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NYSERDA’s Promise to New Yorkers: 
New Yorkers can count on NYSERDA for 

objective, reliable, energy-related solutions 

delivered by accessible,dedicated professionals.
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energy economy in New York – including programs to support product 
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development, and the knowledge-based community at the Saratoga 

Technology + Energy Park®. 

Energy Education and Workforce Development 

Helping to build a generation of New Yorkers ready to lead and work  
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Helping to ensure that policy-makers and consumers have objective 

and reliable information to make informed energy decisions – including 
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NOTICE
 

This report was prepared by Karl Scheible and Chengyue Shen of HDR|HydroQual in the course of 

performing work contracted for and sponsored by the New York State Energy Research and Development 

Authority (hereafter NYSERDA). The opinions expressed in this report do not necessarily reflect those of 

NYSERDA or the State of New York, and reference to any specific product, service, process or method 

does not constitute an implied or expressed recommendation or endorsement of it. Further, NYSERDA, the 

State of New York, and the contractor make no warranties or representations, expressed or implied, as to 

the fitness for particular purpose or merchantability of any product, apparatus, or service, or the usefulness, 

completeness, or accuracy of any processes, methods, or other information contained, described, disclosed 

or referred to in this report. NYSERDA, the State of New York, and the contractor make no representation 

that the use of any product, apparatus, process, method or other information will not infringe privately 

owned rights and will assume no liability for any loss, injury, or damage resulting from, or occurring in 

connection with, the use of information contained, described, disclosed or referred to in this report. 
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ABSTRACT AND KEYWORDS
 

This report contains a history of the UV Validation and Research Center of New York (UV Center) 

operated by HDR|HydroQual, its regulatory drivers, the UV validations that have been conducted since 

2003, and brief summaries of research conducted under the UV Center umbrella. A bibliography is also 

provided of papers and presentations generated by work at the UV Center. 

Driven primarily by both regulatory requirements and trends in the water and wastewater treatment 

industries, the UV Center was established to provide the capacity and access needed to efficiently respond 

to these industry testing needs. Its sponsors include NYSERDA, the New York City Department of 

Environmental Protection (hereafter DEP), Water Research Foundation and several of the major UV 

manufacturers. Located at the Gloversville-Johnstown Joint Wastewater Treatment Facility, the UV Center 

can service any UV system up to a hydraulic capacity of 45,000 gpm. Operations are ongoing, supported by 

both advancements in UV technology and the continued demand for validated UV systems for the drinking 

water and reuse water markets. Research has been conducted on advanced photochemical techniques to 

measure the dose-distribution in a reactor, using live viruses as a direct pathogen challenge, and expanding 

the availability of acceptable surrogates to meet validations targeted for specific dose ranges. Algorithms 

for sizing systems have been developed, with over 75 full-scale reactors tested through 2011, including 

systems designed for drinking water, reuse waters and treated wastewaters, conforming to standard 

validation protocols such as the Ultraviolet Disinfection Guidance Manual (USEPA 2006). 

Key Words: Ultraviolet, Disinfection, Validation, Biodosimetry, Actinometry 
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SUMMARY
 

This report contains a history of the UV Validation and Research Center of New York (UV Center) 

operated by HDR|HydroQual, its regulatory drivers, the UV validations that have been conducted since 

2003, and brief summaries of research conducted under the UV Center umbrella, and the benefits to New 

York State and industry. A bibliography is also provided of papers and presentations generated by work at 

the UV Center. 

Driven primarily by both regulatory requirements and trends in the water and wastewater treatment 

industries, the UV Center was established to provide the capacity and access needed to efficiently respond 

to these industry needs. Its sponsors include NYSERDA, the NYC DEP, Water Research Foundation and 

several of the major UV manufacturers. Located at the Gloversville-Johnstown Joint Wastewater Treatment 

Facility, the UV Center can service any UV system up to a hydraulic capacity of 45,000 gpm. Operations 

are ongoing, supported both by advancements in UV technology and the continued demand for validated 

UV systems for the drinking water and reuse water markets. Research has been conducted on advanced 

photochemical techniques to measure the dose-distribution in a reactor, using live viruses as a direct 

pathogen challenge and expanding the availability of acceptable surrogates to meet validations targeted for 

specific dose ranges. Algorithms for sizing systems have been developed, with over 70 full-scale reactors 

tested through 2011, including systems designed for drinking water, reuse waters and treated wastewaters, 

conforming to standard validation protocols such as the Ultraviolet Disinfection Guidance Manual (USEPA 

2006). 

NYSERDA’s commitment to the UV Center and to the application of UV for wastewater and drinking 

water disinfection has been an advantage, both to the industry and New York State. Total UV Center 

revenues through 2011 are approximately $12.4 million, with nearly half spent locally for water, sewer, 

contractors and local services and suppliers. The UV Center has attracted users and visitors worldwide, 

including China, Europe, Japan, Australia, South America and major US cities. 

Validation reports have been completed for a diverse set of UV systems that are now offered commercially 

to the water, reuse and wastewater industries. The UV Center conducted the validation of the reactors used 

for the NYCDEP Catskill/Delaware and Croton UV disinfection facilities, which comprise the largest 

drinking water UV disinfection capacity in the world, treating nearly one-half the water supplied in New 

York State. Testing at the UV Center has advanced the use of multiple surrogates for challenging a UV 

reactor. This means that greater certainty of dose-delivery (of log-inactivation) is accomplished over a 

wider operating range, resulting in more efficient designs, less power requirements and a more competitive 

technology. 

A major research program at the UV Center developed and demonstrated protocols for the Lagrangian 

actinometry method, using dyed microspheres to directly measure the dose-distribution in a reactor across 
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its prescribed operating range. The protocol for this method will be published in 2012 by the Water 

Research Foundation, which partnered with NYSERDA to support the project. NYC DEP joined in a 

Tailored Collaboration project with the Water Research Foundation to demonstrate the Lagrangian 

actinometry method to revalidate the Catskill/Delaware UV reactor. The outcome was a demonstration that 

the UV reactors can be operated at higher ratings than established by biodosimetry alone, possibly resulting 

in several millions of dollars saved in energy and other operating expenses over the life of the system. In 

addition to the validations for the NYCDEP Cat/Del and Croton facilities, testing was completed for 

Thornton/Columbine, CO; Newark, OH; Seattle, WA (Cedar); Vancouver BC; Presque Isle, ME; and 

Melbourne, Australia (Reuse). 

Direct challenges with live Adenovirus were conducted to validate for 4-Log virus inactivation. The 

Atlantium R200 reactor was the first to receive 4-log credit in New York State and has been commissioned 

at the Mohawk Water Treatment Plant. A paper describing the Adenovirus work conducted at the UV 

Center (Linden, et.al., 2009) was awarded AWWA Best Publication Award (all divisions). The UV Center 

has also assisted with testing innovative systems including UV LEDs developed by Crystal IS in Green 

Island, NY, and lamp systems driven by microwaves. 

Numerous research reports, papers and presentations have been made relating the work conducted at the 

UV Center. With the large data base generated by the UV center, resulting from a diverse population of 

medium- and low-pressure reactors, development of generic regression models has been possible. These 

approximate the sizing and energy requirements for UV applications to drinking water and reuse. A 

refinement of simple models using UVT, power, flow and UV resistance (UVR) introduces the term “UV 

Density,” or UVD. 

The UV Center operations continue to attract new UV suppliers worldwide, most recently from Japan, 

China and Russia. As the technology advances, new research is needed and systems will require validation 

under current regulations. The UV Center’s mission will be to continue advancing the science and being a 

resource to industry and to the user community. 
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SECTION 1
 

INTRODUCTION
 

The UV Validation and Research Center of New York (UV Center) is unique, being both one of only four 

such facilities in the world, and the largest among them. Driven primarily by regulatory requirements, and 

by trends in the water and wastewater treatment industries, it was established to provide the capacity and 

access needed to efficiently respond to these industry needs. This report briefly summarizes the history of 

the facility and the work accomplished in its first eight years of operation. Greater detail is available in the 

more than 75 UV system validation reports produced by the UV Center, and the many presentations, papers 

and research reports generated by the work conducted at the facility. Operations are ongoing, supported by 

advancements in UV technology, and the continued demand for validated UV systems for the drinking 

water and reuse water markets. 

1.1. OBJECTIVES AND HISTORY OF THE UV CENTER 

The mission of the UV Center is to provide the equipment and services need to validate the performance of 

UV disinfection systems, and to do this at capacities needed to test at full scale. Briefly, the validation 

process (see Figure 1) that is practiced entails using a microbiological surrogate for targeted pathogens. The 

process then fully characterizes the surrogates’ response to UV dose in the laboratory, seeds the source 

water at the UV center water with this surrogate and challenges the UV reactor that is installed on a test 

stand at the UV Center. The response of the challenge organism, as measured by its inactivation, is then 

compared to the dose-response relationship developed in the laboratory in order to infer the dose delivery 

by the reactor (termed the “Reduction Equivalent Dose” or RED). This is repeated across a matrix of 

operating conditions to develop a multi-dimensional operating envelope (for example, flow, UV 

transmittance of the water, power input to the UV lamps, number of lamps or lamp modules in operation, 

etc.), within which the dose-delivery (or log inactivation) performance of the reactor is known and verified. 

Often, dose or log-inactivation equations are generated from these data as part of the dose-control operating 

strategy of the UV reactor. Within this objective, the UV Center’s mission is to test systems covering a 

wide range of rated capacities, and to fully and accurately measure and document all operating variables 

important to the application of UV. Additionally, the UV Center provides the laboratory capabilities to 

generate and measure the microbiological surrogates that are used for challenging UV reactors as part of 

the validation process. 
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Figure 1. The Validation Process Using Biodosimetry Techniques 

The UV Center’s goal is also to advance the science and engineering basis of UV and the validation 

process. To this end, for example, research has been conducted on advanced photochemical techniques to 

measure the dose-distribution in a reactor, using live viruses as a direct pathogen challenge, and expanding 

the availability of acceptable surrogates to meet validations targeted for specific dose ranges. 

This validation process is somewhat unique to UV and its application to disinfection. When UV began to 

gain interest in North America in the early 1980’s, bioassays were conducted to demonstrate dose-delivery 

for wastewater applications. This continued through the 1990’s, when the concept of bioassays was 

incorporated into the protocols for designing UV for water reuse or recycle systems (California Title 22 and 

the National Water Research Institute, “Guidance for UV Design Reuse and Drinking Waters”). 

Throughout this period, UV’s application to drinking waters was not considered practical, although it was 

being used extensively in Europe. The Giardia and Cryptosporidium outbreaks in the 1990’s prompted 

regulatory action to develop disinfection processes that would specifically include inactivation of these 

protozoan pathogens, in addition to conventional bacterial and virus pathogens. Initially, both were thought 

to be highly resistant to UV, making the technology an ineffective choice for drinking water applications. 

However, groundbreaking research using mouse-infectivity studies demonstrated that both 

Cryptosporidium and Giardia were found to lose their ability to replicate (infect) when exposed to 

relatively low UV doses. This led to its inclusion in the Enhanced Long Term Surface Water Treatment 

Rule (LT2, 2006) as a best available technology. Still, accompanying the LT2 was the requirement that if 

credit for Cryptosporidium, Giardia and/or virus inactivation by UV was sought by the owner, then UV 

reactors that had been validated at full scale would need to be installed. 
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With the LT2 due to be released, the Ultraviolet Disinfection Guidance Manual (UVDGM) was developed. 


Drafts were released for review over a period between 2003 and 2006, and the final document was 

published in November 2006. These regulatory drivers put the validation process in the forefront, with a 

critical need for facilities to conduct full-scale testing. In 2002, NYSERDA awarded a grant to HydroQual, 

Inc. (now HDR|HydroQual) to site and develop a facility in New York State. The facility was designed, 

built and started by June 2003, with the first validation conducted that year on the Severn Trent crossflow 

UV reactor slated for Thornton/Columbine, CO. The hydraulic capacity of the new UV Center facility was 

approximately 25 mgd. 

In 2004 HydroQual was awarded a contract with the New York City Department of Environmental 

Protection (NYCDEP) to expand the UV Center to a hydraulic capacity of 65 mgd. This expansion was 

started in 2004 and completed in early 2005 – essentially in its current configuration, and making the 

Center the largest in the world. Validation testing was done in 2005 on the two prototype reactors 

competing for the NYCDEP Catskill/Delaware UV Disinfection Facility planned for Eastview, NY, each 

tested at flow rates approaching 65 mgd. Operations at the UV Center have proceeded through 2011, and 

the facility will continue operations in 2012, and beyond. Since 2005, more than 70 UV systems have been 

validated, and research has been conducted on the use of dyed microspheres to directly measure the dose-

distribution in a reactor. The facility has also taken on the capacity to conduct wastewater related 

validations, particularly with respect to reuse water and open channel systems. 

1.2. SPONSORS OF THE UV CENTER 

The UV Center’s success is shared by its partners, providing either financial support and/or technical 

expertise: 

•	 NYSERDA has provided the core financial support to initiate the UV Center and to allow 

development of expanded services and research. Partnering with the Water Research Foundation, 

NYSERDA has been a key supporter in the development and demonstration of advanced methods 

to measure the dose distribution of UV reactors. 

•	 NYCDEP provided the financial support to expand the UV Center to its current capacity, and 

contracted to have the Catskill/Delaware and Croton facilities’ UV reactor validations conducted 

at the UV Center. Additionally, in 2009, through a tailored collaboration with the Water Research 

Foundation, NYCDEP supported revalidation of its Catskill/Delaware UV system, incorporating a 

simultaneous demonstration of the Lagrangian actinometry method for measuring dose-

distribution using dyed microspheres. 

•	 Water Research Foundation has supported research at the UV Center, focusing primarily on the 

use of dyed microspheres to characterize the dose distribution within a UV reactor. These efforts 

resulted in a protocol for applying this method (WRF, Draft 2012), and demonstrating its 

1-3
 



   

 

 

 

  

      

  

   

  

 

 

 

  

application to the NYCDEP Catskill/Delaware system (WRF, Draft 2012A). Similar work was 


conducted at the UV Center in the WRF project 3015, which focused on identifying surrogates for 

high-dose virus inactivation (WRF, 2011). 

•	 UV Manufacturers contributed significantly to the UV Center and support its operations through 

the testing that is conducted on their commercial systems. The following equipment suppliers are 

members and have had commercial systems validated at the UV Center: 

o	 Trojan Technologies 

o	 Atlantium Technologies, Ltd. 

o	 Ozonia North America 

o	 Severn Trent 

o	 Siemens 

o	 ITT Wedeco 

o	 atg UV Technologies 

o	 Toshiba 

o	 LIT Europe 

•	 Gloversville-Johnstown Joint Wastewater Treatment Facility hosts the UV Center. 

Decommissioned tanks and a dedicated area are provided on a lease basis to HDR|HydroQual, in 

addition to providing for disposal of the spent waters to the wastewater treatment facility. Potable-

quality water is provided by the Johnstown Water Department via hydrants at the treatment 

facility. 

1.3. OPERATIONS AT THE UV CENTER 

The UV Validation and Research Center of New York (the UV Center), is located at the Gloversville-

Johnstown Joint Wastewater Treatment Facility (Plant), Johnstown, NY, and is operated exclusively by 

HDR|HydroQual. The UV Center is self-supporting through fees charged to participating manufacturers for 

validation testing of their commercial systems. Active testing at the validation facility has been underway 

since June 2003 and will continue through 2012, and beyond. Figure 2 is an aerial view of the Gloversville-

Johnstown Joint Wastewater Treatment Facility. The UV Center uses the tanks noted on the figure. 
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UV 

Center 

Figure 2. Aerial View of the Gloversville-Johnstown 


Joint Wastewater Treatment Facility and the UV Center
 

The UV Center provides the necessary installation and operations support to conduct system validations. 

This includes providing the labor and equipment needed for receiving the test reactors, connecting the 

systems mechanically and electrically to existing test stands at the facility, all water and additives, and 

control and monitoring equipment, as needed. Figure 3 is a general schematic of the test facility. A number 

of test stands are available, ranging from 2-inch to 36-inch diameter feed piping. Typically, test stands are 

assembled from these piping systems to accommodate the reactor and preferred inlet/outlet piping 

configurations. Flow rate capacities range from 5 to 45000 gpm. The facility uses several large concrete 

tanks to prepare source water for challenge testing, or to accept testing effluent. 
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Figure 3. General Schematic of the UV Test Facility Showing Major Test Stands 

(Tank 4 not shown) and the Location of the LIT Test Channel 

Figure 4 shows an aerial view of the tanks and pumps at the UV Center. Up to eight 5500-gpm diesel-

powered centrifugal pumps are available to feed large systems, while a number of small submersible and/or 

metering pumps are used to service small systems. The accumulated effluent is slowly pumped (at rates up 

to 1000 gpm) into the treatment stream of the wastewater plant for final disposal. Filtered, high-quality 

potable water from a surface water supply (90 to 97% UVT at 254 nm) is provided by the Johnstown Water 

Company, Johnstown, NY, via a local hydrant. The water is then dechlorinated with sodium sulfite for 

testing. In cases where higher transmittance waters are needed, the UV Center has granular activated 

carbon (GAC) units to polish (and dechlorinate) the water. The UV Center also has access to treated 

secondary effluent; this is filtered through 20-micron cloth cartridge filters during the filling of the source 

water tanks. 
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Figure 4. Aerial View of the UV Center Tanks 

A laboratory-grade GenTech Model 1901 Double Beam UV/Vis spectrophotometer is located at the UV 

Center. In addition, the UV Center provides for pH, turbidity, total chlorine, and temperature 

measurements. A diesel-fired generator is used on-site exclusively to power the UV test units. This allows 

power conditioning specific to the targeted unit. Other, low-power electrical requirements are tapped off a 

local service. Power logging on the input to the UV system power panel is always practiced. Multi-channel 

data-logging capabilities are both available and used as needed to record relevant electrical signals, such as 

flow meter and intensity sensor outputs. 

1.4. ORGANIZATION: THE PROJECT TEAM 

HDR|HydroQual is the exclusive operator of the UV Center and is responsible for all activities, including 

mobilization/demobilization of the various reactors, UV reactor and facilities operations, field and 

laboratory testing, data analysis and preparation of the final validation reports. HDR|HydroQual’s 

laboratory in Mahwah, NJ (this will move to Nanuet, NY, in the summer of 2012), is responsible for the 

following: the coliphage surrogates preparation, harvesting and enumeration; collimated beam testing to 

develop dose-response relationships for the surrogates; field sample analyses; and all ancillary water 

quality measurements and QA/QC. 

The UV Center team is highly skilled and experienced in the design, conduct and interpretation of 

validation studies for UV disinfection reactors. Karl Scheible is the managing director. He holds a Master 

of Environmental Engineering degree from Manhattan College, and has over 30 years experience in the 

evaluation and application of UV to water and wastewater disinfection. A Senior Vice President with 

HDR|HydroQual, he founded and directs the UV Center at Johnstown, NY, and has overseen more than 70 

full-scale validations at the facility, inclusive of project design, testing, analysis and reporting. Dr. 

Chengyue Shen is the technical director for the UV Center. Dr. Shen has conducted more than 40 full­
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scale biodosimetric validations at the UV Center, and is expert in the application and analysis of 

Lagrangian Actinometry technology. He holds a Ph.D. from Purdue University, where his doctoral and 

post-doctoral efforts were directed toward the development and application of Lagrangian Actinometry to 

UV reactors. Joseph Cleary, P.E., BCEE is the plant engineer for UV Center, responsible for verifying the 

conduct of the validation. He is a senior vice president at HDR|HydroQual. 

Dr. Prakash Patil holds a Ph.D. in Microbiology, and is responsible for all bacteriophage analyses for the 

UV Center, including collimated beam testing for the microbial surrogates. He has more than seven years 

of experience in UV validation coliphage microbiology, leading the laboratory efforts for all major full-

scale validations conducted at the UV Center. Tina McKay holds an M.S. from NJIT and is the principal 

analyst for all laboratory work relating to the UV Center. Christopher Groth holds a Master of 

Environmental Engineering degree from Manhattan College, and is the Operations Leader for the UV 

Center. He has been with the UV Center for over three years and is experienced in the UV Center’s 

operation and the validation process. Christopher Soukup is maintenance leader at the UV Center and has 

more than three years experience in UV equipment operations and maintenance. 

HDR|HydroQual has key sub-contractors as part of its UV Center team. GAP Enviromicrobial Services, 

London, Ontario, provides backup microbiological services, and complements HDR|HydroQual’s 

capabilities by providing specialized surrogates and QA activities. Godwin Pumps, Batavia NY, provides 

equipment installation and demobilization services, including piping systems, generators and pump 

servicing. Broadalbin Manufacturing, Broadalbin, NY, provides metal fabrication services for specialty 

pieces and equipment at the UV Center. 

1.5. BENEFITS OF THE UV CENTER 

The UV Validation and Research Center is a major asset to the water and wastewater treatment industries, 

and a benefit to the regulatory community. By providing direct testing and performance verification, 

advances in UV technology are more quickly disseminated through third-party technical transfer. 

NYSERDA’s commitment to the UV Center and to the application of UV for water and drinking water 

disinfection has been an advantage both to the industry and New York State. One can summarize many of 

these benefits on a local and statewide basis, addressing both local economic and technological 

developments. 

1.5.1. Revenues and Local Benefits 

The UV Center is, in effect, a small business, employing several professionals and utilizing services and 

materials provide within the state. Table 1 briefly summarizes an approximation of the financial aspects of 

the UV Center, for 2003-2011. Total revenues were approximately $12.4 million. More than half ($6.9 

million) was from the UV Center’s labor and microbiological laboratory support. The Johnstown Water 

Department revenues were approximately $1 million and the Gloversville-Johnstown Joint Wastewater 
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Treatment Facility has received approximately $400,000 in yearly fees, equipment and improvements 

during this eight-year period. Local (New York State) contractors received approximately $1.9 million in 

fees for services relating to the installation and removal of reactors, piping, pumps, generators, fabrication 

of specialized parts, and equipment servicing. The remaining $2.2 million of expenses relates to local 

procurement of materials, fuel, chemicals, service trailers, hardware, local project team travel and living, 

communications, and site maintenance expenses. 

Note that these costs do not include the significant local travel, hotel, living and other expenditures by 

visitors to the UV Center. These include manufacturers’ technicians, during testing of their respective 

systems, and visitors from worldwide locations (including China, Europe, Japan, Australia, South America, 

and major U.S. cities), who review and witness testing at the facility. 

Table 1. Approximate Values of Revenues Generated by the UV Center: 2003-2011 

Category Approximate Value Description 

Labor and Microbiological $6,900,000 
All services to conduct validation; all 
microbiological testing 

Johnstown Water Department $1,000,000 Source water for conducting the validations 

G-JJ Wastewater Treatment 
Facility 

$400,000 
Annual lease fees, equipment and site 
improvements 

Contractors $1,900,000 
Installation and demobilization services, parts 
fabrication, equipment procurement and 
servicing; generators 

Other/Miscellaneous $2,200,000 

Travel and living, site electrical, chemical, 
office trailers, storage expenses; fuel, 
communications; hardware, and site 
maintenance and repair 

Total Revenue $12,400,000 Revenues Generated by UV Center 

1.5.2. Technology Development and UV Research Benefits 

The availability and capacity of the UV testing center has contributed significantly to advancing the 

knowledge and capabilities of ultraviolet disinfection technologies. The UVDGM has become the default 

guidance for evaluating UV systems, in particular for demonstrating their performance. During its 

development, and since its release in 2006, much has been accomplished that was not directly addressed by 

the UVDGM, or that enhances the processes outlined by the document. More details on the work 

accomplished at the UV Center are presented in subsequent sections, but it is useful to highlight some of 

the important products and outcomes from the facility: 
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1.	 Reactor Validations. More than 70 validation reports have been completed for a diverse set of 

UV systems that are now offered commercially to the water, reuse and wastewater industries. This 

helps support the commissioning of new systems and advancing the use of UV at public treatment 

facilities, thus mitigating or eliminating the use of chemical disinfectants. 

2.	 NYC Drinking Water Systems. The UV Center conducted the validation of the reactors used for 

the NYCDEP Catskill/Delaware and Croton UV disinfection facilities. The extensive tests enabled 

conformance with the LT2 rules for both facilities and acceptance by the NYS DOH, and, with 

respect to the Cat/Del facility, and allowed for continued avoidance of the extraordinary expense 

of filtration of a pristine water supply. These facilities comprise the largest drinking water UV 

disinfection capacity in the world, treating nearly one-half the water supplied in NYS. 

3.	 Multiple-Surrogate Validations. Testing at the UV Center advanced the use of multiple 

surrogates for challenging a UV reactor. This means that greater certainty of dose-delivery (of log-

inactivation) is accomplished over a wider operating range. Using multiple surrogates that bracket 

the UV sensitivity of targeted pathogens eliminates the potential bias (the “RED Bias” defined in 

the UVDGM) associated with the use of a single surrogate that is less sensitive than the target 

pathogen. This has resulted in more efficient designs, lower power requirements, and a more 

competitive technology. 

4.	 Improved Reactor Rating Efficiency. The UV Center has demonstrated several microbiological 

surrogates that are now in the validation process “toolbox,” including the bacteriophage MS2, T1, 

T7 and Q. Additionally, the UV Center has used live Adenovirus-2, Bacillus pumilus spores and 

Aspergillus brasiliensis conidia to test UV reactors. This broader selection of surrogates allows 

one to design challenges that more closely mimic the UV response behavior of the targeted 

pathogen, resulting in a more efficient reactor design sizing for specific water and reuse 

applications. 

5.	 Dyed Microspheres Protocol. A major research program at the UV Center, in conjunction with 

Purdue University, developed the Lagrangian actinometry method using dyed microspheres to 

directly measure the dose-distribution in a reactor across its prescribed operating range. The 

protocol for this method will be published in 2012 by the Water Research Foundation, which 

partnered with NYSERDA to support the project. 

6.	 Tailored Collaboration with NYCDEP for Dyed Microspheres. NYCDEP joined in a Tailored 

Collaboration project with the Water Research Foundation to demonstrate the Lagrangian 

actinometry method to revalidate the Catskill/Delaware UV reactor. This was done simultaneously 

with biodosimetry methods using multiple microbiological surrogates. The outcome was a 
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demonstration that the UV reactors can be operated at higher ratings than established by 

biodosimetry alone, possibly resulting in several million dollars of savings in energy and other 

operating expenses over the life of the system. 

7.	 Innovative Adenvirus-2 Challenges. Atlantium contracted to conduct direct challenges with live 

Adenovirus to validate for 4-Log virus inactivation. This study demonstrated the effectiveness of 

polychromatic lamps with virus, yielding 4-log reduction at approximately half the RED required 

by low-pressure lamp systems. The Atlantium R200 reactor is the first to receive 4-log credit in 

New York State and has been commissioned at the Mohawk Water Treatment Plant. The 

Pennsylvania DEP has also approved Atlantium reactors for 4-log virus inactivation credits, based 

on the work conducted at the UV Center. 

8.	 AWWA Best Publication. A paper describing the Adenovirus work conducted at the UV Center 

(Linden, et.al., 2009) was awarded AWWA Best Publication Award (all divisions). 

9.	 Innovative Technologies. The UV Center has assisted with testing innovative systems. These 

have included UV LEDs and lamp systems driven by microwaves. 

10.	 Major City Utility System Validations. The UV Center has conducted validations of UV 

systems with test stands designed to mimic the piping configurations at the commissioned 

facilities. In addition to the validations described earlier for the NYCDEP Cat/Del and Croton 

facilities, testing was completed for Thornton/Columbine, CO; Newark, OH; Seattle WA (Cedar); 

Vancouver, BC; Presque Isle, ME; and Melbourne, Australia (Reuse). 

11.	 Technology Transfer. Numerous research reports, papers and presentations have been made 

relating the work conducted at the UV Center. A bibliography of these related references is 

provided in this report. 

12.	 Design Sizing Screening Models. The very large data base generated by the UV center, resulting 

from a diverse population of medium- and low-pressure reactors, enabled development of generic 

regression models to approximate the sizing and energy requirements for UV applications to 

drinking water and reuse. A refinement of simple models using UVT, power, flow and UV 

resistance (UVR) introduces the term “UV Density,” or UVD. 
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SECTION 2
 

UV SYSTEM VALIDATIONS AT THE UV CENTER
 

2.1. VALIDATION PROTOCOLS 

Key features of the UV Center are the adherence to and advancement of test protocols, as well as consistent 

conformance with quality assurance and good experimental practices. Several protocols exist in the UV 

industry, generally initiated by regulatory requirements. 

1.	 Ultraviolet Disinfection Guidance Manual (USEPA, 2006). This is the most prevalent and widely 

adopted validation protocol. 

2.	 Ultraviolet Disinfection, Guidelines for Drinking Water and Water Reuse NWRI/AwwaRF 

(2003). This document is widely referenced and used for validation of reuse/recycle applications. 

3.	 U.S. Environmental Technology Verification (ETV) Program. Two protocols are available for 

wastewater/reuse applications and a third for drinking waters: 

a) Generic Verification Protocol for High-Rate, Wet-Weather Flow Disinfection 

Applications (HydroQual Inc. and NSF International, 2001). 

b) Generic Verification Protocol for Secondary Effluent and Water Reuse Disinfection 

Applications Version 3.4 (HydroQual and NSF International, 2002). 

c) Generic Protocol for the Development of Test/Quality Assurance Plans for Validation of 

UV Reactors (NSF International, 2011). 

4.	 Other Drinking Water Validation Protocols 

a) German DVGW Standard 254: Drinking Waters.
 

b) Austrian ONORM: Drinking Waters.
 

c) NSF International Standard 55 for POU/POE units.
 

2.2. VALIDATIONS CONDUCTED AT THE UV CENTER 

A summary of the types of validations conducted at the UV Center is presented in Figure 5. Table 2 

provides a listing of the actual reactor tests conducted at the site. Overall, the capacities of the systems 

ranged from low gpm to as high as 45,000 gpm. The types were evenly divided between low-pressure and 

medium-pressure lamp systems. The dominant application has been for drinking waters, with the remainder 

directed to reuse, recreational spray parks (validated UV reactors are required by the NYS Department of 

Health for these recreational waters) and secondary effluents. 
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� 75 Reactors/Reactor Configurations 
� Lamp Type 

� 38 MP, 
� 37 LP/LPHO 

� Reactor Type 
� 60 Pressure, 
� 14 Open-Channel, 
� 1 Alternate Drive (MW) 

� Applications 
� 44 DW; 13 reuse; 6 Secondary; 12 Spray Parks 
� Site-Specific: 

� Seattle, Houston, Thornton/Columbine, 
� Newark (OH), Vancouver, Melbourne, 
� New York City (Cat/Del and Croton) 

� Surrogates 
� T1, T7, Qβ, MS2  Coliphage  
� Dyed Microspheres 
� Aspergillus brasiliensis spores 
� Adenovirus-2 (live pathogen) 
� B. pumulis spores 

Figure 5. Diversity of Reactors and Applications Tested at the UV Center 
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Table 2. Listing of Reactor Validations Conducted at the UV Center: 2003-2011 

Test Time Period Client Validation Project 
Reactor 

Description
 Flow Range 

(mgd) 
Comments 

1 2003 Severn Trent PMX36 MP Xflow 1.2 to 23 Thornton/Columbine 
2 2004 Wedeco LBX1000 Hi/Lo 2 to 6.8 MS2 
3 2004 Wedeco BX1800 Hi/Lo 1.2 to 12.6 MS2 
4 2004 Wedeco BX3200 Hi/Lo 2 to 14 MS2 
5 2004 Severn Trent  InLine 4250 Two MP 1 to 4 Two - Series 
6 2005 Trojan UVSwift30 1 MP 3 to 41 MS2 
7 2005 Trojan UVSwift30 2 MP ECT 3 to 41 MS2 
8 2005 Trojan UVSwift30 3 MP 3 to 41 QB 
9 2005 Trojan UVSwift30 4 MP 3 to 41 MS2 

10 2005 Trojan UVSwift30 5 MP 3 to 41 MS2 
11 2005 Trojan UVSwift30 6 MP 3 to 41 MS2 
12 2005 Trojan UVSwift30 7 MP 3 to 41 QB 
13 2005 Trojan UVSwift30 8 MP ECT 3 to 41 MS2 
14 2005 NYCDEP Cat/Del - Trojan LPHO 20 to 60 MS2 (Also QB and Dyed 

Microspheres) 15 2005 NYCDEP Cat/Del - Wedeco LPHO 20 to 60 
16 2006 CH2MHill UVSwift24- Seattle MP 3 to 18 MS2 (Seattle Re-Validation) 
17 2006 ONA (IDI) Aquaray 3X HO LPHO Open Channel 2 to 12 Reuse Application MS2  
18 2006 ATG Willand SP-25 MP 0.1 to 0.3 

MS2 (Spray Park Applications 
- NYS DOH Regulations) 

19 2006 ATG Willand ECF 220-8 MP 0.3 to 2 
20 2006 ATG Willand ECF 225-10 MP 0.5 to 2 
21 2006 ATG Willand ECF 430 MP 0.5 to 4 
22 2006/2007 NYSERDA/EET Optimize LP Bench POE/POU 
23 2006 Atlantium R-200 (2) MP (External) 0.4 to 2.5 MS2, QB, T1 (Drinking 

Water) 24 2006 Atlantium R-200 (1) MP (External) 0.4 to 2.0 
25 2006 Hanovia PMD150 MP 0.1 to 0.5 MS2 (Spray Park) 

26 2006 
AwwaRF/ NYSERDA 

&Atlantium 
R-200 MP 0.4 to 2.5  Dyed Microspheres (2 Units) 

27 2006 Severn Trent 8102-GIE - 50 LPHO 0.2 to 2 MS2 (Drinking Water) 

28 2006 
AwwaRF/ NYSERDA & 

ONA 
Aquaray 3X HO LPHO Open Channel 2 to 8  

Dyed Microspheres 
(w/w/o)Baffling 

29 2007 
AwwaRF/ NYSERDA & 

ITT/Wedeco 
SPEKTRON 400 LPHO 0.2 to 7.7  T1, MS2, DMS (Drinking) 

30 2007 to 2008 
AwwaRF/ NYSERDA & 

Newark_OH_WTP 
Trojan UVSwift12 MP 0.4 to 1.5 

T1, MS2, DMS (Drinking 
Water) 

31 2007 ATG Willand ECF 215-6 MP 0.1 to 1.1 MS2 (Spray Park Applications 
- NYS DOH Regulations) 32 2007 ATG Willand SP-25-6 MP 0.05 to 0.7 

33 2007 Siemens Barrier Sunlight V-40 LPHO Open Channel 0.4 to 8.0 
T1 and MS2 (Reuse and 

Secondary Effluent) 
34 2007 Siemens SUN-8M-AM150 LPHO 0.2 MS2 (Drinking Water) 

35 2007 Atlantium R-200 MP 0.4 to 1.3
 Dyed Microspheres and 

Adenovirus (Groundwater) 
36 2008 Severn Trent 8102-HO-400 LPHO 0.4 to 2.4 MS2 (Drinking Water) 
37 2008 Severn Trent MicroDynamics MD LPHO, microwave 0.2 to 2.0 MS2 (Drinking Water) 

38 2008 to 2009 NYCDEP Cat/Del - Trojan LPHO 10 to 60 
T1, MS2, and Dyed 

Microspheres (Drinking 
Water, Re-validation) 

39 2008 
US EPA ETV Program/NSF 

International/Siemens 
V-40R-A150 LPHO Open Channel 0.2 to 4.9 

T1, Q-beta and MS2 
(Wastewater protocol 

demonstration) 

40 2008 
US EPA ETV Program/NSF 

International/Siemens 
Barrier Sunlight H-4XE­

HO 
LPHO Open Channel 0.2 to 1.2 

T1, Q-beta and MS2 
(Wastewater protocol 

demonstration) 
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Table 2. Listing of Reactor Validations Conducted at the UV Center: 2003-2011 (Continued) 

Test Time Period Client Validation Project 
Reactor 

Description
 Flow Range 

(mgd) 
Comments 

41 
2008 (with 

additional check 
points in 2009) 

Siemens 
Barrier Sunlight V-48E­

A300 
LPHO Open Channel 0.4 to 8.0 

T1 and MS2 (Reuse and 
Secondary Effluent) 

42 2008 Atlantium RZ163 MP 0.1 to 2.2 T1 and MS2 (Drinking Water) 

43 2008 to 2009 Ozonia Aquaray® H2O 36-inch MP 5 to 55 T1 and MS2 (Drinking Water) 

44 2009 Siemens SUN-8M-AM150 LPHO 0.4 MS2 (Drinking Water) 

45 2009 NYSDEP/Siemens 
Croton-Trojan 
UVTorrent™ 

LPHO 5 to 30 
Re-validation, MS2 (Drinking 

Water) 

46 2009 atg UV Technologies SX635-16 MP 1.0 to 11.2 T1 and MS2 (Drinking Water) 

47 2009 Atlantium RZ104-2L MP 0.01 to 0.9 
T1, QB, and MS2 (Drinking 

Water) 
48 2009 Atlantium RZ104-1L MP 0.02 to 0.9 
49 2009 Atlantium RZ300-2L MP 0.8 to 12.1 
50 2009 Atlantium RZ300-1L MP 0.3 to 11.9 
51 2010 atg UV Technologies SX850-20 MP 1.0 to 17.1 

T1 and MS2 (Drinking Water) 52 2010 atg UV Technologies SX425-10 MP 0.1 to 4.3 
53 2010 atg UV Technologies SX18-73-30 MP 4.0 to 38.6 

54 2010 Atlantium RZ163 MP 0.1 to 2.2 
High Dose MS2 (Drinking 

Water) 

55 2010 IronBrook IronBrook LP Open Channel 0.1 to 0.7 
T1 and MS2 (Reuse 

application) 

56 2010 
Grahamsville NY Water 
Treatment Plant/Siemens 

SUN-12E-A300 LPHO 0.4 
Re-validation, MS2 (Drinking 

Water) 

57 2010 
Presque Isle ME Treatment 

Plant/Siemens 
SUN-20E-A300-AW LPHO 2.0 

Re-validation, MS2 (Drinking 
Water) 

58 2010 Atlantium RZ104-2L MP 0.06 to 0.36 Adenovirus (Groundwater) 

59 2010 Ozonia Aquaray 3X HO LPHO Open Channel 2 to 12 T1 (Secondary Effluent) 

60 2010 Trojan D06 LPHO 0.05 to 2.3 T7, T1, MS2, and aspergillus 
niger (Drinking water and 61 2010 Trojan D12 LPHO 0.07 to 4.4 

62 2011 Trojan D18 LPHO 0.2 to 9.0 
T7, T1, MS2, and aspergillus 

niger (Drinking water and 
groundwater adenovirus) 

63 2011 Trojan 
UVTorrent for City of 

Vancouver, Canada 
LPHO upto 60 

T7, T1, and MS2 (Drinking 
water) 

64 2011 Trojan 
UVTorrent for City of 
Melbourne, Australia 

LPHO upto 30 
T7, T1, and MS2 (Reuse 

application) 

65 2011-2012 Trojan 
UVTorrent for City of 

Toronto, Canada 
LPHO upto 60 

T7, T1, and MS2 (Drinking 
water) 

66 2011 Toshiba TSUV-M3000U-1 MP upto 1.3 

T1 and MS2 (Drinking Water) 
67 2011-2012 Toshiba TSUV-M3000U-2 MP upto 4.0 
68 2011-2012 Toshiba TSUV-M3000U-3 MP upto 6.6 
69 2011-2012 Toshiba TSUV-M3000U-3F MP upto 13.1 
70 2011 Siemens Barrier M 275 MP upto 0.8 

MS2 (spray park application) 71 2011 Siemens Barrier M 525 MP upto 1.1 
72 2011 Siemens Barrier M 1200 MP upto 3.5 
73 2011 - 2012 LIT Europe Closed Vessel LPHO up to 3.0 T1, T7 and MS2 
74 2011 - 2012 LIT Europe Closed Vessel LPHO up to 1.0 T1, T7 and MS2 
75 2011-2012 LIT Europe Open Channel LPHO up to 8 mgd T7, T1, and MS2 Reuse 
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SECTION 3
 

CASE STUDIES OF RESEARCH PROJECTS FROM THE UV CENTER
 

Activities at the UV Center have included research and application of new techniques to the evaluation and 

understanding of UV reactor technologies. This section presents summaries for three: Lagrangian 

actinometry, live adenovirus challenges and the development of simplified UV performance modeling. 

3.1. NEW YORK CITY UV SYSTEM VALIDATION BY LAGRANGIAN ACTINOMETRY 

(Excerpted from C. Shen, O.K. Scheible, E.R. Blatchley III, E. Cox, Matthew Valade “New York City UV 

System Validation by Lagrangian Actinometry Using Dyed Microspheres,” proceedings, Ozone and 

Ultraviolet World Congress 2011, Paris, France, May 2011) 

The ultimate goal of this study was to demonstrate Lagrangian actinometry and use these validation results 

in the context of the USEPA Ultraviolet Disinfection Guidance Manual (UVDGM, November 2006). 

Direct knowledge of the dose-distribution significantly impacts the UVDGM validation factor associated 

with the design sizing and subsequent operating energy and lamp replacement costs of an installation, 

particularly those at larger water utilities. Integrating the dose-distribution with the dose-response kinetics 

of a pathogen allows one to determine the inactivation performance that can be accomplished by the UV 

unit, eliminating the uncertainties associated with using microbiological surrogates and the need to re-

validate when new pathogens are identified. 

Lagrangian actinometry (LA), which is based on a dyed-microspheres system, was developed to allow dose 

measurement at a physical scale corresponding to that of an individual microorganism, and therefore allow 

direct measurement of the dose distribution. The microspheres are modified by the attachment, or 

conjugation, of a dye to the microspheres’ surface, which then allows dose measurement. When subjected 

to UV radiation, the dye undergoes a photochemical reaction to yield a stable, fluorescent compound that 

can be easily and accurately differentiated from the non-fluorescent parent compound. For characterization 

of a reactor, a population of these microspheres is introduced upstream of an actual UV system. Effluent 

samples are collected for analysis of fluorescence among the captured microspheres. 

The validation test for the system to be installed in the New York City/Catskill and Delaware UV 

Disinfection Facility was conducted September 2008-July 2009, following the protocols in the UVDGM 

(November 2006) using biodosimetry to assess RED performance. In parallel with the biodosimetry tests, 

Lagrangian actinometry (LA), using dyed microspheres (DMS), was incorporated to measure the dose 

distribution in the UV unit across the matrix of operating conditions. The operating envelope for the 

Cat/Del UV unit encompasses flow rates between minimum and maximum design levels per reactor, UVT 

between 70 and 95%/ cm, power input levels between 60 to 100%, and 3, 5 and 7 lamp modules in 

operation. A total of 67 test points were developed to cover the anticipated operating envelope for the UV 
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reactor. Figure 6 presents the testing sequence for the Lagrangian actinometry method. The prepared DMS 

stock is injected into the feed stream in the same manner as for the bacteriophage in biodosimetry. 

The DMS collected on the filters are then recovered and analyzed by flow cytometry, which provides 

information in the form of fluorescence intensity (FI) distribution. Collimated beam dose-response tests 

were also conducted; the response by the DMS is measured as the increase in fluorescence intensity (FI), 

and the FI distribution data were plotted for each applied dose. The overall goal of the LA validation 

protocol is to measure the UV dose distribution delivered by a reactor, so that accurate predictions of 

microbial inactivation may be developed. The fluorescence intensity distributions measured for the field 

samples are de-convolved with the collimated-beam fluorescence intensities distributions to yield dose 

distribution. Examples are shown in Figure 7. 
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OPERATION DESCRIPTION
 

Pre-Irradiated DMS 

UV Reactor Collimated 
Beam Dosing 

Recovery of Irradiated DMS 

Flow Cytometry 

Gating 

Reactor 
Samples FI 

Distribution 

Col Beam 
Samples FI 

Distribution 

Weibull Fit of 
the Dose-

Response FI 

Deconvolution to Dose 
Distribution 

Segregated Flow Model 

Log Inactivation of Targeted 
Microbe 

Microspheres are conjugated with dye and pre-
irradiated 

The prepared DMS are passed through a UV 
reactor.  The same stock is subjected to 
measured UV doses via a collimated beam 
The irradiated DMS are recovered from the 
reactor and collimated beam samples, and 
concentrated to a small volume for analysis. 
Each sample is analyzed by flow cytometry, 
which measures the fluorescence, size and 
granularity of each sample particle, including 
non-DMS particles. 

Post-processing isolates the DMS.  Gates are 
applied to differentiate the DMS from 
background/interfering particles, resulting in a 
cytogram containing only those particles with 

The fluorescence intensities (FI) of the gated 
particles are compiled and FI distributions are 
developed for each sample 

Four-Parameter Weibull distribution function 
fits the FI distributions from the collimated 
beam dose-response experiments. 

A deconvolution algorithm uses the Weibull fits 
to interpolate between collimated beam doses 
to interpret the reactor sample FI data, deriving 
the sample dose-distribution 

The dose-distribution of the reactor at the given 
operating condition is integrated with the dose-
response relationship of the targeted microbe to 
yield the log-inactivation that would be 
accomplished for that microbe 

Figure 6. Summary of the Lagrangian Actinometry Sample Analysis and Data Reduction Sequence 

to Determine the Dose-Distribution in the UV Reactor and the Consequent Log Inactivation that 

would be Accomplished for a Given Operating Condition 

. 
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Figure 7. Dose Distributions for Field Test #13 

The dose-distributions were then integrated with the dose-response relationships developed for MS2 and T1 

for the same days that the DMS samples were taken, yielding the log inactivation predicted on the basis of 

the measured distribution. These are compared with the observed MS2 and T1 log-inactivation in Figure 8, 

demonstrating that the observed log inactivation responses are in good agreement with the inactivation 

responses that were predicted from the DMS dose-distribution measurement. Most telling, this is shown for 

MS2 and T1, demonstrating that the procedure accurately predicts RED (and log-activation) for alternate 

microorganisms with significantly different sensitivity to UV radiation. 

Given the ability to directly measure the dose-distribution in a reactor, no direct biodosimetry tests are 

needed to determine dose-delivery. Instead, it is necessary to have an accurate characterization of the dose-

response behavior of the targeted pathogen. Consider an application for Cryptosporidium that uses the LT2 

dose-response measurements to derive the validated dose for its inactivation. Integration of the dose-

response behavior of Cryptosporidium with the measured dose distribution can then provide direct 

estimates of log-inactivation and RED for Cryptosporidium at each individual operating condition. 
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Figure 8. Comparison of Measured Biodosimetric T1 and MS2 Inactivation with Predicted 


Inactivation Based on Measured Dose-Distribution by DMS
 

In the same manner typically used with validations using biodosimetry, a dose-calculation algorithm was 

developed based on the Cryptosporidium RED determined from the DMS tests. This algorithm is in a form 

similar to the empirical equation suggested in the UVDGM (UVDGM Equation 5.9), and is expressed by 

the following: 

1e f g h iREDCrypto = 10 × (S) × (Q) × (N ) × ( )
A254 

Where: 

REDCrypto = Calculated Cryptosporidium dose, mJ/cm2; 

Sobs = average observed intensity among all duty sensors, mW/cm2;
 

Q = flow rate, gpm;
 

N = number of lamp modules or rows, unitless;
 

A254 = water absorbance at 254 nm, (Calculated as -Log(UVT254/100)), cm-1;
 

e, f, g, h, i = equation coefficients.
 

Figure 9 presents the calculated Cryptosporidium REDs and their comparison with the “measured” RED 

determined from the measured dose-distributions and the Cryptosporidium dose-response relationship. As 

shown, there is good agreement. 
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Figure 9. Comparison of Calculated Versus DMS-Estimated Dose for Cryptosporidium 

The same definition of the validation factor (VF) described by the UVDGM is used for the dyed­

microspheres derived RED and Log-Inactivation results: 

⎛ UVal ⎞VF = B × B × ⎜1+ ⎟RED POLY 
⎝ 100 ⎠ 

After applying the validation factor, the credited dose, DVal, for Cryptosporidium can be determined as a 

function of the calculated Cryptosporidium RED to achieve 2-log to 4-log inactivation credit. Performance 

curves at specific operating conditions, such as those shown in Figure 10, can be developed from the 

Cryptosporidium algorithm to assess reactor ratings to accomplish a targeted credited log inactivation (the 

x-axis is the relative flow rate – a percentage of the maximum). 

Table 3 summarizes solutions presented in Figure 10 and another set of conditions at 90% UVT. The 

maximum flow rates allowable at the selected UVT and input power settings to meet targeted 

Cryptosporidium inactivation goals are presented. In this case, the use of the DMS-based algorithm (and 

the associated validation factor) yields lower RED calc requirements, and solutions at set operating 

conditions yield significantly higher maximum flow ratings. For example, with T1, to meet a 2.5-log 

inactivation, the maximum allowable flow unit is 55 when the UVT is 95% and the power is at P1. This 

flow rating increases to 75 when the power is increased to P2. Equivalent MS2-based estimates of flow 

rating are 52 and 71, respectively. The DMS-based flow ratings are 78 and greater than 88, respectively. 
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At 3-log Cryptosporidium inactivation, the maximum flow at a UVT of 95% is 40 and 58 at the P1 and P2 

power settings, respectively, based on MS2. These ratings increase to 61 and 84, respectively, when based 

on the DMS analysis. When the UVT is decreased to 90%, the T1-based rated flows are reduced to 33 and 

49 for the 2.5-log inactivation level at P1 and P2 power settings, respectively. Overall, there is a significant 

advantage to using the DMS-based solutions, reflecting a 30 to 40% increase in the flow rating for the 

system within its operating envelope. 
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Figure 10. DMS REDcalc Solutions as a Function of Flow Rate at Fixed P1 and P2 Power Settings, 

95%UVT and Fixed Number of Modules in Operation 
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Table 3. Comparison of Example Solutions for Maximum Flow at Selected UVT and Input Power 


Settings, based on T1 and MS2 Biodosimetry and DMS Actinometry
 

T1 Surrogate Based MS2 Surrogate Based DMS Based 

Targeted 

Cryptosporidium 
Log Inactivation 

LT2 Dose 

Requirement 

(mJ/cm
2
) 

Required 

T1 REDcalc 

(mJ/cm
2
) 

Maximum 

Flow Rate 

(Units) 

Required MS2 

REDcalc 

(mJ/cm
2
) 

Maximum 

Flow Rate 

(Units) 

Required 

DMS REDcalc 

(mJ/cm
2
) 

Maximum 

Flow Rate 

(Units) 

At P1; 95% UVT 

2.0 5.8 13 71 25 63 10.7 >88 

2.5 8.5 16 55 30 52 14.0 78 

3.0 12.0 NA NA 36 40 18.0 61 

4.0 22.0 NA NA 48 29 28.9 39 

At P2; 95% UVT 

2.0 5.8 13 >88 25 89 10.7 >88 

2.5 8.5 16 75 30 71 14.0 >88 

3.0 12.0 NA NA 36 58 18.0 84 

4.0 22.0 NA NA 48 40 28.9 53 

At P1; 90% UVT 

2.0 5.8 13 43 25 42 10.7 62 

2.5 8.5 16 33 30 31 14.0 49 

3.0 12.0 NA NA 36 27 18.0 38 

4.0 22.0 NA NA 48 18 28.9 24 

At P2; 90% UVT 

2.0 5.8 13 62 25 55 10.7 87 

2.5 8.5 16 49 30 44 14.0 69 

3.0 12.0 NA NA 36 37 18.0 53 

4.0 22.0 NA NA 48 25 28.9 33 

3.2.	 DEMONSTRATING 4-LOG ADENOVIRUS INACTIVATION IN A MEDIUM­

PRESSURE ULTRAVIOLET DISINFECTION REACTOR 

(Excerpted from K.G. Linden, G.-A. Shin, J.-K. Lee, O.K. Scheible, C. Shen, and P. Posy (2009) 

“Demonstrating 4-Log Inactivation in a Medium-Pressure UV Disinfection Reactor”, Journal American 

Water Works Association, 101(3):90-99.) 

This validation was supported by Atlantium, with the team composed of Dr. Karl Linden of the University 

of Colorado and Dr. Gwy-Am Shin of the University of Washington. The enhanced inactivation of 

adenoviruses under medium-pressure (MP) ultraviolet (UV) light was confirmed and extended to a full-

scale UV disinfection reactor during a validation at the UV Center using a live adenovirus challenge 

approach. The MP UV disinfection system (Atlantium Technology’s R200 Hydro Optic Disinfection 

system) was able to achieve and measure greater than 4-log adenovirus disinfection at an MS-2 coliphage 

reduction equivalent dose (RED) of less than 100 mJ/cm2. When benchmarked, per EPA guidance, and 

validated against a low-pressure (LP) collimated beam standard inactivation curve for adenovirus, a full 

range of adenovirus-based reduction equivalent doses (RED) was achieved. The highest observed adeno­

based RED achieved was 233 mJ/cm2; when analyzed with a validation factor determined by UV 

Disinfection Guidance Manual (UVDGM) protocols, the validated RED was equivalent to that required by 

the LT2ESWTR for 4-log virus inactivation credit. These results prove the ability to validate required virus 
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disinfection doses and the capability of medium pressure UV to meet the 4-log virus disinfection standard 

in the LT2ESWTR at an economically feasible, measurable and achievable UV dose that is substantially 

lower than with LP UV technology. 

UV disinfection is a well-accepted technology for inactivation of bacterial and protozoan pathogens in 

water and wastewater. Until recently, UV was also considered a viable technology for disinfection of 

viruses. In fact, UV disinfection at doses typically used in water treatment is very effective (>4 log 

inactivation) against almost all known pathogenic viruses tested, with the one exception of adenoviruses. 

Adenovirus will likely be the limiting organism in determining reactor design and UV dose for systems that 

need 3 to 4 log virus credit. The Groundwater Rule states that each state can accept the use of UV 

disinfection for virus inactivation if it is demonstrated through a field-scale validation challenge test. The 

objectives of this study were to develop a protocol for field-scale testing and validation of adenovirus 

disinfection by MP UV light and then perform a live adenovirus challenge test to demonstrate the level of 

adenovirus inactivation possible in a field-scale UV disinfection system. 

The medium-pressure UV disinfection system (R-200 Hydro-Optic Disinfection System (HOD), Atlantium 

Technologies, Bet Shemesh, Israel) was previously characterized through validation testing at the UV 

Center. The reactor validation testing included over 100 test points with MS2 phage, QB phage, T1 phage 

and additional runs by Lagrangian actinometry using dyed microspheres (DMS). The medium-pressure 

mercury UV lamps are located outside the water contact chamber, and backed by a reflector, which guides 

UV radiation from the lamps through a thick, high quality quartz window into the water. The Atlantium R­

200 was installed on a 6-inch test stand at the UV center. Photos of the reactor, as installed at the facility, 

are provided in Figure 11. 
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A 

B 

D 

C 
A.	 Sampling the Atlantium Reactor 
B.	 Virus Injection Location 
C.	 Virus Injection setup with metering pumps 

and pre-mix system 
D.	 Concentrated hypochlorite feed system for 

injection into the reactor discharge 

Figure 11. Details of the Adenovirus Test Stand. 

Adenovirus 2 (Ad2) was used to represent the various types of adenoviruses that are of public health 

concern. The live virus stocks were prepared and all virus enumerations were conducted by the University 

of Washington. A health and safety plan was developed specifically for this project, and reviewed with the 

local facility and the Department of Health. On-site, proper microbiology practice was followed by 

qualified field personnel as described in Federal guidelines. 

Collimated-Beam bench tests were first performed to compare the UV dose-response of the adenovirus 

under monochromatic, low-pressure (LP) UV irradiation and polychromatic medium-pressure irradiation 
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(Figure 12). A LP UV dose of approximately 168 mJ/cm2 was required to achieve 4-log inactivation of 

AD2. For the MP UV system, 4-log inactivation was reached at a UV dose of approximately 80 mJ/cm2, 

approximately a two-fold lower dose than needed for the LP UV source. 
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Figure 12. Bench Scale Data Generated for Inactivation of the Test Organism Adenovirus Type 2 


Under Both Low-pressure and Medium-Pressure UV Lamps
 

The MP UV reactor RED values are referenced to the measured LP collimated-beam inactivation of AD2. 

For each field test series conducted in a given day, collimated-beam data were generated from a seeded 

influent sample collected on the same day. Data for the collimated beam tests performed on each of the two 

test days are presented in Figure 13. Based on these LP collimated-beam data, an adenovirus RED can be 

calculated for the log inactivation numbers generated in each reactor challenge test. These AD2 LP RED 

values are presented in Table 4. 
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Figure 13. Low-Pressure UV Collimated Beam  Data Generated Each Field Testing Day. 

Table 4. Summary of Adenovirus Field Measurements 

Test 

Number 

Power 

Level 
UVT Flow MS2 LI AD2 LI MS2 RED 

AD2 RED 

(LP) 

(%) (%) (gpm) (mJ/cm
2
) (mJ/cm

2
) 

1 0  98  700  

2 0 85 200 

3  60  85  300  

4 30 92 300 2.5 1.6 49 73 

5 30 95 400 2.9 2.3 60 139 

6 60 95 700 3.8 2.9 80 171 

7 100 95 900 4.3 >3.3 96 >156 

8 100 95 900 4.3 4.1 96 233 

9 60 95 300 >4.0 >5.0 >160 >180 

As indicated, using the actual AD2 virus-based RED, the MP reactor delivered AD2 LP REDs between 73 

and 233 mJ/cm2. These data demonstrate that the MP UV reactor was capable of achieving greater than a 4­

Log inactivation of the adenovirus (at the doses tested, and certainly at higher doses), a key factor when 

considering the suitability of the technology for applications that require such performance, such as with 

groundwaters subject to the provisions of the Groundwater Rule, as well as surface waters subject to the 

LT2ESWTR. Figure 14 compares the Ad2 correlation to MS2 RED at equivalent operating conditions. 
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Figure 14. Comparison of AD2 REDs and MS2 REDs, Both Calculated on the Basis of Low Pressure 

Collimated Beam  Tests, for a Medium Pressure Atlantium R-200 System. 

This validation study has important implications for the recent EPA regulations (LT2ESWTR and 

Groundwater Rule) and for water disinfection technologies in general. The research findings have added to 

the body of published data that indicates the MP UV systems need a lower MS2 RED to achieve a 4-log 

inactivation of adenoviruses. Field scale validation testing of adenovirus has now been demonstrated in the 

R-200 reactor, which achieved high log reductions at lower than expected UV reactor doses. It is now 

demonstrated that MP UV systems can achieve credits for 4-log viral inactivation – based on a direct 

measure of adenovirus inactivation – and can produce a LP RED equivalent to 186 mJ/cm2. 
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3.3. SIMPLIFIED MODELING OF UV PERFORMANCE 

The very large data base generated by the UV center, resulting from a diverse population of medium- and 

low-pressure reactors, enabled development of generic regression models to approximate the sizing and 

energy requirements for UV applications to drinking water and reuse. A refinement of simple models using 

UVT, power, flow and UV resistance (UVR) introduces the term “UV Density,” or UVD. 

The screening tool is a linear model that is designed to predict Log inactivation (LI) or Reduction 

Equivalent Dose (RED) for multiple organisms as a function of several operating parameters. The model 

was developed for the combined low-pressure configurations, including closed vessel, open-channel and 

modular closed vessel systems, and for the combined closed-vessel medium-pressure in-line systems. Sub­

classes of reactors within these combined low- and medium-pressure groups were also modeled separately, 

but are not included in this brief summary. The intention is to present the findings of this simplified 

modeling effort at appropriate forums in 2012. 

3.3.1. UV Validation Data and Regression Models 

The data set used for building the regression model was a complied data set for all classes of UV systems 

tested at the UV Validation and Research Center in Johnstown, NY. Two types of regression models were 

investigated for their ability to predict LI and RED, a generic model and an expanded model. The models 

were of the form: 

Generic Model: 

⎛ 1 ⎞b ⎛ P ⎞c 

LI = 10a *⎜ ⎟ *⎜ ⎟ * (UVR)d 
(1) 

⎝ abs⎠ ⎝Q⎠ 

⎛ 1 ⎞b ⎛ P ⎞c 

RED = 10a *⎜ ⎟ *⎜ ⎟ * (UVR)d 
(2) 

⎝ abs⎠ ⎝Q⎠ 

Expanded Model: 

⎛ 1 ⎞b ⎛ P ⎞c 

LI = 10a *⎜ ⎟ *⎜ ⎟ * (UVR)d 
* (UVD)e 

(3) 
⎝ abs⎠ ⎝Q⎠ 

⎛ 1 ⎞b ⎛ P ⎞c 

RED = 10a *⎜ ⎟ *⎜ ⎟ * (UVR)d 
* (UVD)e 

(4) 
⎝ abs⎠ ⎝Q⎠ 
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Where:
 

P = Total Input Power (kW), 


Q = Flow Rate (mgd),
 

abs = UV absorbance at 254nm (equivalent to -log10(UVT254/100),
 

UVR = UV resistance, or the dose required to accomplish 1-Log inactivation (RED/ LI 


(mJ/cm 2), 

UVD = UV Density, (kW/m 2) 

The UVR term has become an accepted variable in developing validation dose or LI algorithms. It results 

from current practices that use multiple challenge organisms, or surrogates, that have different sensitivity 

(or, conversely, resistance) to UV radiation. Surrogates are selected to bracket the resistance of the targeted 

pathogen. 

The UV Density term is new, and attempts to quantify the specific reactor configuration and the level of 

energy it delivers. It is computed as: 

UVD = (LAL*NL*LP)/(RCV) 

Where: 

LAL = Lamp arc length (meters) 

NL = Number of lamps enclosed in the reactor 

LP = Total input power to the lamp (kW) 

RCV = Reactor chamber volume, excluding the quartz volume (m3) 

The two modeling approaches reflect the level of screening. If there is no specific reactor being considered 

and one wishes to estimate the overall sizing of either medium or low pressure systems that may be needed 

for a facility, the Generic Model is useful. If one is considering alternate reactor configurations, the UVD 

term can be introduced and the expanded model can be used. Note that the UVR term is set as a constant to 

reflect the pathogen that is being targeted. 

Obtaining regression coefficients a, b, c, d, e was conducted by performing a multiple linear regression 

using the log-transformed equation of each of the models in Equations 1-4. For example using Equation 2 

the log transformation is as follows: 
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⎛ 1 ⎞ ⎛ P ⎞ 
log RED = a + b⋅ log ⎜ ⎟ + c⋅ log ⎜ ⎟ + d⋅ log (UVR) (5) 10 10 10 10⎝ abs⎠ ⎝ Q⎠ 

The linear regression was performed in the MATLAB programming environment using the statistical 

toolbox function regress. After the regression parameters are obtained, a prediction plot is generated to 

examine the quality of the predicted LI or RED when compared to the observed LI or RED. The 

coefficients in all cases were found to be significant. The correlation coefficient R2 was also developed to 

assess the strength of the regression analysis. 

Within the context of this brief summary report, the two modeling approaches are presented for both LI and 

RED, for both the combined low-pressure and combined medium-pressure data sets. The number of points 

available for the regressions were 1008 and 652 for the low- and medium-pressure systems, respectively. 

The coefficients and R2 are summarized in Table 5 for the combined low-pressure reactor set. The 

comparisons of predicted and observed LI and RED are then shown for the Generic Model in Figure 15(LI) 

and Figure 16 (RED) and for the Expanded Model in Figure 17 (LI) and Figure 18 (RED). 

Similarly, the coefficients and R 2 are summarized in Table 6 for the combined medium-pressure reactor set. 

The comparisons of predicted and observed LI and RED are then shown for the Generic Model in Figure 

19 (LI) and Figure 20 (RED) and for the Expanded Model in Figure 21 (LI) and Figure 22 (RED). 

Overall, the RED calculation appears to yield higher R 2 values than the LI prediction equations. NOT 

THAT THESE ARE SCREENING ESTIMATES. These formulas, with the properly inserted coefficients, 

offer a valuable resource to run preliminary estimates on UV and Power requirements. They also provide a 

check against sizing estimates made by others. For example, consider a MP reactor design to meet design 

conditions. 

Flow: 10 mgd flow 

UVT: 80% (absorbance 0.097 cm-1) 

Attenuated Power: 80% of Nominal 

Targeted Pathogen: 3-Log Inactivation of Cryptosporidium 

Required Validated RED: 12 mJ/cm 2 

UV Resistance (UVR) 12/3 = 4 mJ/cm 2/LI 

Validation Factor: 1.3 

Required RED calculated: 15.6 mJ/cm2 
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Since a specific MP reactor model is not suggested, use the Generic Model. Figure 23 presents solutions of 

the Generic Model with the coefficients summarized in Table 6 for RED predictions. At the required RED-

calculated of 15.6 mJ/cm2, the minimum P/Q is 10.9 kW/mgd. Since the design maximum flow is 10 mgd, 

the minimum total input power for these conditions is 109 kW. Such solutions can be calculated across any 

number of conditions. 

Table 5. Regression Coefficients Developed for the Combined Low-Pressure Reactor Data in 


Terms of Predicting LI or RED by the Generic or Expanded Regression Models
 

Performance Target Regression 

Parameter 

Parameter Value Correlation 

Coefficient, R 
2 

Generic Model 

Log Inactivation, LI a 0.2289 

0.7675 
b 0.5806 

c 0.6664 

d -0.5989 

Reduction Equivalent 
Dose, RED 

a 0.2289 

0.9351 

b 0.5806 

c 0.6664 

d 0.4011 

Expanded Model 

Log Inactivation, LI a -0.0387 

0.8123 

b 0.6248 

c 0.6665 

d -0.6909 

e 0.1294 

Reduction Equivalent 
Dose, RED 

a -0.0387 

0.8261 

b 0.6248 

c 0.6665 

d 0.3091 

e 0.1294 
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Figure 15. Generic Model Predicted Versus Observed LI for All Observed Data for
 

LP Closed Vessel UV Systems. The Upper Panel Differentiates According to 

Surrogate; the Lower Panel Differentiates According to LP Reactor.
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Figure 17. Expanded Model Predicted Versus Observed LI for All Observed 


Data for LP Closed Vessel UV Systems. The Upper Panel Differentiates According 


to Surrogate; the Lower Panel Differentiates According to LP Reactor.
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Figure 18. Expanded Model Predicted Versus Observed RED (mJ/cm
2
) for All Observed Data for LP 


Closed Vessel UV Systems. The Left Side Differentiates According to Surrogate; the Right Side 


Differentiates According to LP Reactor.
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Table 6. Regression Coefficients Developed for the Combined Medium-Pressure Reactor Data 

in Terms of Predicting LI or RED by the Generic or Expanded Regression Models 

Performance Target 
Regression 

Parameter 
Parameter Value 

Correlation 

Coefficient, R 
2 

Generic Model 

Log Inactivation, LI a -0.5265 

0.7017 
b 0.7464 

c 0.5645 

d -0.3710 

Reduction Equivalent 
Dose, RED 

a -0.5251 

0.8395 

b 0.7458 

c 0.5645 

d 0.6283 

Expanded Model 

Log Inactivation, LI a -0.9554 

0.8099 

b 0.8106 

c 0.5781 

d -0.3943 

e 0.1449 

Reduction Equivalent 
Dose, RED 

a -0.9882 

0.8966 

b 0.8318 

c 0.5885 

d 0.5902 

e 0.1520 
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Figure 19. Generic Model Predicted Versus Observed LI for All Observed Data for
 

MP Closed Vessel UV Systems. The Upper Panel Differentiates According to 


Surrogate; the Lower Panel Differentiates According to MP Reactor.
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Figure 20. Generic Model Predicted Versus Observed RED (mJ/cm
2
) For All Observed Data  For MP
 

Closed Vessel UV Systems. The Left Side Differentiates According To Surrogate; The Right Side 


Differentiates According To MP Reactor.
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Figure 21. Expanded Model predicted versus observed LI for all observed data for MP closed vessel 

UV systems. The upper panel differentiates according to surrogate;  the lower panel differentiates 

according to MP reactor. 
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Figure 22. Expanded Model Predicted Versus Observed RED (mJ/cm
2
) for All Observed Data for 


MP Closed Vessel  UV  Systems. The Upper Panel  Differentiates According to Surrogate; the Lower 


Panel Differentiates According to MP Reactor.
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Figure 23. Example Solution of Generic Model for Medium-Pressure UV System at  Design Flow of  

10 mgd, UVT of 80%, for 3-Log Cryptosporidium Inactivation (VF is  1.3) 
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