimatedbeam protocolsneedto recognizethat somewaters
will have significant UV absorbancesnecessitatingstirred
suspensions.
UV absorbingchemicals(e.g.,PHBA) usedduring a challenge
test may significantly changethe characteristic shapeof the UV
absorbancespectrumof the water. Under such conditions, the
results of a challengetest on a polychromaticUV disinfection
system may not be reflective of real world conditions and an
alternatechemicalthen must be used.
Validation protocols without ref'erenceto a collimated beam
curve have beenproposed. However, UV dosedose-response
responseis a function of the culture methodsusedto grow the
microbes and the assaymethodsused to quantify inactivation.
Measuring the UV dose-responseof the challenge microbes
ensures that the appropriate UV dose-responseis used to
calibrate the reactor.
Prescribing an on-line sensor technology verifiable using a
referencesensorprovides health inspectorsa meansfor checking
the performance of an installed UV disinfection system.
However, specific UV sensor requirements could restrict
technology innovation and advancement. Validation/certification protocols should be written to allow technology
advancementthat doesnot compromisepublic health protection.

Summary and Conclusions
UV disinfection is positionedto become a BAT for drinking
water disinfection in the United States. Key to the acceptanceof
UV disinfection is the developmentof validation/certification
protocols that provide a guaranteeto the end-userthat the UV
disinfection system installed meets disinfection objectives
reliably. Certification/validationprotocolsfor UV disinfection
currently are being used by Germany and Austria for UV
disinfection systemsdesigned for municipal drinking water
disinfection and currently exist in the United Statesfor Point-of:
entry and Point-of-Use UV disinfection systems. These
protocols sharemany features- the establishmentof UV reactor
and
performancecurvesas a function of flow, UV absorbance,
While
safeguards.
of
low
dose
UV sensoroutputand validation
advancementsin the understandingand application of UV
disinfection has identified issues that require resolution, a
framework existswherebyUV disinfectionsystemvalidation/certification can be incorporatedinto guidelinesfor drinking
water disinfectionin the United States.
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Figure 2. With an ideal UV reactor where eachmicrobe receivesthe sameUV dose,the doseequivalentobtainedwith different challenge
microbe is the same. However, if the reactor delivers a range of doses,the dose equivalent dependson the shapeof the dose
distribution and the inactivation kinetics of the challengemicrobe. Shown in this figure is a theoretical dose distribution o.rrve
and the associatedbioassaydoseequivalentfor organismsof different UV sensitivities.
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