IUVA

NEWS
ISSN 1528-2017
VOLUME 10/NO. 2 JULY 2008

FEATURES
ARTICLES
Validating, Controlling and
Operating New York City’s
Catskill/Delaware UV
Water Disinfection Facility

Advanced Oxidation
Process Basics and
Emerging Applications
in Water Treatment
Power quality for Water
Treatment Plants

!
Join IUVA t
online a

now
a . o rg
v
u
i
.
w
w
w

in the next issue . . .
Articles from the World Congress “plus”

C
A

I

NDEX OF
ADVERTISERS

ONTENTS

UV Industry News
Hot UV News

......................................................

5

...............................................................

6

RTICLES

Validating, Controlling and Operating New
York City’s Catskill/Delaware UV Water
Disinfection Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Steven Farabaugh, Matthew Valade, P.E.,
Gary R. Kroll, P.E., Deborah E. Keesler, P.E.

Advanced Oxidation Process Basics
and Emerging Applications in
Water Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

American Air and Water . . . . . . . . . . . . . . .13
Nicollet Technologies . . . . . . . . . . . . . . . . .IFC
Camp, Dresser & McKee . . . . . . . . . . . . . . .27
Carollo Engineers . . . . . . . . . . . . . . . . . . . .30
Eta plus electronic gmbh . . . . . . . . . . . . . . .21
Gap EnviroMicrobial Services . . . . . . . . . . .29
Heraeus Noblelight GmbH . . . . . . . . . . . . . .8
HF Scientific . . . . . . . . . . . . . . . . . . . . . . . . .6
ITT/Wedeco . . . . . . . . . . . . . . . . . . . . . . . .19
Light-Sources . . . . . . . . . . . . . . . . . . . . . . .29
LIT Europe b.v. . . . . . . . . . . . . . . . . . . . . . .23
Malcolm Pirnie, Inc. . . . . . . . . . . . . . . . . . .30
Philips Lighting . . . . . . . . . . . . . . . . . . . .OBC
Real Tech Inc. . . . . . . . . . . . . . . . . . . . . . . .26

James P. Malley, Jr.

S.I.T.A. s.r.l. . . . . . . . . . . . . . . . . . . . . . . . .16

Power Quality for Water
Treatment Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Steril-Aire . . . . . . . . . . . . . . . . . . . . . . . . . .14

Marco Tremblay

Cover Photos
1. New York City Department of Environmental Protection
(NYCDEP). Task 2, Vol. 1, Page 4, Figure 1-1. Final Environmental
Impact Statement on the Catskill/Delaware UV Facility. Dec. 2004.
2. Your IUVA Management Team and Expo Booth

EDITORIAL BOARD
James P. Malley, Jr., Ph.D., Univ. of New Hampshire
Keith E. Carns, Ph.D., P.E., EPRI, CEC
Christine Cotton, P.E., Malcolm Pirnie
Thomas Hargy, P.E., Clancy Environmental Consultants
Marc LeChevallier, American Water
Karl G. Linden, Ph.D., Duke University
Sam Jeyanayagam, P.E., Ph.D., DEE, Malcolm Pirnie
Bruce A. Macler, Ph.D., U.S. EPA
Rip Rice, Ph.D., Rice International Consulting Enterprises
G. Elliott Whitby, Ph.D., Calgon Carbon Corporation
Harold Wright, Carollo Engineers
Printed by RR Donnelley

Trojan Technologies . . . . . . . . . . . . . . . . . .IBC

Editor in Chief:
Mr. Paul Overbeck
IUVA News (print version) (ISSN 1528-2017) is
published quarterly by the International Ultraviolet
Association, Inc. (IUVA) An electronic version is
provided free to all IUVA Members.
Editorial Office:
International Ultraviolet Association
PO Box 28154, Scottsdale, AZ 85255
Tel: (480) 544-0105 Fax: (480) 473-9068
www.iuva.org
For IUVA membership information, go to the
IUVA Web Site (www.iuva.org)
or contact Paul Overbeck (see below)
For advertising in IUVA News,
contact Diana Schoenberg (dianas@iuva.org)
Tel: (480) 544-0105
For other IUVA matters, contact:
Paul Overbeck, Executive Director
(paul.overbeck@iuva.org) or Diana Schoenberg
(dianas@iuva.org)
International Ultraviolet Association
PO Box 28154, Scottsdale, AZ 85255
Tel: (480) 544-0105 Fax: (480) 473-9068
www.iuva.org

JULY 2008 |

3

E

DITORIAL
Paul Overbeck
Editor-in-Chief

Paul Overbeck

It has been an especially busy first six
months on the job for Diana and me.
We appreciate the support extended
by Jim Bolton, Kathy Harvey and the
members of the IUVA Executive
Operating Committee and Board of
Director during the transition of
management activities and member
support to our office in Arizona. We
enjoy each opportunity to work with
our IUVA membership.

UV technology has received significant attention in the
media thus far in 2008. Investment firms and market
analysts are pointing toward advanced water treatment as
a significant growth segment globally.
In late 2006, BCC Research (www.bccresearch.com)
stated, “the U.S. market for the advanced drinking water
technologies is estimated at about $1.3 billion in 2006 and
growing at a combined average annual growth rate
(AAGR) of 10.7% to 2011 to more than $2.1 billion.
These technologies include membrane filtration, ozone
disinfection, UV irradiation and novel oxidation
processes”.
In June 2008, a Goldman Sachs statement, “advises
investors to focus on the high-tech end of the
world's $425bn water industry”. Their report states,
“it is eyeing companies that produce or service filtration
equipment (which can now extract anything from caffeine
to animal growth hormones by using nanotechnologies),
ultraviolet disinfection, desalination technology using
membranes, automated water meters and specialist niches
in water reuse”. The report goes on to estimate revenue
share of the world's top water companies that come from
the sector to be Veolia 34%, Suez 16%, Ferrovial 20%,
Sabesp 100%, Severn Trent 100%, RWE 23%, ITT Corp
32% and Pentair 75%.
The need for advanced technology is not just in the
municipal market. A recent Frost and Sullivan report states
that the North American pharmaceutical water, wastewater,
turnkey solutions, and operations & maintenance markets
look set for growth as pharmaceutical drug manufacturing
practices increase their need for effective water and
wastewater treatment technologies and services.
Add these to other commercial and industrial needs and
the increasing interest in point of use and point of entry
applications to protect the health of the rapidly growing
middle class households in developing countries and it is
clear that UV benefit messages are being heard loud and
clear.
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The efforts made by the IUVA and its members since the
association’s founding in 1999 are paying off. Now we are
entering the next phase of industry growth and keeping on
Mission and Message is critical. The IUVA Board is working
to get the message out by increasing regional workshops
and conferences.
An example is our upcoming workshop to be held in
London, England, on 15 September, 2008 exploring
Cryptosporidium Control in Drinking Water with UV
Disinfection. This will be a timely support to UK utilities
and regulators, as it was just reported by the BBC
http://news.bbc.co.uk/2/hi/uk_news/england/northampto
nshire/7472619.stm that routine tests by Anglian Water
found cryptosporidium in samples from supplies to
Northampton, Daventry and surrounding villages. This
resulted in a “Boil Order” affecting approximately 250,000
residents and closing 20 schools.
We are also close to finalizing the venue for a joint regional
conference on Ultraviolet and Ozone technologies in
municipal water, wastewater and reuse applications to be
held during May 2009 in Boston with the IOA. IUVA will
also have a session within the International Ozone
Association’s 19th World Congress August 2009 in Tokyo,
Japan.
The Board looks forward to hearing from our members on
locations and topics to consider for regional events to
support IUVA’s mission and your local needs. Please send
comments and ideas to me at paul.overbeck@iuva.org.

Editorial Content
Comments and Corrections
1. IUVA members made up 28% of the technical delegates at the World
Congress on Ozone and Ultraviolet Technologies held last August in Los
Angeles. This means that several hundred of our IUVA members were not
directly exposed to the significant technical program presented either by
physically attending oral presentations or by receiving the Congress CD
ROM proceedings. The proceedings feature more than 250 papers on UV,
ozone and advanced oxidation processes and applications.
We feel that there were many valuable papers presented that our broad IUVA
membership should read. Therefore, in this and future 2008 issues of IUVA
News will feature several of the Keynote papers presented.
We will also make these World Congress proceedings available to IUVA
members for $100 US, a 33% discount from the original $150
member/$225 non-member price offered after the event. All members will
receive the order form and Oral Presentation list for the 2007 Joint World
Congress by e-mail. It will also be available at www.iuva.org. Please contact
Diana at dianas@iuva.org with any questions or to order.
2. There was a very important article on page 14 of IUVA News Volume 10
Issue No. 1 titled, “Proposed Method for Measurement of Output of
Monochromatic Low-pressure UV Lamps”. The article co-authored by
members of you IUVA Manufacturer’s Council requested IUVA member
comments.
Please give this your consideration so the Manufacturer’s
Council can proceed with planned activities to move this method forward
and expand it to medium pressure UV lamps.
3. Correction – We would like to correct a serious typographical error in the
list of Authors credited for “Proposed Method for Measurement of Output of
Monochromatic Low-pressure UV Lamps” featured in the last issue of IUVA
News. Specifically, Arjan van der Pol is recognized for his contributions to
the article. We apologize for the error.

UV

INDUSTRY
NEWS

The following are some of the more interesting items from the UV Industry
Announcements:
24 June 2008: Suez Environmental and the Public Utility Board,
Singapore’s national water agency, announced entering into a MOU to
collaborate for 5-years on cutting-edge research.
The French wastewater management company and PUB will work on research
projects related to filtration, disinfection, membranes for drinking water, water
recycling and waste minimization. To facilitate the project Suez
Environmental will establish an office in Waterhub, PUB’s premier R&D center.
17 June 2008: Ocean Optics introduces Jaz Light-Measurement Device
providing full spectral analysis in a simple, handheld unit Ideal for Convenient
Analysis of LEDs, Lamps and Other Sources..
The Jaz from Ocean Optics is a modular, handheld optical-sensing
instrument now available for radiometric analysis of LEDs, flat panel
displays, lamps and other radiant sources. With its small footprint and
convenient onboard display, Jaz is ideal for relative intensity measurements
of incandescent, high-intensity discharge, UV curing and fluorescent lamps,
as well as low-power sources such as LEDs and OLEDs.
“Jaz offers an attractive combination of spectral sensing power and
handheld portability for all sorts of lighting measurements,” says Mike
Kayat, Ocean Optics Vice President of Sales & Marketing. “As energy savings
and cost concerns help drive demand for more efficient LEDs and other
types of lighting, the value of simple, convenient diagnostic instrumentation
is magnified.”
For more information visit www.OceanOptics.com
01 June 2008: Bolton Photosciences Inc. – Announces UV References
Notification
Jim Bolton continues to update a comprehensive database of UV references
for use by IUVA members. You can access these references and update
through the IUVA Member Zone www.iuva.org as site is updated.
Dr. Bolton Jim is also offering to send out by email a biweekly update with
the latest UV references. If you would like to be placed on this email
distribution list send an email to Dr. Bolton at jbolton@boltonuv.com
26 May 2008: Heraeus Noblelight launched several new products at the
Anatlytica show in April designed for optimum performance of Deuterium
lamps.
Lamp specialist Heraeus Noblelight introduced a mercury-free timer and new
power supply for Deuterium Lamps. Deuterium lamps are used in high value
analytical instruments to test pharmaceutical drug purity, to monitor
environmental contamination and to test for food composition. These
applications demand critical performance in terms of reliability, accuracy and
reproducibility. The application demands apply equally well to the deuterium
lamps and their power supplies, as the consistency of the UV radiation from
the lamp is an important factor for reliable measurement data.
Modern deuterium lamps meet strict requirements with regard to noise,
long term stability and operating life. Power supplies should be designed to
match the variety of lamp operating conditions to ensure optimum lamp
performance. Consequently, Heraeus offers its own range of power supplies,
from bench top laboratory design to fully integratable OEM versions, all
developed through its long experience with deuterium lamps.
Heraeus also launched a new elapsed time indicator ETI 300 at the Analytica
show in Munich. This patented timer is a small and inexpensive, low power
consumption device to measure the operating hours of Deuterium Lamps
and other lamp types. Because of the new RoHS regulations the use of
mercury has become limited for electronic devices such as timers. The new
Heraeus ETI 300 mercury-free time indicator is the first one which totally

complies with the RoHS directive.
For more information visit www.heraeus-noblelight.com/analytics
07 May 2008: Calgon Carbon Corporation announced that it has been
selected by the City of Montreal to supply Sentinel® UV Disinfection
Systems to three of the city’s drinking water production plants (Pierrefonds,
Atwater, and Charles Des Baillets) as part of major improvements to increase
protection against surface water pathogens. The contract for UV reactors to
treat up to 780 million gallons of drinking water per day is valued at
approximately $8.8-million CAD.
A total of 28 Sentinel® 48 UV reactors will be installed beginning in late
2008. Each reactor is capable of treating up to 40 million gallons of water
per day per reactor and has been third-party validated in accordance with
the U.S. Environmental Protection Agencies UV Disinfection Guidance
Manual. Calgon Carbon’s rigorous validation process supports Montreal’s
goal to provide safe drinking water to their customers and to comply with
regulations for the control of Cryptosporidium, Giardia, and other
waterborne organisms.
31 March 2008: UV-Technik celebrated its 2nd Anniversary in North
America with an announcement on. Originally founded in Germany in 1986
by Karl-Heinz Meyer and Michael Misere, UV-Technik, was formed so that
clients would have convenient access to a ‘one-stop-shop’ for lamps and
lower supply products that serve the UV market. Shortly thereafter, UVTechnik International Ltd. was formed to service and support customers
outside of the German market.
Additionally, UV-Technik introduced its SmartPak, a versatile digital control
unit that not only adds a CAN-Bus interface to there PowerPlay BLP59-S and
BLP75 electronic power supplies but also an interface to control the shutter
functions of the lamp head and lamp cooling, including fan control during
RADTECH UV&EB Technology Expo & Conference May 4 - 7, 2008 in
Chicago, IL, USA. For more information visit www.uv-technik.us
24 March 2008: American Air & Water®, Inc. successfully met all the
General Services Administration (GSA) requirements for being a government
supplier and was awarded a Multiple Awards Schedule contract number GS07F-0256U effective.
With the GSA contract American Air & Water®, Inc. will offer its proprietary
product – the American-Lights® UV Air Cleaner which utilizes germicidal
ultraviolet light technology – directly to the federal purchasing agencies.
The American-Lights® UV Air Cleaners are proudly made in the USA and are
UL Listed for multi-volt operation.
For more information visit
http://www.americanairandwater.com/press/GSA-Contract.htm
28 February 2008: Ocean Optics Introduces Maya2000 series sensors
–The Maya2000-series high-sensitivity back-thinned 2D FFT-CCD
spectrometers were designed to offer good value and performance for
applications not requiring long integration times.
Particularly well suited to low light-level, UV-sensitive applications, such as
fluorescence, DNA sequencing and Raman analysis, the Maya2000 and the
Maya2000 Pro offer greater than 90% quantum efficiency, high dynamic
range and excellent UV response.
Both spectrometers feature a USB 2.0 interface, low-noise electronics, 14
grating options, and a detector collection lens option for enhanced signal
collection. Fully programmable strobe signals allow for the selection of
single or continuous strobes to suit application needs. The Spectrometers
are controlled with Ocean Optics’ completely modular, Java-based
SpectraSuite software (Windows, Mac OS and Linux compatible).
For more information visit www.OceanOptics.com
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The following are interesting items that can affect the UV industry:
25 June 2008: Boil order affects 250,000 people in 108,000 household
across 85 communities in the north of Northamptonshire, England after
routine testing finds Cryptosporidium.

20 April 2008: The UV disinfection is part of a plan to improve wastewater
effluent to an extent that will allow the local coastal waters to be open to
the public for the first time in 40 years.

http://news.bbc.co.uk/1/hi/england/northamptonshire/7472619.stm

http://www.wateronline.com/content/news/article.asp?DocID=%7
B1E2F3AF9-7CA0-413E-AA1689B60E1FE3A0%7D&Bucket=Supplier+News&VNETCOOKIE=NO

04 June 2008: Recently visited by the IUVA at our 2007 World Congress,
the Orange County Water District and the Orange County Sanitation
District, California, USA has won the 2008 Stockholm Industry Water Award.
We congratulate them on becoming "the world's largest water purification
plant for groundwater recharge" and receiving this honor.

29 April 2008: Orem, Utah pools fight crypto with UV rays. To stem the
tide of cryptosporidium in its city pools this summer, the city of Orem is
investing a quarter of a million dollars in a technology to kill the harmful
bacteria in the pools and ramping up efforts to inform swimmers and their
families about how they can help keep the water safe.

Their GWR System diverts highly treated sewer water that is currently
discharged into the ocean and purifies it through a series of advanced
techniques: microfiltration, reverse osmosis, ultraviolet disinfection and
hydrogen peroxide.

For news video go to:
http://www.heraldextra.com/content/view/262144/17/

http://www.siwi.org/sa/node.asp?node=310
21 April 2008: Aqua New Jersey Receives Award for UV Treatment Plant
from Water Resources Association.
http://www.businesswire.com/portal/site/google/?ndmViewId=new
s_view&newsId=20080421005251&newsLang=enFDA okays UV tech
for direct food contact in packaging
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31 March 2008: Pennsylvania State University researchers and Monterey
Mushrooms growers has shown that even brief pulses of UV light can send
the vitamin D content of a mushroom soaring. The university’s Mushroom
Research Center found that after one hour of UV light exposure right before
the mushrooms were harvested, the vitamin D2 content in a serving of
mushrooms rose to more than twice the FDA daily value.
http://articles.latimes.com/2008/mar/31/health/he-eat31

Validating, Controlling, and Operating New York
City’s Catskill/Delaware UV Water Disinfection
Facility
Steven Farabaugh1, Matthew Valade2, P.E., Gary R. Kroll3, P.E., Deborah E. Keesler4, P.E.
Hazen and Sawyer, P.C., 498 Seventh Avenue, New York, NY 10018
Hazen and Sawyer, P.C., 24 Federal Street, Suite 302, Boston, MA 02110
3
CDM, Raritan Plaza 1, Raritan Center, Edison, NJ 08817
4
New York City Department of Environmental Protection, 465 Columbus Avenue, Suite 350, Valhalla, NY 10595
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ABSTRACT
New York City has completed final design and has initiated construction of a 2,020-mgd UV Disinfection Facility for its Catskill
and Delaware water supplies. The UV facility will contain 56 LPHO UV units and is designed to provide up to 99.9-percent (3log) inactivation of Cryptosporidium to meet current and possible future regulatory requirements for unfiltered water supplies. The
Cat/Del UV units are designed to deliver a dose of 40 mJ/cm2 at 40 mgd at a design UVT of 87 percent (5th percentile value of
historical data) at end of lamp life conditions. Full-scale validation of test units and CFD modeling of the design was successfully
conducted prior to the plant final design. The UV facility will provide controlled conveyance of UV treated water to both the
Catskill and Delaware Aqueducts for delivery to its New York City consumers.

INTRODUCTION
New York City has completed final design and has initiated
construction of a 2,020-mgd ultraviolet light UV
Disinfection Facility for its Catskill and Delaware (Cat/Del)
water supplies. The UV facility will contain 56 low pressure
high output (LPHO) UV units and is designed to provide up
to 99.9-percent (3-log) inactivation of Cryptosporidium to
meet current and possible future regulatory requirements
for unfiltered water supplies.
Each of the UV units is designed to deliver a dose of 40
mJ/cm2 at 40 mgd at a design UV transmittance (UVT) of
87 percent (a value that is met or exceeded 95 percent of
the time based on historical data) at the end of lamp life
conditions. Computer based modeling and full-scale
validation of two test units was completed during the
design process and prior to selection of the UV System
Supplier (UVSS). The UV units were validated under a full
range of flow rates, water quality parameters (i.e., UV
transmittance), target doses, lamp configurations and
power settings to define the envelope of operating
conditions within which the UV equipment meets
regulatory standards for dose delivery. Each UV unit has a
Local Control Panel (LCP) that will be programmed to
regulate the delivered dose by operating individual banks
of lamps and varying the lamp output (all banks of lamps
in a UV unit always operate at the same output) from 60 to
100 percent, based on the UVT and flow.
Water from the Catskill and Delaware water supplies will
flow from the Kensico Reservoir to the Cat/Del UV Facility.
The UV facility is separated into four treatment modules

each comprising 14 UV units. Flow through the UV Facility
will be controlled by sixteen 84-inch energy dissipation
(ED) valves, which are arranged so that four valves are
dedicated to each UV module. The plant will provide
controlled conveyance of UV treated water to both the
Catskill and Delaware Aqueducts for delivery to consumers.
This paper will discuss how the Cat/Del UV validation
defined the operating envelopes of the Cat/Del UV units
and why the complex control strategy of the Cat/Del UV
facility is necessary to ensure hydraulics and dosing of UV
units are correct and meet regulations.

UV SYSTEM VALIDATION
Full-scale validation was conducted at the UV Validation
and Research Center of New York (UVVRCNY) located in
Johnstown, NY. A more detailed discussion of validation
alternatives and how this facility was selected and modified
to address the needs of this project has been presented in
a previously published paper (Valade et al., 2004). The
validation was conducted by HydroQual Inc.(HQI), as a
subconsultant to the Design Joint Venture of Hazen and
Sawyer/CDM (Design JV), in accordance with a UV
Disinfection System Validation Work Plan, which was
developed by HQI and the design JV and provided to the
New York State Department of Health (DOH) prior to the
validation. The UV test units were required to meet the
system design requirements to deliver a nominal dose of 40
mJ/cm2 at a flow of 40 mgd and a UVT of 87% while
maintaining a headloss less than 18 inches. The results of
the validation were used to define the operating conditions
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and dose monitoring system settings under which the
selected UV unit (developed by Trojan Technologies, Inc.)
meets regulatory standards. The operating conditions of
the Trojan unit were validated at flows ranging from 20
mgd to 60 mgd and at UVTs ranging from 85% to 95%.

Potential Alternate to Full-Scale
Validation - Computerized
Simulation
Using computational fluid dynamic (CFD) modeling
software coupled with a UV light intensity distribution
model, computer simulations of UV system performance
can be performed. UV manufacturers typically use
computer modeling to test new UV unit designs or
configurations. With the growing availability and use of PCbased CFD software, engineers can use modeling as an
approach to predict performance of UV units. However, the
time and expertise required to develop and calibrate such
models is significant and is not practical for all but the
largest installations. A protocol was developed by the
design JV detailing the approach for creating useful models
to accurately predict the disinfection effectiveness of the
large-scale UV units to be fabricated for the Cat/Del UV
Facility, which could not easily be validated through
conventional full-scale bioassays (empirical assessments of
the inactivation response). This protocol established a
methodology for advancing an alternate validation
procedure and assisted in initiating a dialogue with the
regulators responsible for approving validation procedures.
Details of the modeling program that DEP has undertaken
have been presented in previously published papers (Rokjer
et al., 2005; Valade et al., 2003; Rokjer et al., 2003). In
brief, DEP successfully developed models that accurately
predict the performance of several different UV units. Early
in the modeling program, DEP decided to proceed with
both computer modeling and full-scale validation testing
for the Cat/Del UV units. With this dual track approach,
modeling continues to be useful in the evaluation and
design of the UV facility. Through calibration of the model
using full-scale bioassay validation results, the model could
be used as a tool to improve unit performance. Modeling
will also allow for more accurate interpolation between
validated operating conditions, thus providing for more
efficient operation of the UV unit. Utilizing the model to
reduce the validation uncertainties will enable more
efficient application of UV disinfection, while ensuring that
the required level of disinfection is still met or exceeded to
protect public health. Additionally, the dose achieved
during validation will be able to be compared to the
modeled dose achieved under the actual hydraulic
conditions to ensure that the same or greater levels of
disinfection will be achieved at the full-scale facility.

Validation of New York City
Cat/Del UV Units
The UV test unit underwent a wide range of full-scale
validation to provide operational data, which can be
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applied to the operation of the full-scale facility. A
validation protocol was developed to allow definition of the
UV unit performance under a wide range of flow rates,
water quality parameters (i.e. UV transmittance), target
doses, lamp configurations and power settings. By defining
the UV unit performance, the best operation strategy in
terms of efficiency and cost effectiveness for the full-scale
facility is able to be determined.

Biodosimetry
Biodosimetry testing consists of a laboratory dose-response
bioassay coupled with a field challenge of the selected UV
unit design. One or more surrogate organisms are
employed in testing to simulate the target organism. The
influent water is spiked with the surrogate organism(s), and
the log inactivation across the unit influent and effluent is
measured at various combinations of flow rate, UVT, and
lamp power. Separately, a laboratory bioassay is performed
using the surrogate organisms to determine the doseresponse relationship on the water used in the field
challenge. The log inactivation measured in the field
challenge is then related to UV dose based upon the doseresponse bioassay. This measured dose delivered by the test
unit has been termed the reduction equivalent dose (RED)
by USEPA. The RED is benchmarked against the operating
conditions and the dose monitoring system readings to
establish the boundary conditions (i.e. flow and UVT) and
monitoring set points under which the UV unit meets the
required dose.
With biodosimetry, it is necessary to use a surrogate
organism because indigenous Cryptosporidium is not
present in sufficient numbers in raw waters. Also,
concentrations of these organisms can be hazardous, as
well as difficult to collect. Use of a surrogate organism
allows for a controlled experimental process. Ideally, the
surrogate should be:
• benign,
• stable for extended periods of time,
• able to be grown in large batches at high titers (greater
than 1011 pfu/mL),
• relatively easy to recover and enumerate,
• reproducible in its sensitivity to UV,
• cost-effective to grow and enumerate,
• Sensitive to UV at a level similar to the targeted organism,
and can bracket the expected UV unit dose range
MS2 coliphage is the surrogate currently in wide use in the
United States, and is presented as such in USEPA’s
Ultraviolet Disinfection Guidance Manual (UVDGM; USEPA,
2005).

Design Point Test
The design point test was a pass/fail test that determined if
the test units met the design requirements of minimum
RED at the design flow, design UVT, and guaranteed end-

of-life intensity (EOL). The minimum RED was 40 mJ/cm2 at
40-mgd (150 ML/day) and 87% UVT. As discussed above,
this validation was ahead of the regulatory promulgation;
therefore the dose of 40 mJ/cm2 was selected to ensure that
the selected UV unit would meet all impending and future
regulations. The minimum UVT of 87% was chosen based
on historical Cat/Del water quality data. The EOL intensity
is the lamp intensity output at full power after 100 hours of
burn-in multiplied by the lamp degradation factor. The
lamp degradation factor is determined from the sleevefouling factor of 89% (based on the anticipated level of
fouling in the full-scale facility) and a guaranteed lamp
aging factor of 82% determined from certified testing
following National Water Research Institute (NWRI)
guidelines (NWRI, 2003). The minimum EOL is 73%,
unless a higher certified lamp-aging factor was guaranteed
by the UVSS.
The design point test was a biodosimetric validation using
MS2 coliphage as the surrogate organism. The system was
operated with all lamp banks activated and with the power
adjusted to achieve lamp intensities to simulate end-of-life
conditions. The water quality was adjusted to a UVT of 87%
by injecting a UV absorber. The biodosimetric results were
compared with an expected RED of 40 mJ/cm2.

MS2 Biodosimetry
The main field challenge tests were conducted to fully
characterize the system performance. The test unit was
challenged with MS2 coliphage. The power setting and
lamp bank arrangements were varied to test the unit at a
wide range of intensities and operational scenarios to
define the operational RED between 20 and 50 mJ/cm2.
The technical specifications provided to the UVSSs
required that the UV units be capable of operation with all
of the lamps controlled in separate ‘banks’. The banks of
lamps are to be divided into one bank with 50% of the
lamps and two banks, each with 25% of the lamps. Each
bank of lamps could be turned on or off to provide a wide
range of operating conditions for each UV unit. The
number of lamps used and the intensity at which they are
operated can be varied depending on flow, UVT and lampage. This approach will allow significant flexibility to
achieve optimized and efficient disinfection at the target
RED required to be achieved in the full-scale facility. The
full-scale UV disinfection facility will only be able to
operate within parameters that have been validated.
Accordingly it is important to validate beyond the
minimum and maximum design points. The flow and UVT
of the water were adjusted to cover the operational range
of flows and the historical range of UVTs. Figure 1 shows
an example of the test points for a UV unit based on the
given operational approach and the range of flows. At
each test point of UVT and flow, the lamp intensity was
adjusted through a range of power settings. At each of
these test points, the power consumption was recorded
and the RED was determined. This data will assist in
determining the operational strategy of the UV disinfection
facility.
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future spray type cleaning system (if necessary), and
flanges for drainage and chemical cleaning. Hatches are
provided on the inlet and outlet ends of the UV units for
access to the interior. The UV unit has a structural support
and a baffle plate provided at the inlet upstream of the
lamps to evenly distribute flow across the unit.

Figure 1: Example test points for a UV unit at a single UVT

UV DISINFECTION SYSTEM
DESIGN
The Cat/Del UV Facility contains four treatment modules.
Each module is connected to a separate raw water header
and consists of 14 UV disinfection units for a total of 56 UV
units within the facility. Each of the 56 UV units has been
designed to treat 40 mgd at the design conditions (2,020
mgd at 87% UVT). Under maximum design conditions,
fifty-one UV units (duty units) are required to treat the flow,
with five standby UV units available, equivalent to ten
percent UV unit redundancy at the maximum design
capacity. Each process train consists of an upstream
isolation butterfly valve and magnetic flow meter, UV
disinfection unit, and a downstream butterfly
control/isolation valve as shown in Figure 2.

Each UV unit contains 210 LPHO UV lamps mounted inside
the unit, separated into three banks. The test unit was
validated to operate with 90, 150, or 210 lamps online.
Each lamp is protected by its mounting within a quartz
sleeve, which ensures that each lamp is isolated from all
other lamps in the UV unit, and prevents moisture from
entering the electrical connections. The quartz sleeves
allow lamps to be replaced without having to drain the
unit. Each lamp is monitored as to its status (on, off, or
failure). In the event of a lamp failure, an alarm is generated
at the local control panel (LCP), and the signal is sent to the
Plant Monitoring Control System (PMCS).
The UV unit has sensors that measure the UV intensity
emitted from the lamps. Each UV intensity sensor in the UV
unit is aligned with one UV lamp and an additional UV
intensity sensor is provided per row of lamps. The signal
from the UV intensity sensor is displayed on the LCP and is
used to monitor and control the applied RED.
The UV unit can be controlled and monitored from the LCP
or the PMCS. All signals received at the LCP are transferred
to the PMCS.
The UV unit LCP is based upon
programmable logic controllers (PLCs), which continuously
monitor and control UV disinfection with operator
interfaces for local system control. Local UV unit control
and monitoring are provided through a face-mounted
graphical Operator Interface Terminal (OIT), located at eye
level in the front panel of the LCP. The OIT is menu-driven,
indicating process status, alarms, and set points. In the
event that the signal from the PMCS is lost, the UV unit can
be operated from the OIT.
The LCP is capable of monitoring the following parameters:
1. Operational UV dose
2. Flow rate per UV unit

Figure 2. Typical UV flow train

3. UV intensity for each duty sensor
4. Status of each UV lamp (On/Off)

Each UV unit is provided with an LCP and electronic ballast
enclosure (EBE). The LCP houses the main interface and
controls of the UV unit. The EBEs contain ballasts, which
modulate the power delivered to the UV lamps.
The UV unit is a stainless steel pressure vessel designed for
a maximum operating pressure of 30 psi and
hydrostatically tested up to 45 psi. Each UV unit contains
arrays of LPHO lamps mounted in a cross flow
configuration and is outfitted with UV intensity sensors, a
temperature switch, level switch, 48” inlet and outlet
flange connection, an air/vacuum release valve, ports for a
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5. Lamp age (hours) for each lamp
6. Ballast age (hours) for each lamp
7. UV intensity sensor age
8. Cleaning cycle and history
9. Water temperature
10. Calibration of UV intensity sensors
11. Cumulative number of UV unit On/Off cycles and
lamp On/Off cycles
12. Cumulative off specification volumes per month

The LCP is able to receive the following inputs:
1. UV unit flow rate
2. Raw water UV transmittance
3. Setpoint UV dose
4. Setpoint flow rate
5. Startup signal
6. Shut down signal
Four electronic ballast enclosures (EBEs) are provided and
are located adjacent to the LCP. The EBEs house the ballast
and communications boards with local display and provide
power distribution for up to 60 lamps.
Twelve UVT monitors will be provided to the UV Facility.
Each of the four treatment modules will host three
independent and parallel UVT monitors which will operate
at all times. The three output signals are summed and
divided by the number of active signals, producing an
average. The average signal will be used for the control
loop feedback signal. Simultaneously, the readings are
compared relative to each other in non-dimensional
format by dividing the differences by one of the three
values. If one instrument drifts excessively, gives a zero
reading or a full scale reading, then two differential errors
will exceed the error band percentage. The remaining
differential identifies which two instruments are

performing correctly. The instrument signal that has
drifted excessively, or failed, is then removed from the
averaging process and an alarm is raised to bring the
failure to the operator's attention. Until the faulty
instrument is returned to service, the control loop
continues to operate on the revised average signal, based
on two input signals. If one of the two remaining
instruments drifts, or gives a zero or full scale reading, it is
not possible to detect which instrument is faulty. When the
error band is exceeded by one of these instruments failing,
the last average signal is used until the system is reset. A
high level alarm is raised so that immediate attention is
given to the instruments and a grab sample taken for
manual confirmation of the performance of the three
instruments.

UV FACILITY LAYOUT
The UV Facility is sited at Eastview, a 153-acre
undeveloped property situated in the Towns of Mount
Pleasant and Greenburgh in Westchester County, New
York, owned by New York City (Figure 3). The Delaware
Aqueduct runs in a north-south direction beneath the
eastern portion of the site and connects to an
uptake/downtake shaft, both for supply of raw water and
return of treated water to the Delaware Aqueduct. The
Catskill Aqueduct runs in a north-south direction beneath
additional City-owned land along the east boundary of
the. Discharge conduits will convey a portion of the
treated flow from the UV Facility to a connection chamber
and into the Catskill Aqueduct.
In accordance with the agreement reached between the
USEPA and NYCDEP for the Catskill and Delaware water
supplies, DEP is obligated to maintain preliminary designs
for a possible future Cat/Del Water Filtration Facility
through biennial design updates. The City intends to
retain sufficient space on the Eastview site for a future
filtration plant, should conditions warrant its construction.
The UV Facility is situated to accommodate this future
facility.
The Eastview site will serve as a centralized location with
respect to access to the Catskill Aqueduct, Delaware
Aqueduct, and potentially the future Kensico-City Tunnel
(KCT). The Eastview site layout consists of five major
components:
1) An uptake/downtake shaft, including the North
Forebay, South Forebay Weir Structure, and South
Forebay Drainage/Valve/Meter Structure;
2) UV Facility Building;
3) Flow Control (ED Valve) Structure;
4) Catskill Valve and Meter Structures; and
5) Catskill Aqueduct connection chamber and weir
structure.

Figure 3: UV site plan at Eastview
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The North Forebay will contain provisions for connecting
raw water from the Catskill Aqueduct, once it is pressurized,
and the proposed KCT. Provisions for connecting treated
water to the KCT will be made in the treated water piping.
Figure 4 shows the variable potential flow routes through
structures at the Eastview site. The Shaft 19 North Forebay
will serve as the meeting point for water flowing from the
Catskill Aqueduct, the Delaware Aqueduct, and the future
KCT, all of which will be capable of supplying water to the
UV Facility. After passing through the UV Facility, treated
water can be sent to either the Catskill Aqueduct or
Delaware Aqueduct. Provisions for water to be sent to a
future KCT are also included in the facility design.

Flow Distribution and Flow
Control to UV Disinfection Facility
CFD and surge modeling of the system revealed that
careful flow control measures were required to ensure the
UV system could be safely and efficiently operated, without
causing operation hazards or endangering public health.
This required that a specific and detailed control strategy
be developed to ensure the flow through the full-scale
facility will meet the anticipated flow requirements of the
new plant.
Raw water will be conveyed from the uptake/downtake
shaft North Forebay to the UV Facility through four 12-foot
diameter conduits. The 12-foot diameter conduits leading
from the North Forebay to the UV Facility are provided with
isolation roller gates at the North Forebay to allow for
shutdown and maintenance. Each of the 12-foot diameter
conduits (inlet manifolds) feeds one of four UV modules.
Each module will feed four Energy Dissipation (ED) valves
for a total of sixteen ED valves for the facility.

UV SYSTEM HYDRAULICS
AND FLOW CONTROL
Flow control for the Catskill and Delaware systems will be
performed via the sixteen parallel ED valves housed within
an ED valve structure. The ED valves dissipate energy to
permit controlled flow from the UV facility to the Catskill
and Delaware Aqueducts and also to achieve target system
flows through the UV Facility. The ED valves will allow the
City to control and treat flows ranging between 700 and
2,400 mgd, depending on which aqueducts are in
operation. To treat this wide range of flows, the ED valves
will be capable of dissipating between four and thirty feet
of hydraulic head for the anticipated flow range.
Initially, all flows into the UV Facility will be through the
Delaware Aqueduct only. In the future, the UV Facility will
likely also provide treatment of flows from the Catskill
Aqueduct (which must be pressurized for this purpose) and
the KCT prior to conveyance downstream to New York City.
All three delivery conduits will operate in parallel as
pressurized pipes, to supply raw water to the UV Facility.

Flow Distribution through the
UV Disinfection Facility
Flow through the UV Facility will be determined by one of
two methods:
1. The water surface elevation of the Hillview Reservoir
and the measured flow to the City.
2. A historical algorithm of flow patterns and
comparison with the measured flow to the City and
trimming of flows based on the water surface
elevation of the Hillview Reservoir
Each UV module includes fourteen UV units for a total of 56
UV Units installed on parallel four-foot diameter parallel
piping arrangement. Flow is balanced among the 14 UV
units with modulating butterfly valves located at the
downstream end of each UV flow train. Modulating this
valve allows for equal flow through each UV unit within a
module to achieve the target UV dose to each of the 14 UV
flow trains in a treatment module. Flow is measured for
each individual UV flow train with a magnetic flow meter
(magmeter) downstream of the UV unit and is used to
determine a real time UV disinfection dosage.
The module flow split will be determined by the desired
system flow, the amount of capacity available in the
modules, and the flow split control strategy employed by
the system. Two strategies for flow splitting to the
treatment modules are:
1. The operator can assign a flow set point to all
available modules; or

Figure 4: UV facility flow diagram

12 | IUVA News / Vol. 10 No. 2

2. Assign a flow set point of up to one less than the
number of available modules and allow the
unassigned modules to adjust to changes in the
facility flow.

Using an algorithm provided by the UVSS and using the
validation data, the UVT, the EOL, and the required dose,
the PMCS will calculate the theoretical maximum capacity
for the UV units in each module. The treatment module
capacity will be determined by the summation of the
individual UV unit capacity for all available UV units in the
module, cross referenced to the flow capacity of the ED
valves downstream of the treatment module. The ED valves
operate to achieve a target system flow for the UV Facility
with specific target flows for each module. Once the flow
capacity of the four treatment modules is determined, the
system can then determine the appropriate flow per UV
module based on the targeted system flow.
The number of units required to treat the module flow will
be determined by an N+1 strategy (where N is determined
by dividing the module flow set point by the maximum
capacity of the UV units and adds one unit to that result).
The UV unit flow set point is then determined by dividing
the module set point by the number of units online (N+1).
The UV unit flow set point, along with the dose set point
and the real time UVT are transmitted from the PMCS to
the UV unit.
The calculated EOL operating capacity of each UV unit
increases or decreases with changes in UV transmittance
and other operating conditions. The N+1 strategy shall
determine when a new UV unit is to be brought online or
taken offline.

UVC SYSTEMS FOR A
HEALTHY INDOOR ENVIRONMENT
Representing companies with the benefit of
over 60 years experience in UVC technology,
American Air & Water®, Inc. is a UVC air and
water disinfection industry leader.
A complete line of UVC Air and Surface
Sterilization and Water Disinfection Systems
for ANY residential, commercial or industrial
facility, including custom units, designed and
built to meet any specific requirements.

Toll Free: 888-378-4892
American Air & Water, Inc.
www.americanairandwater.com

UV Unit Operation and Flow
Control
The UV Facility will deliver the regulatory mandated RED,
based on UV unit flow rate and water quality parameters
(i.e., UV transmittance). The operational strategy for the UV
Facility utilizes the set point interpolation approach to
maximize the efficiency and control of the UV units. In this
approach, the set points are automatically calculated as a
function of flow rate, using UV unit controls. Flow rate, UVT
and UV intensity are all monitored, and the delivered UV
dose is calculated via a computational algorithm (UV dose
algorithm) developed by the UV manufacturer from the
data collected during validation. The PMCS and the LCP
function are used together to achieve the required UV dose
at the monitored water quality and flow rates. Although the
LCP receives command signals (i.e., dose set point, flow set
point, etc.) from the PMCS, all UV equipment operates
based on signals received directly from the LCP.
Set point interpolation data will be determined from the
results of the validation such that the dose set point is
adjustable to the limits of the tested dose range. The dose set
point will default to the design dose currently set at 40
mJ/cm2 but will be operator adjustable with a lower limit of
the regulatory RED. The set point interpolation approach to
UV dose pacing is achieved by operating individual banks of
lamps (based on UV unit flow and water quality) and varying
the lamp output (all banks of lamps in a UV unit always
operate at the same output) from 60 to 100 percent (based
on the UVT and flow). The UV unit PLC will adjust power and
bank settings accordingly to maintain the dose set point as
the UV transmittance and lamp intensity change over time.
The required lamp intensity will be determined by the UV
dose algorithm, to achieve the UV dose at the required unit
flow and specific UVT. If the UVT of the water changes, the
lamp output can be adjusted accordingly, thus optimizing
energy consumption, while keeping the flow through the
UV unit constant.
The UV units are configured with multiple alarms to notify
the operator of a fault in the system that may contribute to
reduced UV dose. The UV unit alarms include:
•

Lamp failure (Row specific)

•

Ballast over temperature (Row specific)

•

UV sensor failure (Row specific)

•

Low UV intensity (Row specific)

•

Low/high flow (UV Unit specific)

•

Cleaning required (based on frequency set point, or
low UV intensity reading) (UV unit specific)

If a critical alarm is triggered for a UV unit, the UV system
will have the option of commencing the start-up sequence
to bring a standby unit online to operate in its place. The
UV unit with the alarm status is automatically taken off-line
once the new UV unit has reached full power. Operators
then initiate the shutdown sequence for the unit with the
alarm status.
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Flow Distribution Downstream of
UV Treatment Facilities
Treated water will exit each UV unit flow train in a UV
module into a 12-foot diameter conduit (outlet manifold).
The outlet manifold then feeds four 84-inch ED valve
headers. Each ED valve header is equipped with an 84-inch
ED valve, an upstream isolation gate valve, a downstream
isolation gate valve, pressure sensors, and an ultrasonic flow
meter. The flow meter and pressure sensors on the ED valve
line offer flow and calibration checks for proper operation of
the ED valves. The outlet and inlet knife gate valves will be
hardwired to the respective ED valve to ensure the proper
sequencing of opening and closing these valves.
Downstream of the ED valves, UV treated water will be split
to the respective aqueducts. The flow path east will lead to
the Delaware Control Valve Chamber and into the
uptake/downtake shaft South Forebay over the Delaware
Control Weir to the downtake shaft. The flow path west will
lead to a control valve chamber and then tee into the
Catskill piping leading south, connecting back into the
Catskill Aqueduct at a connection chamber. The flow path
will continue over a control weir at the connection
chamber before entering the non-pressurized portion of
the Catskill Aqueduct leading to Hillview Reservoir.
UV-treated water leaving Eastview will be split between the
Catskill Aqueduct and Delaware Aqueduct, with provisions
to be made at the UV Facility to connect to the future KCT.
The proposed method of operation for accomplishing flow
distribution among aqueducts is to actively control the flow
to the Catskill Aqueduct, while the remaining flow will
enter the pressurized Delaware Aqueduct.

SUMMARY
The Cat/Del UV units have been validated over a range of
UVT, flows, lamp configurations and power settings to allow
flexible and efficient operation while meeting the
requirements of regulatory dose. The design and control of
the UV facility are intended to optimize this flexibility and
efficiency, while utilizing the existing components of the
City’s water supply system. Modeling has been conducted
to ensure the optimal hydraulics acheive the required level of
disinfection is achieved and protect the system from surge.
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Advanced Oxidation Process Basics and Emerging
Applications in Water Treatment
James P. Malley, Jr.
Professor of Civil/Environmental Engineering, Environmental Research Group,
University of New Hampshire, Room 344 Gregg Hall, 35 Colovos Road, Durham, NH 03824

ABSTRACT
UV/H2O2 and Ozone/H2O2 (Peroxone) are the most promising AOP technologies for water reuse and drinking water treatment
applications. Recent growth in UV/H2O2 applications including facilities at PWN in The Netherlands; Aurora, CO USA and
Brisbane, Australia shows it to be a very good technology for reuse or difficult to treat source waters. Improvements in bromate
control and the continued recognition of the multiple benefits that ozone can provide in drinking water treatment suggests a
renewed interest in Peroxone for drinking water applications solely aimed at taste and odor control and partial disinfection credit.
It remains a myth and a misconception that the benefits of UV/H2O2 can be gained from minor modifications and simply adding
H2O2 to existing UV disinfection systems. Design, operation and costs of UV/H2O2 are entirely different than those of UV
disinfection systems. Each technology, UV/H2O2, UV disinfection, ozone and Peroxone, has its application and its niche. AOP
processes remain costly in terms of total life cycle costs relative to conventional treatment alternatives and research efforts need
to continue into making these processes more kinetically favorable more energy efficient and more optimized in terms of residual
H2O2 control.

BACKGROUND
Advanced oxidation processes can be thought of as a
subset of free radical chemistry and some of the reactions
(e.g., Fenton’s) have been known and used since the
1890’s. In the environmental field applications first
emerged in industrial wastewater treatment in the 1950’s
for the oxidation of phenolic compounds and other
recalcitrant complex organics. Applications in hazardous
waste remediation emerged in the 1980’s and grew
somewhat over the next 25 years with particular emphasis
on groundwater remediation in the 1990’s. More recently,
there has been interest around the world for using AOPs to
treat difficult source waters or waters in reuse applications.
This recent interest has focused on applications of UV and
hydrogen peroxide due in part to the widespread interest
in UV disinfection applications, the many attractive
features of UV-peroxide that will be discussed as well as
and aggressive information and marketing campaign by
manufacturer’s of UV-peroxide systems.
The pros of AOPs include:
•

Very rapid processes requiring relatively little time and
small footprints to treat large water flowrates

•

Potential for complete detoxification of a wide range
of emerging organic pollutants and pathogens
(disinfection) through complete oxidation often called
mineralization in the hazardous waste treatment field
for example:
TCE + AOPs ‡ CO2 + H2O + Cl-

•

AOP Treatment processes do not generate solid
residuals (such as spent carbon adsorbents or
biological sludge)

•

The relatively non-selective oxidative nature of AOPs
makes them an attractive tool for simultaneously
addressing multiple treatment objectives such as
control of tastes and odors, disinfection, oxidation of
emerging organic compounds (e.g., EDC’s PhAC’s
and other contaminants found on the UCMR (CCL2)
list.

The cons of AOPs include:
•

Limited track record in water reuse and drinking water
applications.

•

Very significant capital and O&M costs (particularly
power). Not the same as UV disinfection, a much
different application in terms of costs.

•

Radical chemical reactions can be difficult to predict
due to site specific water quality conditions that can
result in free radical initiators or scavengers.

•

There can be site specific questions about chemical
by-products and biologically stable water after the
AOP process (increased formation of AOCs, BDOC)

•

Removal of hydrogen peroxide residuals after the
AOPs needs to be addressed in the integrated design
of the treatment facilities.
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CHEMISTRY AND KINETICS
AOPs involve the generation of chemical radicals which are
very strong oxidizing agents. Of these hydroxyl radicals
(•OH) are the best known and most commonly studied.
The processes are termed “Advanced” because the
chemical reactions are highly accelerated oxidation
compared
to
typical
environmental
reactions
transformations that occur in the environment. The •OH
radicals react with many reduced compounds to initiate a
series of oxidative degradation reactions.
AOPs are chemical processes and performance in water
treatment is a function of hydraulics and kinetics •OH
radicals react with organic compounds by several
mechanisms (e.g., methanol oxidation chemistry)
including hydrogen abstraction from aliphatic
compounds:
•OH + CH3OH ◊ •CH2OH + H2O

Reaction rate determinations for AOPs are an important
kinetic step in evaluation and design. AOP chemical
kinetics are usually modeled as zero or first order
depending upon the specific environmental applications.
For most water applications the AOP kinetics are
approximated as first order so if we define performance as
percent removal then:
% Removal = [(Co – Ce)/Co] x 100% = [1 – Ce/Co] X 100%
(Co and Ce are initial and final pollutant concentrations)
For first order kinetics with ideal hydraulics:
rc = dC/dt = kC and t = V/Q
Ce/Co = exp [-k (V/Q)]
So ideally for a given flow (Q) and a given percent removal
needed, the larger the rate constant (k) the smaller the
overall contact time and/or reactor volume (V) needed,
hence the lower cost.

and the addition to unsaturated compounds
•OH + CH2=CH2 ◊ •CH2CH2OH

DETERMINATION OF EEO

These steps are followed by reaction with oxygen initiating
a series of degradation reactions. The general sequence of
reactions is that pollutants react to form aldehydes which
are further oxidized to carboxylic acids which are
ultimately converted to carbonates.

In almost all cases, AOPs are driven by electrical energy so
AOP performance can be compared based on power use.
A useful term is Electrical Energy Dose (EED) which can be
calculated for a given process as:
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EED (kWh/m3) = (P T) / 60 V
where:
P
T
60
V

= Power (kW)
= Irradiation time (min)
= min/hour
= total system volume (m3)

In most applications in water treatment, the pollutant is
normally in relatively low concentrations (< 100 mg/L) so
it is useful to calculate the Electrical Energy Used per Order
of Magnitude Reduction (EEO) which can be calculated
from EED for a given process as:
EEO (kWh/m3) = EED / (log Co/Ce)
It is useful to linearize this equation to determine EEO for
a given set of data:
log Ce = log Co + (– 1/EEO)(EED)

Experimental data can then be plotted as Ce vs. EED and
the resulting slope will be equivalent to -1/EEO which
allows computation of the EEO for a given system. EEO
data derived experimentally is a function of scale and in
most cases full scale EEO derived data will be lower than
bench or pilot scale EEO derived data. Research by Bolton
and Stefan (Res. Chem. Intermediates, 28:857, 2003)
clearly demonstrated that the EEO for a given pollutant
drops off dramatically as the test reactor radius goes from
2.5 cm to 10 cm and this effect is most pronounced at
larger values of UVT.
Since AOP reactions follow first order kinetics, AOP reactor
hydraulics should be designed to approach plug flow
conditions. Optimum AOP reactor designs are determined
through modeling efforts (CFD for ozone reactors, fluence
models and particle track analysis for UV reactors etc.) and
from empirical pilot data.

TYPES OF AOPS
AOPs can be divided into two general categories, the
homogeneous AOPs and the heterogeneous AOPS.
Although the heterogeneous AOP that uses UV irradiation
and a TiO2 catalyst has received extensive study by
numerous researchers, the process has not gained
widespread acceptance or use in the environmental
engineering field. Therefore, this paper will focus on the
homogeneous AOPs.
For many of the homogeneous AOPs there is a photolytic
component to the reaction. Photolysis requires that the
Molar Absorption (_) and Quantum Yield (_) must both be
favorable. Quantum yield can be defined simplistically as
_ ~ [1/(number of photon hits needed to break a bond)].
Therefore, _ = 1 is optimum; _ = 0.5 implies 2 hits needed
to break a bond and an _ = 0.01 implies 100 hits are
needed to break a bond (an unfavorable yield).
Direct photolysis occurs when photons emitted by a lamp
source are directly adsorbed by the target chemical

substrate resulting in excitation and chemical reactions
leading to bond breakage and rearrangement. Kinetics are
generally modeled as first order. Direct photolysis can be
advantageous in many water applications if kinetics are
favorable since it does not require additional chemicals. It
is important to match lamp output spectra with target
compound absorption spectra (Figure 1). The first law of
photochemistry basically states that photochemical
reactions cannot occur unless photons of the emitted UV
light are adsorbed by the target compound
Typical
examples where direct photolysis is an important
mechanism in environmental engineering applications for
water treatment includes UV disinfection through thymine
dimerization reactions; direct UV photolysis of NDMA; and
the often unwanted effect of UV reduction of nitrate to
nitrite by polychromatic medium pressure UV lamps.
Direct vacuum UV (< 190nm) photolysis of water has been
applied in the ultrapure water field often to remove low
levels of TOC since it requires no additional chemicals;
there is rapid molar adsorption of the UV by water within
microns and there is a reasonable quantum yield (_ = 0.33)
for the process.

FENTON’S PROCESSES
Ferric complexes can absorb in the near UV and up to
about 500 nm visible range. These reactions generate
ferrous iron Fe(II) and in the presence of hydrogen
peroxide and optimum pH of 3 to 4 the reactions generate
hydroxyl radicals. Fenton’s reactions also occur without
photochemical initiation in some reduced organic
matrices. Typical reactions are:
Fe3+ + h_ ◊ Fe2+
Fe2+ + H2O2 ◊ Fe3+ + OH- + •OH
R-H + •OH ◊ •R + H2O
•R + Fe3+ ◊ R(oxidized) + Fe2+
The process has been used effectively when pollutant
concentrations are high, or the UVT of the water is low
and/or when natural iron levels are high. Good success
has been reported for insitu groundwater remediation at
sites where there are high concentrations of iron in the
soils or groundwater.

OZONE/PEROXIDE
(PEROXONE)
AwwaRF and MWDSC studied this process they named
Peroxone extensively in the 1990’s for Taste and Odor
Control. Hydrogen peroxide initiates a base catalyzed
cyclic decomposition of ozone yielding intermediate
radical oxidant species and hydroxyl radicals.
H2O2 ⇓ ◊ H+ + HO2HO2- + O3 ◊ HO2 + O3- ◊ O2- ◊ •OH
Interest in Peroxone has diminished somewhat in drinking
water applications in part due to costs, operational

JULY 2008 |

17

polyaromatic hydrocarbons (PAHs), but is generally not
necessary nor cost competitive with the other AOP options
used in typical water treatment.

UV/PEROXIDE
This process is receiving most of the interest in drinking
water treatment and reuse applications at present. This
interest is due in part to the growing interest in UV
disinfection as a barrier for Giardia and Cryptosporidium
and the ability of UV-hydrogen peroxide to remove
organic micropollutants either by direct photolysis or by
hydroxyl radical formation or through both mechanisms.
Since hydrogen peroxide absorbs UV in 200-300 nm range
the quantum yield is optimum:
Figure 1: DNA Absorbance Spectra Versus Commercial UV
Lamp Outputs.

complexities and issues related to bromate formation
during the 1990’s. However, in recent years, significant
improvements in ozone generation efficiency and process
control as well as research developments in the control of
bromate formation suggests that Peroxone may be a cost
effective solution in applications where bromate levels are
not a concern.

UV/OZONE
Ozone (O3) absorbs UV in the 200-300 nm range resulting
in singlet oxygen generation that leads to hydroxyl radical
formation and formation of hydrogen peroxide as shown
below:
O3 + h_ ◊ O2 + •O

_ = 1.0 (good)

•O + H2O ◊ 2 [•OH] ◊ H2O2
This process is rarely used as it is not cost competitive with
Peroxide-Ozone (Peroxone) or UV-Hydrogen Peroxide
processes. Its early promise was diminished with further
understanding of AOP chemistry and mechanisms
showing that it is basically an inefficient way of making
hydrogen peroxide. Literature search shows that the
treatment of munitions wastes with UV/Ozone remains in
use for some locations.

H2O2 + h_ ◊ 2 [•OH]

_ = 1.0

However, the molar absorption coefficients for H2O2 in
the range of typical UV lamp output wavelengths are
small, so significant concentrations (>5 ppm) of H2O2 are
required to produce the desired radical formation from UV
energy. It is important to have a UV lamp with strong
output in the 200-300 nm region (MP and LPHO Lamps
are both being used in current applications).
The UV/H2O2 process has been shown to be highly
effective for disinfection of Giardia, Cryptosporidium and
virus. The issue of adenovirus requiring higher UV doses
(186 mJ/cm2 for 4-log inactivation) than typically used in
disinfection is not an issue with UV/H2O2 since the typical
UV doses applied in a UV/H2O2 AOP system are above 300
mJ/cm2. UV/H2O2 has also been shown to effectively
remove many organic contaminants including NDMA,
atrazine, 1,4 dioxane, and numerous EDC’s and PhAC’s.
UV/H2O2 is also highly effective for taste and odor control
through oxidation of compounds such as MIB and
geosmin.
However, radical chemistry reactions can be extremely
complicated and difficult to predict. It is clear that the UV
dose and the H2O2 dose are important for this process. In
addition, other key water quality parameters that affect
UV/H2O2 in drinking water are in order:

UV/PEROXIDE/OZONE

•
•
•
•

As previously mentioned, the UV photolysis of ozone leads
to generation of H2O2. If additional H2O2 is also added to
the solution, it can act as an enhancer of radical
generation and overall oxidation rate from a series of
radical oxidation reactions:

The effects of iron and manganese on UV/H2O2 processes
have been examined in many studies but the results have
been inconclusive. Perhaps the most significant effect
reported has been the iron fouling of the UV system by the
presence of iron thus reducing process efficiency.

•OH + H2O2 ◊ •O2- + H2O + H+
•O2- + O3 ◊ •O3- + O2
•O3- + H+ ◊ HO3 (pKa = 6.15)
HO3• ◊ •OH + O2
This approach has been used in some hazardous waste
applications for organics removals, in particular
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UV Transmittance (UVT) – affected by TOC
pH
Temperature
Inorganics – particularly carbonate alkalinity

COSTS OF AOPS
Cost effectiveness of using AOPs is very much a balancing
act between multiple treatment objectives versus
competing technologies. Costs are very site specific and
are most influenced by UV Transmittance, design flows;
duration of required treatment; specific pollutants and

needed percent removals; UV dose, and or ozone demand
and decay kinetics and or H2O2 dose. The practicality of
using ozone related AOPs, in particular Peroxone, is also a
function of the bromate levels produced and/or the
prevailing bromate standard. For applications where
compliance with the USEPA bromate standard of 10 _g/L is
adequate, use of Peroxone with practical bromate control
strategies remains viable. If the water quality objective is to
ensure bromate levels remain below 5 _g/L or even below
1 _g/L then the use of Peroxone is unlikely to be viable.
Therefore, the best that can be done in terms of describing
the costs of AOPs is to provide “ball park” estimates based
upon different scenarios. For applications in water reuse
or in the treatment of highly impacted source waters
where AOPs are being used to achieve removals of organic
pollutants and disinfection in a 24 hour/day-7 day/week365 day/year mode it is likely that UV-peroxide will be the
technology of choice and the total life cycle costs will
range between $1.00 - $5.00/1,000 gallons treated. For
more tapered applications where seasonal taste and odor
control and full time disinfection of bacteria, virus, Giardia
and Cryptosporidium is the goal, the total life cycle costs
range from $0.30 - $2.50/1,000 gallons treated if
UV/H2O2 is chosen. However, depending upon the
concerns over bromate and the existing plant conditions,
it is often more cost effective to use ozone for taste and
odor control as well as virus disinfection and partial
disinfection credit for Giardia and Cryptosporidium followed
by UV disinfection at doses (e.g., 25 to 40 mJ/cm2) that
provide a final Giardia and Cryptosporidium barrier; than it
is to design, build and operate a UV/H2O2 system.

AOP RESEARCH NEEDS
The total life cycle cost for AOPs remains high due to
capital costs for equipment and the power costs. Research
is ongoing and needs to continue to find ways to more
cost effectively produce hydroxyl radicals and improve
oxidation kinetics. All AOP processes produce residual
H2O2 levels that can be problematic to or increase the
costs of downstream treatment processes. Therefore,
improved process control strategies to minimize H2O2
levels need to be developed. The complexities of AOP
chemistry and growing concerns with unregulated organic
chemicals and DBPs (in particular N-DBPs) suggests that
the byproducts of incomplete oxidation produced from
AOPs must continue to be studied in terms of potential
toxicity and in terms of the biostability (AOC, BDOC) of
the water after treatment.
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Power Quality for Water Treatment Plants
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ABSTRACT
Power quality issues are pervasive throughout most industries. They can cause premature equipment failure and increase
energy losses. This paper presents the power quality issues to a public of diversified technical background. The intention
is to remove some of the mystery surrounding the subject. I used concepts familiar to water treatment plant personnel to
explain electrical concepts. This paper includes a simple survey to identify potential power quality problems. The
information gathered by the plant personnel will be useful to decide if further investigation is needed. The last section
describes the usual correction methods used in the industry, identifying their strength and weaknesses. With this
information, the plant personnel should be in a better position to evaluate their cost versus benefits and communicate with
the experts in the field. This paper is not intended to provide all the answers to power quality issues but should provide
the readers with a base to build on.

INTRODUCTION

POWER QUALITY PROBLEMS

Power quality issues are pervasive throughout most
industries. They are not always easy to recognize because
their symptoms and intensity vary widely. Most plants have
some power quality problems. Unless the plant is
experiencing extreme problems, it may be difficult for the
manager to justify mandating a power quality expert to
perform a full survey. This is why I designed a simple survey
to identify potential power quality problems. Plant
personnel with basic electrical equipment knowledge can
conduct this survey. The result cannot guaranty a full
coverage of the plant electrical systems, but the
information gathered will be useful in deciding if further
investigation is needed. The survey consists of tables listing
typical equipment found in water treatment plants. The
technician records the equipment capacity and uses the
multiplier provided to evaluate its effect on the plant power
quality.

Typical symptoms of power
quality issues

I also discuss solutions for typical power quality issues,
identifying their strengths and weaknesses. The intent is to
help the plant personnel identify the corrections needed
and to improve communication with the power quality
experts.
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The typical symptoms of power quality issues include: light
flickering, transformer overheating, false tripping of
breakers, motor protection tripping, premature lighting
ballast failures, premature power supply failures, computers
and PLC malfunction, capacitor bank failures, neutral wire
overheating, large neutral to ground voltage, false readings
of instruments, electro-corrosion of piping and structures. I
hope that your plant is not experiencing them all…

Water treatment specifics
The typical water treatment plants electrical load profile is
different from most industries in that two or three major
loads consume the majority of the electrical power. The
rest of the electrical service has a small effect on the
electrical consumption. The flow of electricity in your plant
wiring is similar to the flow of water in an aqueduct. The
few big water-consuming factories represent a large part of
the aqueduct flow and have a very large effect on the
system pressure. Similarly, the few major electrical loads in
the plant are likely to govern the power quality.

The operation of emergency power supplies such as UPS
and/or diesel generators tend to magnify the effects of
power quality issues and should be evaluated
independently. Emergency power supplies have less
capacity than the electrical utility. They are similar to using
smaller pumps to feed your aqueduct. Changing the water
flow has more effect on the pressure.

Terms used in power quality

The apparent power is the current times the voltage.
This is the concept normally used to size equipment. It is
the capacity used whether the energy is consumed or not.
Apparent power is measured in kilo volt-ampere (KVA) or in
mega volt-ampere (MVA). The water circuit analog of the
apparent power is the size of a pump used to generate a
pressure of and a water flow. The pump capacity has to be
bigger or equal to the water flow or the pressure that you
need.

The line voltage is the force that pushes the current
through the load. It is equivalent to the pressure in a water
line. The power utility is equivalent to the pump that
creates the water pressure. The higher voltages (pressure)
need thicker cable insulation (pipe wall thickness). High
voltages like high pressures are dangerous. A 200 bar
(3000 PSI) water line can be very dangerous, so is a 2400
Volt electrical feeder. This contrasts with the 4 bar (60 PSI)
water hose are commonly used for plant service and can be
handled safely, just like a 120 Volt extension cord.

The real power is the net amount of energy consumed.
This is the quantity that the power utility writes on its
invoice. On a load with a perfect power factor, it is the
product of the current and the voltage. It is measured in
kilowatts (KW) or in megawatts (MW). As for the water
equivalent, if the apparent power is the size of the pump,
the real power is the pressure times the water flow actually
consumed. The real power is always smaller (seldom equal)
to the apparent power similar to a pump that always works
at less that its full capacity.

The line current is the quantity of electrons (electrical
charges) that flows through the load each second. It is
equivalent to the flow of water. The power utility
connection is equivalent to the plant main water feed. The
higher current requires a larger conductor (similar to pipe
diameter).

The power factor quantifies how much of the energy
flowing in a load is being consumed. The rest is returned
to the utility company. Since the utility company only
charges for the net energy consumption they do not like
low power factors. A low power factor means that the load
returns a good part of the energy that flows through it.
Low power factor is similar to a customer that continually
returns a good fraction of his purchases to the store for
credit. It adds operation costs to the store. This is why the
power utility imposes penalties if your plant power factor is
too low. The power factor is measured using a power
meter. It is the ratio of the real power consumed to the
apparent power. It is given in percentage or in a 0 to +/-1
range. By convention, most loads have a positive power
factor but capacitors have a negative power factor. This is
why capacitor banks are often used to correct low power
factor loads.
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Harmonics are distortions on the electrical current. They
are equivalent to vibrations of water pipes. A small amount
is acceptable but too much will eventually damage
something. The vibration frequencies that match the
resonance frequencies of the pipes will be more damaging
than the others. The same concept applies to electrical
harmonics. The harmonic order is simply the frequency
expressed in multiples of the line frequency. This concept
is used to simplify calculations. Harmonics are mostly
produced by non-linear loads such as motor drives, power
controllers, and ozone generator Power Supply Unit (PSU).
Harmonics make the current waveform look “dirty”.
Referring to figure 1 below, the graph on the top shows a
“clean” current flow with a nearly perfect sinusoidal shape.
These nice current waves flow smoothly through the wiring
and the equipment. The graph on the bottom shows the
“dirty” current consumed by a six-pulse ozone generator
PSU without filtering. The stepped current does not flow
smoothly through the wiring and equipment. Harmonics
waste energy and reduce electrical system reliability. Interharmonics are a special type of current distortion produced

JULY 2008 |

21

thyristor converter PSU's. Its water circuit equivalent is a
water line containing air bubbles. As the bubbles pass
through the equipment, they create large stresses. Line
notching can be destructive to capacitor banks and other
sensitive equipment.
Line notching produces high
frequency harmonics. This results in overheating of power
distribution equipment and can affect the operation of
some electronic equipment.

Figure 2. Line notching from a DC motor drive. This level
of notching is likely to cause problems and damage
throughout the plant.

Switching noise is produced by equipment being turned
on or off using electrical contactors. This produces rapid
voltage variations. This is equivalent to the pressure
variation in a water pipe when the valves are open or shut
rapidly. Switching noise can affect sensitive equipment and
severe cases can produce high voltage spikes that can
damage them.
Figure 1: The graph on the top shows a “clean” current
waveforms from a motor that draws little harmonics
and the graph on the bottom shows a “dirty” current
waveform with a 30% harmonic content from an ozone
generator PSU. Note the inconsistent current ripple
caused by the inter-harmonics.

mostly by ozone generator PSU’s and show up as an
inconsistent current ripple on top of the waveform on the
right. Their effect on the electrical system is similar to
harmonics with increased chances of resonance with all
capacitive filters due to their variable frequencies. The
quantity generated depends on the technology used to
design the PSU. Unfortunately, most power meters do not
recognize them and large “invisible” amount of interharmonics can be present in a plant electrical supply.
Capacitor bank and filter designers must take these into
account when doing their calculations to avoid premature
failures or large resonances. A spectrum analyzer must be
used to measure inter-harmonics.
Line notching is caused by the switching of current
rectifiers found in DC motor drives, motor starters, or
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Figure 3. Switching noise caused by a small motor starting.
This level of switching noise on the line voltage is not likely
to cause any problem in the plant.

Voltage dips are usually caused by large loads coming on
line. They are like the pressure drop in a water line. They
usually cause annoying changes in light intensity. In severe
cases with more than a 15% dip, some equipment can
shutdown, contactors can open and re-close reducing their

useful life. AC motors on constant torque load (most water
pumps) will draw more current under lower voltage
reducing their efficiency and sometimes tripping their
overload relays.
Voltage swells are usually caused by large loads going off
line. They are like a pressure increase in a water line. They
also cause annoyance from the change in light intensity. In
severe cases with more than a 10% swell, some equipment
can shutdown or be damaged by the higher voltage.
Higher line voltage increases the transformer magnetic
saturation, increasing both the voltage distortion and the
power losses.
Dilution effect is a very important concept in electrical
power quality. It is used to evaluate if a “dirty” load is
going to cause problems to the rest of the plant. As long
as the load is small with respect to the plant feeder
capacity, its distortion will be diluted to the point of
becoming negligible. It is similar to the dilution of
substances in a chemical process. Take for example adding
80L of a 30% salt solution to 200 L of water. It will make it
very salty. But if the same 80 L of solution is added to 2000
L of water, the salinity will not change as much. Similarly,
a 100 HP (80KVA) motor drive that gives a 30% of
harmonics current will have much larger effect on the
power quality of a small plant with a 200KVA power feeder
than on the larger one having a 2000 KVA feeder.

The dilution effect is the one of the most important aspects
of power quality. How bad a load is depends on its size
with respect to the plant electrical feeder. This is why our
survey evaluates the demerit points as being the equipment
consumption multiplied by its “dirty current”, divided by
the plant feeder capacity. This gives the relative size of the
distorted current to the plant supply and helps us evaluate
its overall effect.
Ground currents are caused by the electrical current
leakages and wiring errors. All electrical currents must
return to their source dividing through the paths available.
The neutral wire or the other phase conductors should be
the easiest return path and therefore carry most of the
return current. Unfortunately it is not always the case and
some of the current “leaks” through the plant grounding
system. All electrical equipment have leakage currents. It
is usually below 1% of their consumption. Unfortunately,
some design and wiring errors can produce leakage current
levels reaching 10-20% without being noticed.
Ideally, the leakage current should flows through your plant
ground wires to return to the electrical source.
Unfortunately, badly implemented grounding networks
allow some of the leakage current to use other paths
including the building structure, the piping, and the sensor
wiring. These un-intended paths can produce electrocorrosion, signal errors, and sensor failures. This is similar
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operation is needed, a qualified person can evaluate if
corrections need to be performed to bring the leakage
currents within acceptable limits.

Picture 1. The photo on the left shows the current probe
location to measure the leakage current of an ozone
generator PSU and the photo on the right shows the
oscilloscope screen shot. Note the extremely high leakage
current that approaches 30 amperes peak to peak, which is
almost 30% of the PSU consumption.

to water returning to the lowest point using any path that
leads downward creating problems along the way.
You can compare leaks of electrical currents to an acid
solution slowly leaking from a pump. As long as a good
drain is near the small leak, the effect is minimized. If the
drain is too far, you have a dangerous situation at hand.
This is why proper equipment grounding is imposed by
regulatory entities to protect people from being shocked.
This is one of the most important aspects of the plant
electrical wiring. Unfortunately, it is sometimes neglected
or badly implemented. If the grounding wires were
suddenly removed from your plant, your personnel would
get regular electrical shocks and some may even be killed.
Identifying excessive current leakage requires special tools
such as large diameter current sensors and oscilloscopes. To
track the leaks, the pipes and structures around the
equipment are probed. Understanding of the equipment

IEEE519 recommendations are a set of guidelines
produced by a group of experts in power quality. These
people came up with a much-needed base line and
measurement methods for power quality from the power
utility point of view. These recommendations are not
intended to be applied directly to equipment terminals but
to the plant main electrical feeder where the dilution effect
is the highest. When these recommendations are applied
directly to the equipment terminals, they force higher
correction expenses than are really needed. Overall, these
recommendations are good guidelines and have helped
improve the power quality in the industrial world.
This covers most of the power quality concepts. We have
left out numerous details and calculations that are not
needed to understand what is happening to your plant’s
electrical supply. Specialized books and university courses
are available for those interested in covering this subject in
depth. Now that we have an understanding of the power
quality issues, we can evaluate them and decide if any
corrections are needed.

Typical water treatment power
quality survey
A typical plant electrical system operates on its own
transformer(s) directly from the utility high voltage line.
Each transformer can feed dozens of small pumps, two or
three large ones, large compressors, some mixers, two or
three ozone generators, a few banks of UV lamps, dozens
of electrically operated valves, various control panels and
automation systems, and finally some lighting and air
conditioning.
The following tables are used to identify the electrical loads

Table 1. Electrical distribution loads.
Distribution system capacity
(C) = ________ KVA

Load (L)
KVA

Potential power quality issue
“Dirty current” scale (D)

Loads below 10HP (7.5KW)
are usually too small to cause
problems and are lumped
together into the total load.

Power factor
Harmonic distortion

Voltage transformers:
500KVA and more.

Harmonic distortion
D=2
Turn on inrush current D = 10

Utility generated power
quality issues.

L=C
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Harmonic distortion
Voltage regulation
Voltage spikes or dips
from switchgears

D = 15
D = 20

D=1
D=1
D=5

Demerit points
= L x D/C

Table 2. Large motors for water pumps, compressors and aerators.
(“C” from Table 1)

Load (L)
KVA

Potential power quality issue
“Dirty current” scale (D)

Demerit points
= L x D/C

AC motor, 10 to 100Hp.
Across the line starter.

Inrush current.
Power factor

D = 50
D = 15

AC motor, 10 to 1000Hp.
Soft start starter.

Inrush current.
Power factor
Harmonic distortion
when starting

D = 20
D = 15

AC motor, 10 to 1000Hp
Variable speed drive.
(No harmonic filtering)

Harmonic distortion
Inter-harmonics
Line notching
(DC motors only)

D = 50
D = 30
D=2
D = 60

Table 3. Large electronics loads
(“C” from Table 1)
Ozone generator PSU’s; six-pulse
technology without harmonic
filters or power factor correction
filters. (Diode converters behave
differently from thyristor
converters)

Load (L)
KVA

Potential power quality issue
“Dirty current” scale (D)
Power factor (diode)
Power factor (thyristor)
Harmonic generation
Line notching (thyristor)
Inter-harmonic generation
(diode)
Inter-harmonic generation
(thyristor)

D
D
D
D

Power factor (diode)
Power factor (thyristor)
Harmonic generation
Line notching (thyristor)
Inter-harmonic generation
(diode)
Inter-harmonic generation
(thyristor)

D
D
D
D

Ozone generator PSU’s; six pulse
and more, with harmonic filters
and power factor correction
filters.

Power factor
Harmonic generation

D=7
D = 10

Ozone generator PSU’s; active
front-end converters.

Power factor
Harmonic generation

D=2
D=5

Ultra-Violet lamps.

Power factor
Harmonic generation.
Inter-harmonic generation

D=5
D = 30
D=3

Electronic Uninterruptible Power
Supplies.

Power factor (diode)
Harmonic generation
Active front end converters

D=5
D = 30
D=5

Ozone generator PSU’s; twelve
pulse and more, without
harmonic filters and power factor
correction filters. (Diode
converters behave differently
from thyristor converters)

=
=
=
=

Demerit points
= L x D/C
5
20
30
60

D=5
D=1
=
=
=
=

5
15
10
30

D=5
D=1
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Table 4. Compiling the survey results for the whole plant

Sum of the demerit points for the power factor
Sum of the demerit points for the harmonic and Inter-harmonic generation
Sum of the demerit points for the line notching
Sum of the demerit points for the inrush current

of the plant and to evaluate their effect. One survey per plant
main transformer (feeder) needs to be completed. Note that
if many equipment of the same type operate simultaneously,
their capacity can be added on the same line.
After each type of equipment has been identified and sized,
we see if any single equipment is causing a problem by
looking at its demerit points. Then, we can look at the sum
of the demerit points for each power quality issue to see if
the plant feeder is at risk of exceeding the IEEE519
recommendations. If it does, the power utility company
could demand corrections or impose penalties. While this
survey is not a precise measurement, a very high result is
indicative of problems while a low result means that the
power quality is good. There are other issues not covered
here pertaining to special equipment, cabling layout, and
grounding as they are beyond the scope of this paper. If
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the plant manager suspects problems not covered here, he
should call in an expert to investigate.
1. If the demerit points for an item are above 10, it is
certainly affecting the plant power quality. Corrective
measures at the equipment level, as described in the
next section are recommended.
2. If the demerit points for an item are between 5 and 10,
it might be affecting the plant power quality. This
equipment should be evaluated and correction might
be needed.
3. If the demerit points for an item are below 5, it’s not
likely to be affecting the plant power quality.
4. If the sum of the demerit points for an issue is above 15,
the plant has a problem with power quality. If this high
result comes from one or two loads, the corrective
measure should probably be placed locally otherwise
the plant electrical feeder might be a better location.
See the next section for details.
5. If the sum of the demerit points for an issue is between
7 and 15, the plant might have a power quality issue. It
would be wise to select future equipment with a low
demerit factor to dilute the effect of the old equipment.
Corrections might be needed.
6. If the sum of the demerit points for an issue is below 7,
it’s not likely that the plant has power quality issues.
Note: If the plant power feeder is equipped with a recent
power meter, chances are that it already measures the
harmonics and power factor. Some power meters indicate
if the IEEE519 recommendations are met. This is very
useful to monitor the whole plant but does not identify
which equipment is to blame if the recommendations are
not met.

POWER QUALITY
CORRECTION MEASURES
Solutions available:

P R O V I D I N G R E A L O R G A N I C T E S T I N G S O LU T I O N S
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1. Capacitor banks are a cost effective means of
improving the plant power factor. Capacitor banks are
similar to adding pressure swing absorbers at the end of
water lines. Unfortunately, when combined with the
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feeder inductance, capacitor banks can create
dangerous resonances, especially under light load
conditions. This is often the case after a power failure.
When the power comes back, most of the large loads
are off, resulting in over-compensation. This can
produce resonance or high voltage spikes during the
numerous transients caused by the equipment coming
back on line. This is similar to having air trapped in a
water line that can produce dangerous water
hammering. I recommend using a contactor that will
automatically disconnect the bank during a power
failure. The operator should then re-arm the capacitor
bank once the plant is back on line. A better alternative
for plants having varying loads is to use a group of
switched capacitor banks controlled by a power factor
controller. This eliminates the overcompensation
problem.
The main limitations of capacitor banks are the
possibility of large switching noise and of resonances
with harmonics. The switching noise is similar to water
hammering and is produced when the empty capacitors
are connected to the line. The harmonics produced in
the plant can also overload and damage capacitor
banks. Compensation comes in steps offering low
precision and obtaining reliable results is not as simple

as it seems. In most cases, the tuned capacitor bank
described below is a better choice.
2. Tuned capacitor banks (tuned filter) with slow
controller are used to provide power factor and
harmonics correction while attempting to solve the
problem caused by simple capacitor banks. The tuning
inductors greatly reduce the switching noise. These
inductors are sized to avoid resonance with harmonics.
This greatly reduces the chances for problems.
Unfortunately a compromise between power factor
correction and harmonic filtering capacity has to be
made. Compensation comes in steps offering low
precision. A lot of expertise is needed to adapt them to
the plant.
Inter-harmonics produced by ozone
generator PSU’s can resonate with the tuned bank if
they are not taken into account at design time.
3. Tuned capacitor banks (tuned filter) with fast
switches and controller are used in plants where the
power factor varies significantly many times per hour. In
this case, the electrical contactors rapidly exceed their
useful life and fail. To solve this problem, semiconductor
switches coupled with a fast controller is used. This
controller reacts so quickly that the power factor will be
adjusted many times during the starting of a large
motor. This reduces the line voltage transient produced
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by activating large loads. Operation and trade off are
the same as the tuned capacitor bank with a slow
controller.

drives and ozone generator PSU’s while the zigzag
transformers are used to remove 3rd harmonics and DC
currents. These transformers cannot be used to improve
the power factor. They only mitigate specific harmonics
directly at the load.

4. Line chokes are effectively used to attenuate the
harmonics and line notching caused by DC motor drives
and some ozone generator PSU’s. One choke per drive
is needed. The most popular sizes are 3% and 5%
impedance. The harmonics are reduced by up to 50%
at the expense of a reduced power factor. In some
cases, a tuned filter is also added.

6. Active harmonic filters have been developed to solve
the weakness of the techniques previously described. In
an active harmonic filter, a microprocessor measures the
harmonic content and the power factor of the load (or
the plant feeder) and calculates a correction current.
This correction current is injected into the line to cancel
out most harmonic currents and improve the power
factor. Contrary to all capacitor banks and filters, active
harmonic filter are not subject to resonance problems.
The construction is almost the same as an AC motor
drive connected in reverse. The output is continuous

5. Harmonic mitigation transformers can attenuate
certain groups of harmonics. They do a good job at
reducing specific harmonics as long as the line voltages
and the harmonic currents are balanced on the three
phases. The twelve and eighteen pulse transformers are
often used to reduce harmonics generated by motor

Table 5. Typical equipment and their local correction method.
Load type

Local correction method normally used.
(Check with manufacturer for compatibility)

Ozone generator PSU’s. Six or
twelve pulse technology without
harmonic filters or power factor
correction filters.

-Line reactor. (Only with capacitive DC bus)
-Tuned harmonic filter.
-Active harmonic filter.
-Harmonic mitigation transformer.

UV lamps.

-Line reactor. (Only with capacitive DC bus)
-Tuned harmonic filter.
-Active harmonic filter.
-Harmonic mitigation transformer.

Electronic UPS.

-Line reactor. (Only with capacitive DC bus)
-Tuned harmonic filter.
-Active harmonic filter.
-Harmonic mitigation transformer.

AC motor 10 to 100Hp, across the
line starter:

-Capacitor bank at the motor.
-Soft starter. (Semiconductors or transformers)

AC motor 10 to 500Hp, soft start
starter

-Line reactor. Use with caution as it increases the motor
starting time and reduces torque.

AC motor 10 to 500Hp, Variable
speed drives
(No harmonic
filtering included)

-Line reactor.
-Tuned harmonic filter.
-Active harmonic filter.
-Harmonic mitigation transformer

Table 6. Typical correction methods used at the plant feeder.
Correction at the plant electrical
feeder.
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-Tuned harmonic filter.
-Fast tuned harmonic filter.
-Active harmonic filter.
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from zero to 100% eliminating the step changes
affecting most capacitor-based filters. It also corrects for
harmonics and power factor without compromises. The
main disadvantage is their higher cost.

Location of the correction
equipment:
When a power quality problem is caused by one or two
pieces of equipment, it can be cost effective to apply the
correction directly to that equipment. For example, if a
large pump running on a variable speed drive causes most
of the harmonics seen on the plant electrical supply. One
could add tuned capacitor banks or an active harmonic
filter directly at the variable speed drive. This would filter
out the harmonic current at the source and prevent it from
flowing through the plant electrical supply. Technically it is
usually better to correct the problems directly at the source.
Local compensation is the only choice when using methods
such as a line choke or a mitigation transformer.
Occasionally, local correction may not be the best choice as
it can be more expensive or complicated. One must
consider that the cost of multiple compensations directly at
the loads can be higher than having one large correction
equipment installed at the plant main feeder. Also,
capacitor bank filters can be difficult to balance when
multiple units are distributed through the plant. This is
why many engineers often specify a single correction unit
connected at the plant main feeder. Convenience and cost
often wins over performance.
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Warning: Always consult the equipment manufacturer
before designing a power quality correction system for
their equipment. Capacitor banks and filters affect certain
equipment and can produce unforeseen problems.

CONCLUSION
In this paper, I used a water circuit analogy to demystify
electrical power quality issues. This analogy gives familiar
images to electrical phenomenon. After presenting the
basic power quality concepts such as power factor and
harmonics, I covered the typical electrical loads present in
a water treatment plant. The objective was to highlight
their effect on the electrical supply. I then provided a
simple survey method to help the plant personnel to
evaluate the power quality issues in their plant. This simple
survey is designed to identify the equipments that could
cause problems and evaluate their effect on the plant
power quality. Finally, I briefly covered the most popular
correction methods and highlighted their strengths and
weakness. The objective is to help the plant personnel in
their effort to evaluate their suitability. The knowledge
acquired through reading this paper should help the plant
personnel to communicate with power quality
professionals in the event that complex problems need to
be corrected.
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