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ABSTRACT
With the rapid acceptance and implementation of ultraviolet as a superior process for wastewater disinfection more and more
engineers are faced with the challenge of designing systems that meet their clients’ disinfection requirements. This responsibility
has become increasingly more complex with the various lamp technologies and configurations currently available. A review of the
processes of both the calculated UV sizing method and biological verification method is given, together with their associated
strengths and weaknesses.
Whilst it can be argued that biological verification provides a greater assurance by accounting for hydraulic efficiencies in ultraviolet
systems that are not as readily discerned in a mathematical model. However, when using a biological verification method (or
bioassay) as the basis of design, the engineer should specify how a bioassay is to be implemented.
It is important to note that strictly defined experimental protocols and quality controls have to be implemented. This is most
apparent when considering technology comparisons from different manufacturers. In particular the challenge organism, the
selection and quality control used in the testing can significantly affect the outcome of the results. If the various tests are not
conducted under identical protocols and challenge organisms, a proper and fair comparison between competing technologies
cannot be conducted.
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INTRODUCTION
Increasingly engineers are faced with the challenge of designing
systems that meet their clients’ disinfection requirements. This is
especially the case with the rapid acceptance and implementation of
ultraviolet systems in the different applications of reuse and
wastewater. While calculated ultraviolet sizing models, such as point
source summation, have been widely used in many regions of the
world, an alternate method utilizing biological verification is gaining
acceptance in the UV community. It can be argued that biological
verification provides a greater assurance by accounting for hydraulic
efficiencies in ultraviolet systems that are not as readily discerned in a
mathematical model. However, when using a biological verification
method (or bioassay) as the basis of design, the engineer should
specify how a bioassay is to be implemented. A bioassay is a test where
biological organisms are identified and counted at the influent and
effluent of the ultraviolet system. The delta between these two (2)
sampling points is used to verify that the design will produce the
desired result. To ensure a proper bioassay test, a water transmittance
test that verifies the absorbency of the desired 254 nm ultraviolet
wavelength a total suspended solids (TSS) test should be provided to
determine that these parameters are within permit limits. The operator
will test a given system to comply with Permit Requirements on an
ongoing basis. Figure 1 shows a typical bioassay setup.
A key addition to the discussed bioassay approach is the use of a
collimated beam device (CBD). The CBD applies the desired ultraviolet
wavelength, at a determined UV dose, to a specific organism without
hydraulic interference. This establishes the amount of 254 nm energy
required to produce the desired log inactivation of the target

organism independent of the ultraviolet system to
be challenged. The same CBD tested organism is
then seeded to the ultraviolet
system challenged under controlled flow. Equating
the log inactivation results between the CBD and the
test unit will correlate the Dose-Applied with the
hydraulic efficiency (Hydraulic-Loading). Controlling
and defining the water quality aspects of the
challenge unit can develop an accurate efficiency of
Dose-Applied independent of water quality
variables.

Figure 1. A typical bioassay setup.
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It is important to note that strictly defined experimental
protocols and quality controls have to be implemented.
This is most apparent when considering technology
comparisons from different manufacturers. In particular
the challenge organism, the selection and quality control
used in the testing can significantly affect the outcome of
the results. If the various tests are not conducted under
identical protocols and challenge organisms, a proper and
fair comparison between competing technologies cannot
be conducted.

CALCULATED UV-SIZING
MODEL
A UV system sizing model based on a purely calculated
methodology described in the USEPA UV Disinfection
Guidance Manual (UVDGM), often referred to as the point
source summation (PSS) method. In this method the
average UV intensity is calculated with software package
such as UVDIS. This calculated intensity is then adjusted
by theoretical factors to account for the diminished
efficiency of the lamps at the end of their lives, for the
fouling that inhibits the transmittance through the quartz
sleeve, and for additional safety factors. The adjusted
average intensity is then multiplied by the theoretical
retention time to find the UV dose.
Use of the UVDIS program requires definition of the UV
system configuration to be sized. The program does not
presume a configuration, but rather the user must provide
the appropriate data regarding the system that is being
considered for design or that being evaluated. The key
input needed for defining these system configurations
include the distance or length in which wastewater travels
exposed to UV radiation, the spacing of the lamps within
the modules/banks and the specifications of the lamps
and quartz with regard to size and output. In addition, the
hydraulic characteristic of the UV reactor is needed as
defined by a dispersion coefficient.
In summary the input variables are:
• Arc Length (cm): This is the effective arc length of the
lamps being used in the reactor.
• Centerline Spacing (cm): This is the centerline spacing
between lamp columns in the x-axis direction.
• Centerline Spacing (cm): This is the centerline spacing
between lamp rows in the y-axis direction.
• UV Characteristic Bank Length (cm): This is the length
under which the wastewater travels exposed to UV
radiation, per bank.
• Total Flow (L/min): This is the flow entering the reactor.
This is a variable that is also considered in establishing
wastewater characteristics.
• Dispersion Coefficient (cm2/s): Actual dispersion
coefficients of a reactor should be determined via a pilot
study. However, the user can use an estimated
dispersion coefficient, based on the anticipated or
existing system configuration.
• Quartz Sleeve Diameter (cm): This is the outer diameter.

• Number of Banks in Series: This is the number of banks
that are placed in series in the reactor.
• UV Rated Power of the Lamp (W): This is the rated output
of the lamps at 253.7 nm after 100 hours operation.
• Quartz Sleeve Transmittance Reduction Factor: The
fraction of the lamp emission that is transmitted through
the quartz sleeve. This is nominally 0.95 for new quartz.
With use, however, this will degrade. Also fouling of the
quartz surface in the wastewater environment will
degrade this transmittance.
• Lamp Output Reduction Factor: The lamp output at 253.7
nm diminishes with time. The output reduction factor is
the fraction of the initial output that the lamp will have
for the remainder of its useful life.
• Average Reactor Intensity (µW/cm2): The average nominal
UV intensity within a reactor is a function of the type of
lamp used, the spacing between lamps, and the
transmittance of the wastewater. This can be inputted
directly for the given conditions or invoked through the
subroutine TULIP.

Strengths and Weaknesses
Being a purely mathematical approach the flexibility,
speed and cost of this sizing method are key strengths.
Different equipment configurations and new innovations
can be easily considered. Also, it is not based on specific
target organisms, meaning that different equipment
configurations can be more easily compared.
Conversely its weaknesses lie in the fact that it is not based
upon actual microbiological data, meaning that is does
not take account of specific site conditions and the
hydraulic performance of a specific equipment design and
configuration.
Generally with this approach it should be remembered
that the quality and accuracy of the output data is solely
dependant upon the quality and accuracy of the input
data. This has often been sited as a weakness of this
method and indeed it is critical that accurate data should
be used for the calculation basis. As we shall see however,
biological verification methods, if not properly controlled,
also suffer from this weakness.

Biological Verification UV
Sizing Model
While calculated ultraviolet sizing models, such as point
source summation, have been widely used in many
regions of the world, an alternate method utilizing
biological verification is gaining acceptance in the UV
community. There are many different ways in which
biological verification can be completed and no single
worldwide protocol exists for all wastewater disinfection
applications, however the USEPA UVDGM, designed for
drinking water applications, divides the experimental
testing into three main sections;
• Conduct experimental tests using a challenge organism
• Full-scale reactor field testing

14 | IUVA News / Vol. 9 No. 4

• Bench scale collimated beam analysis
• Determination of the Reduction Equivalent Dose (RED)
• Adjust for Uncertainty to Calculate the Validated UV dose
In addition to the above testing steps, the process is
completed by carrying out data analysis to determine
reactor performance models.

Conducting Experimental Tests
using Challenge Organism
The UV reactor used for the bioassay must be equivalent in
configuration and operation to the commercial unit. The
test unit must be hydraulically scaleable or a commercially
available full-scale module. The key elements of the test
unit must be identical to that of a full-scale commercial
unit, including lamp ballast, quartz sleeve, baffle, support
bars, sensors, etc. In addition to the UV reactor itself,
various ancillary equipment is critical to the completion of
biological verification.
As shown in Figure 2, source water is pumped through an
enclosed pipe into the UV reactor. Prior to entry into the
reactor, UV absorbers and challenge organisms are
injected into the influent stream, passed through a static
mixer to ensure complete mixing. A calibrated flow meter
is used to verify influent flow. Taking the effluent sample
over the outlet weir ensures a well mixed sample;
alternately another static mixer could be employed.
Influent
sample area

Water Source
Pump

Flow
meter

In addition to ensuring the appropriate test conditions,
equipment configuration, instrument calibration, it is
important to confirm the actual functionality of the
equipment. Key parameters to measure include; Lamp
output variability, UV intensity output, Power
consumption, UV sensor variability and head-loss.

Selecting the Appropriate
Challenge Organism
When selecting the challenge organism it is preferable to
choose an organism with a similar or more sensitive UV
dose response as the target organism. A more sensitive
organism may lead to overestimating the UV dose due to
hydraulic limitations. A portion of the Validation Factor

Effluent
sample area
(over weir)

Static
mixer
UV Reactor

Valve
Spike
pump

The UV equipment being tested should be consistent with
the standard equipment design and with that which will
be supplied commercially. Therefore as part of the
biological verification procedure, the UV supplier should
provide adequate documentation to demonstrate that the
key components of the UV system are consistent with test
equipment.
Naturally the validity of the overall testing results is in great
measure determined by the calibration accuracy of the
various instruments used. Therefore the third party
validator should inspect and confirm valid calibration
certificates are available for all appropriate instruments and
monitors used throughout the validation testing.

Microbial
reservoir

Discharge

Figure 2. Typical Equipment layout for Bioassay testing.

Water containing a microbial surrogate is subjected to UV
disinfection under a variety of conditions (flow, UVT,
Power, number of banks). Both influent and effluent
samples are taken for microbial enumeration. The log
inactivation is determined under each condition and a
model developed. This testing can be performed at a UV
validation facility or on-site at a water treatment plant.
Figure 3 shows an outlet sample being taken for UVT
analysis.

Figure 3. Outlet UVT sample being taken from the flowing
stream.
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accounts for the differences between the challenge and
target organisms UV dose response.For example, if the
target organism is fecal coliforms the selection of a low UV
dose virus, such as T1 would be appropriate. The future
application of the results would be limited UV dose levels
associate with this virus, that is, <20 mJ/cm2. Naturally
native fecal coliforms could be used, however, the
delivered UV dose can only be evaluated using the linier
portion of the UV dose/response relationship, where the
influence of particle associated organisms are not present
(tailing). This would typically result in UV Doses of 10-15
mJ/cm2.

Selecting the Appropriate
Test Conditions

Figure 5: MS2 UV Dose Response Curve

The test conditions and number of tests are highly
dependant on the type of UV dose monitoring strategy
used and the operational range of the UV reactor. In order
to generate a UV dose monitoring equation, the system
should be evaluated with at least three conditions for each
operational variable (flow rate, UVT, ballast power). The
combination of these variables is used to develop test
conditions that span the entire UV dose range of the UV
system.
Figure 4:
Typical Collimated Beam
Device

Figure 6: UV Dose Response for Fecal Coliforms in
Secondary Treated Wastewater

Determination of the
Reduction Equivalent Dose

Bench Scale Collimated Beam
Analysis
A Collimated Beam test allows for the determination of the
reaction (log inactivation) of a specific microbial surrogate
within a specific water quality when exposed to known
duration of an averaged UV intensity field. Figure 4 shows
a typical Collimated Beam device that consists of an
enclosure containing UV lamps, a collimating tube that
focuses light onto a water sample held on a petri dish at
the base of the collimating tube.
Key points related to completing a Collimated Beam test
are:
• A water sample from the microbial challenge is collected
for bench-scale analysis
• Collection previous to UV exposure
• Contains microbial surrogate
• Test water subjected to varying UV doses to generate a
UV dose response curve for the challenge
microorganism.
Typical UV dose response curves are shown in Figures 5
and 6.
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The level of inactivation for each test condition completed
during the field testing is determined, by comparing the
difference between the influent and effluent samples. The
Reduction Equivalent Dose (RED) is then calculated by
comparing the level of inactivation observed for each test
condition to the UV dose response curve generated from
the Collimated Beam testing. The RED value is specific to
the challenge microorganism for the specific test
conditions.

Adjust for Uncertainty to
Calculate the Validated UV Dose
In order to correct for uncertainties and biases associated
with the validated testing, the calculated RED is divided by
a validation factor. This will quantitatively account for both
uncertainties in the experimental method as well as any
difference in the UV sensitivity of the challenge and target
organism.

Data Analysis and Reporting
Once the RED has been calculated and the Validation
Factor determined, several UV system performance
prediction models can be developed. These models could
include; UV intensity as a function of UVT and ballast
power. RED as a function of flow rate, UTT, ballast power

and water level. Other prediction models can be generated
as required.
The presentation of a Validation Report is a critical
component that should not be overlooked since this will
form the basis of evaluation and comparison. In general
this report should include, but not be limited to, the
following:
• Executive Summary
• Detailed equipment description;
• Test equipment layout
• Verified dimension check-sheet of UV reactor wetted
components
• Cut-sheets and calibration certificates of UV system
components and instrumentation
• Description of operating control strategy employed
• QA/QC criteria and controls employed
• Test conditions for reactor validation testing
• Testing results
• Functional testing results including functional
performance prediction models
• Reactor validation results including RED prediction
models
• Appendices
• Raw data
• Qualifications
• 3rd Party Validator
• Laboratory services
• Calibration services

KEY ELEMENTS TO ENSURE
BIOASSAYS DO NOT GO WRONG
Strict quality control measures need to be followed in
order to ensure the data generated during the validation is
of good quality. If the various tests are not conducted
under identical protocols, a proper and fair comparison
between competing technologies cannot be conducted.

Sound Protocol Basis and
Proper Planning
A protocol can be defined as a set of rules under which a
process is carried out. In other words - what is being done,
how it is being done and who is doing it. For the
completion of a UV Disinfection system verification
bioassay, a protocol should include as a minimum, the
goals of the validation, a comprehensive test plan, the test
equipment configuration (including system and
components identical in form and function to the
commercial unit), and a functional testing plan.
Naturally in order to complete the above testing effectively
it is important that sufficient planning is employed. This
should include approval by the appropriate regulatory
body.

Appropriate Test Conditions
and Challenge Microorganisms
Some wastewater protocols have been developed around
specific wastewater applications; however specific water
quality at the individual wastewater site can impact the
results. If the system UV dose performance is separated
from the application, designers can evaluate systems over
a wide range of potential wastewater water UVT’s, flows
and power settings. One way to achieve this is conducting
testing in filtered water to minimize any impact particle
size and concentrations have on system performance. A
separate protocol could then be used to develop UV doseresponse curves for specific applications in the laboratory.
Using this method a system designer can determine the
application and operating range for a specific system by
conducting the validation over the wide range of water
qualities expected for intended application. This not only
allows for a better comparison between technologies, but
also for more cost effective validations.
Simply put the challenge organism should have a similar
UV dose response curve as the target organism.

Robust Data Analysis and
Reporting
The 2006 UVDGM provides guidelines for reviewing
validation reports and if implemented into a standard
protocol for wastewater validations would provide a
standard methodology to evaluate all manufactures
equipment. Some key elements are:
• Ensure the validation testing meets the QA/QC criteria,
including;
• All instruments used are within accepted tolerance
(flow meters, UV spectrophotometers, UV sensors,
radiometer)
• QA/QC of microbial samples (reactor controls,
reactor blanks, trip controls, method blanks, stability
samples)
• Verify the uncertainty of the Collimated beam testing is
within specified limits
• Verification that proper mixing occurred.
• Verify that collimated beam tests were conducted on the
same day as reactor testing, using the same stock
solution of microorganisms
• Ensure the challenge organism UV sensitivity is similar to
that of the target organism and the overall UV dose
response is consistent to the expected in activation
behavior for that organism
• Ensure that the appropriate amount of test conditions is
evaluated to develop the UV dose equation for the full
range of operating conditions
• Ensure the UV dose equation is developed using standard
statistical methods (multivariate regression)
• Ensure the validation report includes an analysis of fit for
the UV dose monitoring equation.
• Ensure the inclusion of the validation factor
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• Ensure the Validated UV dose is equal or greater than the
required UV Dose needed for the target organism over
the range of expected UVT and flow rates of the
wastewater system

Independent Third Party
Oversight
It is critical that a qualified and independent third party
validator be used in all aspects of the bioassay. This should
include not only the approval of the testing protocol and
completion of the testing, but also the analysis and
compilation of the subsequent data.

Consider Emerging Methods
There are a number of emerging scientific methods and
techniques that can be used to complement biological
verification. Judicious consideration of the incorporating
these methods could enhance the data analysis.
• Computational Fluid Dynamics, Intensity (CFDi) – To
assist with issues such as equipment design, scaling, open
surface modeling and UV dose-distribution.
• Dyed-Microspheres – To determine the reactor UVdosedistribution characteristics.

CONCLUSIONS

design in the field, over a range of conditions, as derived
from a lab-based UV dose-Response relationship. If the
tests and analysis are not conducted under identical
protocols a proper and fair comparison between
competing equipment configurations cannot be
conducted. Thus if validation testing is completed
according to a standard protocol it allows the fair
comparisons. The USEPA UVDGM provides an excellent
framework under which UV systems for wastewater
applications could be evaluated. To date no such
comprehensive protocol is in existence.
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The fundamental purpose of biodeosimetric testing is to
determine the UV dose-delivery of a specific UV system
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