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1.0 Introduction

This project will focus on phosphorus as the Malssaetts Department of Environmental
Protection recently lowered its maximum allowalgedls in the waste effluent of wastewater
treatment plants on the Assabet River. The deeneaallowable levels of phosphorus was in
response to the eutrophication of the Assabet Rilreorder for wastewater treatment plants to
comply with the new levels, they must upgrade wigiv phosphorus removal technology. Test
results from pilot study for the phosphorus rematahe Westborough Wastewater Treatment
Facility will be used to evaluate the following éerphosphorus removal technologies on both
economic and performance merits: Blue Pro™; CoMag¥tfiflo®. The design portion of this
project will be a wastewater treatment plant witheaerage of three million gallons per day
(MGD) and 3 trains. The footprint for the threehteologies will be calculated for the same
hypothetical plant. In the end, the positive andative sides of each technology will be
discussed. It is important to note that this papéneoretical, due to the test results comingifro
a pilot study on only one plant. Each wastewatsatiment plant should conduct its own bench
scale test in order to determine which phosphaosral method is most efficient and cost

effective for their unique needs.

The role of phosphorus in river water chemistry as@ffects on local human and
animal populations is an important issue for wastewtreatment plants, and communities that
live along any water bodies. Phosphorus, a nomltieetlement found in the nitrogen group, is
essential element for all living organisms. Phasph has the four following different allotropic
forms: white, which can be separated into alphalesetd; red, which is also referred to as yellow

phosphorus; scarlet; and black. The last thredrappes are formed from white phosphorus.



Phosphorus is commonly found in nature in diffemrhbinations with minerals. One of these
mineral combinations is phosphate rock, which ign@portant source of this element and found

in large quantities.

Some forms of phosphorus aeremely poisonous, with a fatal dose for non-evhit
phosphorous being about 50 mg and even less fdewhbsphorué. However, phosphorus is
useful and relatively harmless in many applicatioRed phosphorus is used to make fireworks,
smoke bombs, safety matches, and pesticides. ©dhemon applications of phosphorus are in
china, baking soda, fertilizers, detergents, watdteners, television sets, and soft drifks.

While high phosphorus levels can cause death, kithikire, or osteoporosis, an insufficient
amount of phosphorus can be just as harmful fordnan Over time, humans have influenced
the supply of phosphorus in nature via the follaysxamples: fertilizers; cleaning solutions;
industrial, commercial, and human waste. The smed amounts of phosphorus have led to
excessive plant growth in water bodies which issane for both the environment and human

usage of the water body.

2.0 Impact of Phosphorus on Water Bodies

Plant growth requires a certain amount of nutriersisch as nitrogen, carbon, trace
minerals, and phosphorus - to be present in therwaisually nitrogen and phosphorus are

considered the limiting nutrients for plant groviscause the other nutrients are easily

! http://periodic.lanl.gov/elements/15.html
2 http://periodic.lanl.gov/elements/15.html

* http://education.jlab.org/itselemental/ele015.html



replenished through the environment. Plants udmoadioxide for the carbon source which is
introduced into the water via the atmosphere. @ rmmerals, which is needed only in very small
amounts, can be mainly introduced into the watieeithrough weathering of the rocks or
through wastewater effluent, though trace elemargdard to remove during the treatment
process. In a majority of fresh water bodies, there is @mbugh phosphorus available for the
plants to grow at their maximum ratedn some cases, eutrophication, the process veh@ess
nutrients in water bodies leads to rampant plaoivgn, can occur especially in areas where

human activities impact the water soufce.

Phosphorus and nitrogen are the easiest nutrieetdedl for plant growth to be controlled
via human intervention. These two nutrients cambeduced into the river water through
nonpoint sources, such as runoff from fertilizeablaand point sources, such as combined
sewage overflow system (CSO), the effluent of waater treatment plants, and industrial
discharge. However excessive plant growth carobé&alled by limiting the amount that the
total amount of these nutrients in the wastewatgentreatment plant effluehtPhosphorus is
measured in both total phosphorus and ortho-phospWaich is the soluble inorganic form of

phosphate that plants require for growing.

4 “Principles of Environmental Engineering and Science,” Davis and Masten, 2004

> “StreamWatch and Water Quality Monitoring Program Final Report — Summer 2002,” Organization for the
Assabet River, December 2002

® http://toxics.usgs.gov/definitions/eutrophication.html
7 “Principles of Environmental Engineering and Science,” Davis and Masten, 2004

8 “StreamWatch and Water Quality Monitoring Program Final Report — Summer 2002,” Organization for the
Assabet River, December 2002



Excessive plant growth has several negative imgacthe quality of the river. At first
the plant growth, especially algae blooms, leadgsotr light penetration which is needed for the
photosynthesis process of the bottom dwelling gladtie to the lack of sunlight, these plants
die, including the natural death of the algae blsoAs the dead plant matter settles to the
bottom of the water body, three issues arise. Gsigei is the settled plant matter fills in the water
body. The second issue is that dissolved oxygesas up as bacterium breaks down the
decaying plant matter. Low enough levels of dissdlexygen, which can be achieved due to
large amounts of dead plant matter, leads to taghdd# many aquatic organisms. The last issue
is more of an aesthetic issue, while the decayiagtpnatter is broken down by the bacterium, a

sulfur smell is produced.
3.0 Assabet River and Watershed

The Assabet River headwaters are located in Wesilgbrand winds for 32 miles with a
320 feet drop to Concord, MA where it merges with Sudbury River to form the Concord
River. The Assabet River Basin is the watershatlfdeds the Assabet River. This watershed
covers 177 square miles, includes nine tributaeed,is home to 170,000 people. Appendix A

contains a map that shows the Sudbury, AssabetCandord Watersheds in Massachusttts.

Twenty towns are located in this watershed angtpilation in these towns has
increased by 15 percent, which is about three timestatewide average, between 1990 and

2000. This large increase in population has redutt increased amounts of ground water being

o http://www.bbc.co.uk/schools/gcsebitesize/chemistry/usefulproductsair/nitrogenousrev4.shtml

% http://www.assabetriver.org/map.html



used and increased wastewater effluent. Due tmtheased demands for water, the amount of
water entering the Assabet River from aquifers thedributaries has decreased. Therefore the
ratio of ground water and wastewater effluent mtiker has tipped in favor of a higher
percentage of the river water being made up byewaser effluent. Figure 1 shows the water
use, disposal, and transfer within the AssabetiBasin from 1997 to 2001. “Blue lines
indicate withdrawal or import of water for use; Wolines indicate discharge, disposal, or
import of wastewater; and orange lines indicatesoomptive use®™ UNACC stand for

unaccounted for water and 1/l stand for infiltratim sewers?

Imported

kg pSSABET IVER 45,

EXPLAMATION

\WATER TRAMNSFER—Arrow e thickness is proportional to volumetric low rate
friom 0.5 0 11 milion galons per day.

Figure 1: Water Use, Disposal, and Transfer in the Assabet River Basin from 1997 to 2001"

The decreasing amount of ground water feedingrtbetaries and river has led to the

following issues: the loss of habitat for many arigans; alteration of the watersheds; and the

u “People and Water in the Assabet River Basin, Eastern Massachusetts,” USGS, April 2005
© “People and Water in the Assabet River Basin, Eastern Massachusetts,” USGS, April 2005

B “People and Water in the Assabet River Basin, Eastern Massachusetts,” USGS, April 2005



Assabet River becoming eutrophic during the sumnerof 2004, the Assabet River has failed
most appropriate water-quality standards due tethmphic staté? Figure 2 is a picture
depicting what parts of the Assabet River looks likiring the summer. The green blanket on
the top of the water is made up of algae and fhgadiuckweed. This blanket of plant matter
hides from view the large amounts of aquatic plémas are growing in the shallow sediments.
This large amount of plants on both the surfacethadottom has led to conditions of a
eutrophic water body as mentioned above which ésglted in the river failing to pass “state

water quality for ‘fishable and swimmable’ watefs.”

Figure 2: Assabet River in its Eutrophic state’®

Majority of the nutrients enter the river via wastger effluent, which is dumped into the
river by the seven wastewater treatment plantddocan the river, and nonpoint sources. The

nine dams along the river have resulted in an aoctatron of nutrient rich sediments. The

14 “People and Water in the Assabet River Basin, Eastern Massachusetts,” USGS, April 2005
1 http://www.assabetriver.org/issues.html

'® http://www.assabetriver.org/issues.html



nutrients in these sediments also increase the @inoduutrients available to the aquatic

plants®’

The Assabet River is used for recreational uses) as kayaking, canoeing, and fishing.
However, one must look not just at the human usethe river, but also the environmental role
of the river. The river has to have a sufficiemtant of water to sustain life in it, support the
human uses of the river, and dilute the storm watempoint sources, and wastewater effluent.
The water quality issues of the Assabet River aresened by the low amount of water that is
entering the river from the aquifers and tributsudeiring the summéf. Since there is less
ground water to dilute the wastewater effluent,libst way to increase the quality of the Assabet
River is to place minimum allowable limits in thestewater treatment plant effluent on the

limiting nutrient of the plant growth and to addséke issues concerning nonpoint sourées.

4.0 Environmental Organizations

There are two different types of organizations tielp with addressing the water quality
issues of rivers, such as the Assabet River. Camtgnbbased organizations, such as the
Organization of the Assabet River (OAR), and gowent oversight organizations like the
Massachusetts Department of Environmental Prote¢iass DEP) have some overlapping

roles but also have slightly different roles in dmting poor water quality. When these two

v http://www.assabetriver.org/issues.html
18 http://www.assabetriver.org/issues.html

9 “People and Water in the Assabet River Basin, Eastern Massachusetts,” USGS, April 2005



types of groups work together, then most issudascthraribute to poor water quality can be

fixed.

4.1 Community Based Organizations

Community based organizations’ main strength ishigay the public. It is necessary to
get the public involved in cleaning up and protagtenvironment so they feel the desire to
reduce the human impact on the habitat in questidrese organizations can also help pressure
government organizations and commercial and indlistperations to reduce their impact on the

environment and help protect it.

OAR deals with following five aspects in regardsteaning up the Assabet River: water
in regards to water quality and flows; habitatyeation; cultural and historic resources; and
stewardship and education. OAR is working towadh@ésAssabet River and its tributaries
achieving “Class B water quality standards througllbe watershed,” having “most of the
river... returned to its free-flowing state, flow appimate natural cycles, and any manmade
impoundments... free of sedimenfd.”In regards to OAR educating the public, the oizgtion
wishes help residents realize that their actiofecathe Assabet River, especially in regards to
using too much phosphorus containing substancedditilizers and cleaning solutions, creating

situations that exacerbate the issues with nonpoimtces, and ground water usage.

4.2 Government Organizations

20 http://www.assabetriver.org/vision.html

! http://www.assabetriver.org/vision.html



The main governmental organizations that wouldivelved in monitoring and
implementing regulations to help clean up the Ass&iver would be the Mass DEP and the
New England Environmental Protection Agency (Newland EPA). The Mass DEP is the
state agency responsible for preservation of wetlamd ensuring clean water. Laws and
regulations concerning anything that impacts therenment, along with monitoring water
bodies and wastewater treatment plants are alpomsibilities of the Mass DE®. In the state
of Massachusetts, the National Pollutant Disch&ilgaination System permits (NPDES) are
distributed by the New England EPA. The NPDES wraated in 1972 under the Clean Water
Act. ““NPDES prohibits [discharges] of pollutaritem any given point source into the nation’s
waters except as allowed under an NPDES permhe grogram gives the EPA the authority to
regulate discharges into the nation’s waters byngglimits on the effluent that can be

introduced into a body of water from an operatind permitted facility.®®

5.0 Massachusetts Department of Environmental Protgion and the Assabet River

Once a water source is deemed impaired, the Magsi®Eequired by the Federal Clean
Water Act to develop a plan for revitalization. eTplan must bring the water body into
compliance with the current Massachusetts WatelitQ&andards. During the development of
this plan, a pollution budget is created in regaodhe level of toxicity. The total maximum
daily load (TMDL) or the pollution budget is credtfor all sources of pollution, both point and
nonpoint sources. There are four major wastewetatment plants (WWTP) and three minor

WWTP that release their effluent into the AssalhigeR The four major WWTPs, also known

2 http://www.mass.gov/dep/about/missionp.htm

> http://www.epa.gov/region1/npdes/history.html



as public owned treatment plants or POTW, are testdrough WWTP, Hudson WWTP,
Marlborough WWTP, and Maynard WWTP. The Concord TWRA's located on the Concord
River in Concord, MA. The quality of the Concord/& is affect by the quality of the Assabet

River because as mentioned above, the Assabet fepds the Concord River.

Due to the recorded levels of total phosphorusMhss DEP has labeled the Assabet
River as an impaired body of water. The qualityvater in the Assabet River falls under the
category of Class B with qualifiers of warm watericcordance to the Massachusetts Surface
Water Quality Standards (314 CMR 4.00). A clasatibn of Class B means that the water body
is “designated as a habitat for fish, other aqud&cand wildlife... and for primary and
secondary contact recreation. Where designat8d4rCMR 4.06, they shall be suitable as a
source of public water supply with appropriate tmeent... Class B waters shall be suitable for
irrigation and other agricultural uses and for catrige industrial cooling and process uses.

These waters shall have consistently good aestvedtie.”*

In 1998, it was determined that the Assabet Rivas suffering from low dissolved
oxygen and was nutrient enriched. As a resultieén field investigations were conducted from
July 1999 to October 2000 with the goal of prevegfuture damage to the water quality and to
rehabilitate the river. All sources of pollutamtere located and the four main nutrients, - total
phosphorus, ortho-phosphorus, total nitrogen, aindte- were quantified as percentage of

nutrient loading from point sources as can be gedable 12°

% “314 CMR 4.00: Massachusetts Surface Water Quality Standards”, Mass DEP, January 2007

% http://www.assabetriver.org/wg/tmdl.html



Table 1: Percentage of Nutrient Loading From Point Sources’®

Percentage of Nutrient Loading From Point Sources*
Total Phosphorus|  Ortho- Phosphorus  Total Nitrogen itraté

Dry Weather Surveys 82-97% 97-98% 70-97% 78-99%

Wet Weather Surveys 23-91% 88-98% 32-88% 41-99%

*(Point sources, the four major WWTPs: Westborougharlborough, Hudson, and
Maynard.)Adapted from ENSR 2001)

Seven segments of the Assabet River were listétkifi2002 Massachusetts Integrated
List of Waters” were listed as Category 5, which t@ire parts of water bodies that require a
TMDL or pollution budget. There were multiple caaf impairment for the different segments
that are listed in Appendix B, but the primary teauses were nutrients and organic
enrichment/low dissolved oxygen. These two cauaashe addressed via control of phosphorus
entering the river water. As a result of the 2082 a TMDL for nutrients, mainly for total
phosphorus, was formed. The TMDL can be summaed the following equation which takes
into account the phosphorus that is provided tqthets from the sediment:

Equation 1: Total Maximum Daily Load

TMDL =BG + WLASs + Sediment + NPS + MOS

The abbreviations above are the following: TMDLoading capacity of receiving water; BG =
natural background; WLAs = portion allotted to gaources; Sediment = portion allotted to

sediment; NPS = non-point source loadings other sealiment; and MOS = margin of saféty.

*® http://www.assabetriver.org/wg/tmdl.html

?7 “pssabet River Total Maximum Daily Load for Total Phosphorus,” Massachusetts Department of Environmental
Protection, Division of Watershed Management, 2002, CN: 201.0, Report Number: MA82B-01-2004-01



As a result of the TMDL report for the Assabet &iin 2002, the Mass DEP instituted

the following two phase management plan to addresphosphorus levels in the river:

"Phase 1 will establish POTW effluent total phospisdimits of 0.1 mg/l at all major
POTWs discharging to the Assabet River and allevciimmunities sufficient time to
fund and implement a detailed evaluation of impanadt sediment as a potential
alternative to lower permit limits. DEP believesttsome sediment and/or dam removal
options will allow the Assabet River to achieve grajuality standards faster and,
possibly, be more cost effective, than establistomger POTW total phosphorus limits

and waiting for the system to respond over time.

Requirements will be incorporated into the NPDEBis to be developed and issued in
2004. Phase 1 will require that all POTWs be upegdad achieve 0.1 mg/l of effluent
phosphorus by April 2009 and the design shoulddmsistent with adding new
technology in the future to achieve further redutsiif deemed necessary. Based upon
the modeling results current permitted flows wel &dllowed. However, any request to
increase a discharge beyond currently permittedmaek would require supporting
documentation satisfying DEP’s Antidegradation &pthat no other feasible alternative
exists including, but not limited to, the dischagjeadditional treated effluent to
groundwater to help restore tributary flows. Phasph limits will be seasonal. DEP and
EPA will jointly develop an implementation strateigythe Spring of 2008 to decide if,
when, and to what level additional upgrades wilhkeded based upon the results and

recommendations of the sediment evaluation.



Phase 2 limitations will be established in perrtotbe reissued in 2009 if sediment
remediation, based upon the results of the sedid@mntevaluation, is not pursued,
and/or new phosphorus criteria that may be develapéhe interim by DEP and USEPA
are applicable. If the communities choose to pusaament remediation alternatives, a
revised schedule and work plan will be negotiatethe summer and fall of 2008. If the
communities choose not to pursue sediment remediatternatives they will be required
to complete phase 2 improvements during the seBeyehr permit cycle and begin

operating by April 2013 and achieve the new linbysApril 2014.

In the interim, prior to facility upgrades in 20@Be POTWs will be required to continue
optimization of seasonal removal of total phospBonutheir effluents to meet the 2000

interim NPDES permit limits for total phosphorus75 mg/I.

Long-term monitoring of the Assabet River is essgmhd determine the efficacy of the
adaptive management controls as they are implemetateletermine whether water
guality standards have been achieved, or if additisource controls will be required.
EPA and DEP will develop a detailed monitoring phaior to implementation of Phase 1
upgrades. The agencies or their agents will impidrie plan with assistance from the
Assabet communities to evaluate and document watdity improvements and

environmental indicators after POTW upgrades amepieted during Phase 1.

This TMDL can be achieved through the continuedpeoation, effort, and oversight of

federal, state and municipal agencies along wighathtershed stakeholder3."

%8 http://www.assabetriver.org/wg/tmdl.html



Due to the new regulations put out by the Masssettisi DEP, all four major WWTPs on
the Assabet River have studied and selected negpploous removal technology in order to
conform to the new limit of 0.1 mg/L for the phogpis in the effluent. While one can look at
figures and calculations from other plants, it doesreplace an actual bench scale test on the
plant’s own water to determine which method of realas best for its distinctive wastewater.
In the process of selecting of a phosphorus remmedhod, it is best to look at the economic

feasibility, performance for not just phosphorusiogal, and the footprint.

6.0 Phosphorus Removal Technology

Beginning in 1970’s, the need to remove phosphtram wastewater effluent became
evident and was acknowledged as a necessary pagatrhent. Originally phosphorus was
removed unintentionally via chemical and biologicethods that were used to target and
remove organic material to lower the biochemicalgen demand. However modern and
intentional methods of removing phosphorus have loeeated through expanding our
knowledge of phosphorus and an evolution of protasdmologies. While learning about how
to remove phosphorus, humans have also come tovdishow we are impacting the fragile
balance of nutrients in nature. The eutrophicatimtess and its impact on nature started to be
investigated during the late 1940s. This resebatho increasing the efficient phosphorus
removal methods. During the 1960s, chemical pretipn was introduced to the treatment
processes in Switzerland; this method involved rgldhemicals to the influent before the

primary clarifiers in traditional biological treaémt plants. Similar methods of adding chemicals



before the primary clarifiers or into the mixeduay in the activated sludge tanks were used

around the same time in Scandinavian counffies.

Phosphorus can be present in wastewater in mamsfol herefore it is necessary to
have multiple methods of removing phosphorus inclg@hemical precipitation, biological
assimilation, and physical filtration. Chemicaégipitation is where chemicals are added to the
water which forms particles with the target elerserithese particles then are allowed to settle
out allowing the clean water and the particles aimmg the contaminants to separate. The
settled particles, also known as waste or sludgec@mbined with the rest of the sludge from
the plant and is dewatered and disposed of. Clamiecipitation is useful for removing the
metals, suspended solids, fats, oils, greasesppboss, fluoride, ferrocyanide, some organics
and inorganicé’ This method of removal can result in an increzfse volume of sludge
produced which leads to an increase in disposa&$ @&l sometimes the sludge has poor
dewatering and settling characteristics. The pkhefeffluent from the chemical removal
process can be low which will necessitate the heedH adjustment before the water can be

released into the environmetit.

Biological phosphorus removal involves “exposing thixed liquor to an
anaerobic/aerobic sequence in the biological reattdielp select microorganisms that have the
ability to “accumulate higher levels of intracedulphosphorus than other microorganisms.” The

phosphorus is consumed by the microorganisms andittimass removed from the clean water

* http://www.lwr.kth.se/forskningsprojekt/Polishproject/JPS3s121.pdf
30 http://www.cleanh2o0.com/ww/chemppt.html

* http://dnr.wi.gov/org/water/wm/ww/biophos/lintro.htm



by settling. The settled biomass can either beéetasr reused to help keep the microorganism
population high. The positive side effects of gdinis method of removal is that the decreased
amount of sludge produced, reduced oxygen requitesnkess pH issues, and the sludge has
good dewatering and settling characteristic®hysical filtration makes use of various filters,
including membranes and sand, to separate contateisach as phosphorus from water. A
positive aspect of this filtration method is itu#ts in exceptional clean water that may be free of

a majority of contaminants not just the target one.
7.0 Concord Wastewater Treatment Plant

The wastewater treatment plant for the town of @oticMassachusetts is located off of
Bedford Street in Concord. This WWTP handles araye daily flow 1.2 MGD and its outfall
is located on the Concord River. Appendix C shtwvesflow diagram for the Concord
Wastewater Treatment Plant. There are two foraasrthat bring the influent to the plant. The
headworks consist of one fine screen followed liyrgmoval equipment. The water continues
from the headworks to the two primary clarifiergldhe effluent from these tanks gets
transported via gravity through the two tricklinefrs. These filters make use of plastic
medium on which the microorganisms grow on. Tliiefit from the trickling filters is pumped
into the two secondary clarifiers. A portion oéteffluent from these tanks is recycled back to
the trickling filters and the rest is pumped to @@viag™ for the removal of phosphorus and
other contaminants. The polisher runs at the mininkevel everyday in order to remove any
magnetite and increase the quality of the effluégfore the water is released through the

outfalls into the Concord River, it is disinfectéalough ultraviolet light and any leftover

*2 http://dnr.wi.gov/org/water/wm/ww/biophos/lintro.htm



magnetite settles to the bottom of the UV tank wheis picked up with a magnet. The pH of
the water is adjusted before entering the CoMag&®afore the outfalls if need be. The sludge
from the secondary clarifiers and the tertiarytimeant is combined and thicken before it is
added to the sludge from the primary tanks. Thdg® is trucked to the Upper Blackstone
Wastewater Treatment Facility where the wastedmarated.
8.0 Test Results

This section will describe BluePro™, CoMag™, andi#@® and analyze how each
technology performed in a variety of performancd aoonomic evaluations. In order to
determine which technology is the best to use,stroeilld look at the overview of the system to
determine how much maintenance will be neededfoPeance results show which chemical
and dosage should be used, along with impact dktttenology on the various metal
concentrations, biochemical oxygen demand (BOd&nhd total suspended solids (TSS) levels.
Analysis of the economics of the technology allmmg to determine which technology is
economically viable for the community. All the uéts in the performance and economic
evaluations are from the pilot study performechat\Westborough Wastewater Treatment
Facility by Earth Tech along with Fay, Spofford &drndike, LLC. This study was presented
on January 29, 2008 at the NEWEA 2008 Annual Cemiee.
8.1 Overview of BluePro™

BluePro™ is a continuous flow filtration systemtth@akes use of a chemical addition to
remove phosphorus to low levels. Ferric chlorgladded to the influent then mixed into the
influent in the Rapid Conditioning Zone™ beforeerig the reactive filtration system. The
addition of ferric chloride renews the hydrousifeoxide coating to the surface of the sand

media. This coating allows the phosphorus to s®died from the water, allowing the effluent



to have total phosphorus levels of lower than 0@H0L. This system is continuous since there
is no need to stop operations for backwashing angimg of the media. This is achieved
through the use of the “continuous regeneratioreattive filter media within a moving bed
filter.” 3

Depending on the quality of the influent, BluePra&h be run as a single pass system or
a two pass system with a possible reject recydeng these different configurations, full scale
systems have been able to reach lower than 0.010 phgsphorus. The reject recycle is the
process of returning process residuals to a prevpoint in the wastewater treatment plant.
Recycling these process residuals leads to addltmsphorus removal during the secondary
system since the “BluePro™ reject particulates @argignificant adsorptive capacity” and the
already absorbed phosphorus is not released fremreject during digestion and other processes.
The waste from the BluePro™ system does not re@ilteeation of the sludge handling system
and the iron in the waste does help control odtogure 3 shows the flow of water throughout

the BluePro™ system and Table 2 contains the fetesrwith the corresponding footprints for

different BluePro™ models.

Table 2: BluePro™ Sizing Chart™

BluePro™ Models | Flow Rate Footprint

Skid Systems 5-100gpm 8x10 and up

CF - 50 Fiberglass| 0.25 MGD X7

CF - 50 Concrete 0.25 MGD 7'XT

33www.bIueh20.net/BIue_PRO.ashx

** http://www.blueh2o.net/products/bluepro.html



Quad Concrete 1 MGD 15'x15’
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Blue Water's Blue PRO® technology is covered by one or more patents
pending.

Figure 3: BluePro™ Diagram"’5
8.2 Overview of CoMag™

CoMag™ is a process based on “removing solutes &dlnd stream using magnetically
conditioned coagulatior®® This technology uses magnetite, which is a fina powder, to help
decrease the concentration of phosphorus and coimeginments from the water via chemical
coagulation and flocculatioH. Treatment plants can use a variety of coagulaitbsthe
CoMag™ technology, such as ferric chloride, alumrsulfate, polyaluminum chloride, and
ferric sulfate. Magnetite ballast is the chemaddiitive that allows the system work. The

CoMag™ flocs settle faster than regular flocs thete chemical coagulated in the clarifying

3 www.blueh2o0.net/Blue_PRO.ashx

3 http://www.cambridgewatertech.com/content/about.html

37 http://www.assumption.edu/users/hauri/Research/Pharms/Concord/setac2005e.pdf



system, which allows low hydraulic retention timé&dhis low hydraulic retention time gives
CoMag™ the advantage of smaller clarifiers and #namaller footprint. A small footprint is a
plus for treatment plants that have limited larat ik available for use. CoMag™ has a fast start
up time of about 10 minutes, which allows the @it plant to recover quickly from plant
upsets and cold startups. Magnetic filtration isaful step to maximize the total amount of
phosphorus that is removed. This step is callegiishing step in the following test resufis.

Figure 4 shows the flow diagram for a CoMag™ unit.

Coagulant Flocculent Magnetic
Filtration

Influent
_ ) High Rate
- Coagulation Clarification
Flocculation Effluent
Magnetic
Ballast
] < p Sludge
Processing

Ballast Recovery

Figure 4: CoMag™ Diagram39
8.3 Overview of Actiflo®

Actiflo® is a traditional water clarification systethat can be used in both wastewater
and drinking water applications. This system malgssof a chemical coagulation process that
uses microsand ballast (Actisand™) as a coagulhitthworoduces flocs that settle rapidly due

to the weight of the microsand. Due to the rapadifying time, the hydraulic retention time is

38 http://www.cambridgewatertech.com/content/technologies.html

* http://www.cambridgewatertech.com/content/technologies.html



low and the clarifiers can be small which redudesfootprint to up to 20 times smaller than
traditional clarification systems. The startupeifor this technology is less than ten minutes,
which allows treatment plants to recover quickiynfrany plant upsefS. Figure 5 shows a
descriptive flow diagram of the Actiflo®. It is portant to note that microsand ballast is
removed from the sludge via the hydrocyclone, whieeesludge is removed and added to the
rest of the sludge that is produced throughouttitee treatment process of the plant. In the
hydrocyclone, the microsand is cleaned before begimgroduced into the system where it is
added to injection tank to help create heaviersflothroughout this tertiary process, only a

chemical coagulant and the microsand ballast adtecatb the influent.

RecimcuLaTion : the sludge is ?umped tothe
rocyclone to be separated from the microsand. The

clean microsand is refurned into the injection tank to
minimize loss ; the sludge s continuously removed for
further processing.

Coagulant B .
A«L‘.Dla :rilirllﬂe —— B~ i NC]arrﬂE«d

COAGULATION STAGE:
a coagulant such
as an iron or

COUNTER CURRENT LAMELLA
cLARIFICATION: it allows a fast

aluminium salt is MATURATION TANK: settling of the microsand
added to the raw fitted with a mixer ballasted sludge.
water. designed to produce

INsECTION TANK: the the optimum velocity

i radients, it allows
flocs produced during ﬁﬂﬁ to swell and
the coagulation stage e

are ballasted by the e

dense microsand,

which is continuously

reinjected into the

process.

40 http://www.veoliawaterst.com/processes/lib//pdfs/productbrochures/EA8B54VXw77k6B0CD1fv4od1.pdf



Figure 5: Actiflo® Diagram'u

8.4 Performance Evaluations

The performance evaluations, chemical analysis t@stlude the total phosphorus levels
in comparison to dose level of ferric chloride,raloum sulfate, and poly-aluminum chloride.
The previously mentioned evaluations are importamtetermine the best chemical and dosage
to use in order to achieve a final concentratiarptwosphorus of 0.01 mg/L. The impact of each
phosphorus technology on the effluent can be détehby analyzing the difference between
metal concentrations, BQPand TSS levels in influent and effluent of easthnology. Itis
important during the chemical analysis tests temhine which processes’ final product will
meet the effluent limitations set by the Nationallitant Discharge Elimination System, also
known as NPDES, permit.

It was noted in presentation on the pilot studyrenWestborough WWTP that under
different loading conditions all three technologiesisistently met the 0.1 mg/L total phosphorus
limit while using ferric chloride. It was also memned that with using polishing or the second
pass through the systems, the effluent would r@a@®h mg/L total phosphorus with ferric

chloride for all three systems.

Table 3: Impact of Phosphorus Reduction on Biochemical Oxygen Demand and Total Suspended Solids

CharacteristicPilot Influent| Blue Pro™ CoMag™ Actiflo® | NPDES
BODs (mg/L) 12.0 4.1 6.6 5.2 10*

TSS (mg/L) 11.6 1.3 2.9 2.5 15*
* Average monthly- April 1 to October 31

* http://www.veoliawaterst.com/actiflo/en/



Both BOD; and TSS are good indicators of water quality anldigh enough quantities
can have a negative impact on the receiving wakerevthe effluent is dumped. The wastewater
treatment plant is allowed by the NPDES to havawerage of 10 mg/L for BOfand 15 mg/L
for TSS in the effluent during the months of ApgalOctober. Since these numbers are only an
average, it allows the plant some leeway for bas déhere the treatment processes are not as
effective in decreasing the BQ@and TSS. Even though the plant is allowed to ame@ewhile
have high numbers, it is still important to alwés/e a target number below the allowed
average.

All three technologies reduced the influent's B@IDd TSS to a final effluent
concentration lower than the NPDES numbers. Asbeaseen in Table 3, the influent had 12.0
mg/L BODs and 11.6 mg/L TSS. Blue Pro™ was the most suttdaasemoving the BOB
and TSS with having a result of 4.1 mg/L and 1.3Lmrgspectively. CoMag™ has the highest
results with 6.6 mg/L and 2.9 mg/L respectively.

Table 4: Impact of Phosphorus Reduction on Biochemical Oxygen Demand and Total Suspended Solids Following

Polishing
. ... Blue Pro™ | CoMag™ | Actiflo® | Actiflo®
Characteristic Pass 2 Polisher Filter 1 Filter 2 NPDES
BODs (mg/L) 4.2 3.6 7.5 5.2 10*
TSS (mg/L) 1.5 1.1 1.3 1.3 15*

* Average monthly- April 1 to October 31

Since it may take extra passes or cleaning to vereaough phosphorus or hit new
allowable limits, it is important to measure th&eatent characteristics of the water after the
extra phosphorus removal process. Both the B&id TSS does not vary that much for Blue

Pro™ with only an increase of 0.1 mg/L BO&nd 0.2 mg/L TSS as can be seen in Table 4.



CoMag™ had the most variation between the firsirgieg and the polishing process with
coming in at a difference of 3.0 mg/L B@Bnd 1.8 mg/L TSS.

Table 5: Impact of Phosphorus Reduction on Metal Concentration

Characteristic (mg/L)Pilot Influent| Blue Pro™ CoMag™| Actiflo® | NPDES
Iron 0.950 0.346 0.365 0.601 Report
Aluminum 0.005 0.052 0.057 Report
Copper 0.012 <0.009 <0.009 <0.009 0.009
Zinc 0.080 0.081 0.112 0.081 Report
Lead <0.040 <0.040 <0.040 <0.040 Report

Out of the five trace metals that were testedrfdhe effluent, only copper has a
maximum allowable limit of 0.009 mg/L under the NP® permit. All technologies reduced the
initial concentration of 0.012 mg/L to below 0.08@/L as can be seen in Table 5. The
wastewater treatment plant is only required to reghe levels of the other five trace metals that
were tested for, which were aluminum, iron, zingl &ad. The final concentration levels of
zinc increased significantly only for CoMag™ in cpanison to the influent concentrations due
to the treatment of the water during the cleanirag@ss; the zinc concentration increased from
0.080 mg/L to 0.112 mg/L. There was no reportalifference in the lead concentration for each
technology.

As BluePro™ does not use aluminum during its preciésvas the only technology that
did not contribute to an increase in the aluminamcentration. While the initial concentration
of aluminum was 0.005 mg/L, CoMag™ resulted innalficoncentration of 0.052 mg/L and
Actiflo® increased the final concentration by 0.088/L. All three technologies, BluePro™,
CoMag™, Actiflo®, decreased the iron concentratigr0.604 mg/L, 0.585 mg/L, and 0.349
mg/L respectively. Out of all the three procesgetiflo® had the lowest decrease in iron

concentration and increase in aluminum.



Table 6: Impact of Phosphorus Reduction on Metal Concentration Following Polishing

Characteristic | Blue Pro™ Col\/'lagTM Agtiflo® Agtiflo® NPDES
(mg/L) Pass 2 Polisher Filter 1 Filter 2
Iron 0.766 0.370 0.214 0.238 Report
Aluminum 0.085 0.036 0.027 0.014 Report
Copper <0.009 <0.009 <0.009 <0.009 0.009
Zinc 0.083 0.222 0.110 0.097 Report
Lead <0.040 <0.040 <0.040 <0.040 Report

During the secondary cleaning process, zinc leweleased by 0.110 mg/L for
CoMag™ by an average of 0.023 mg/L between the two filterdActiflo®, and only by 0.002
mg/L for BluePro™ as can be seen in Table 6. Bedd and copper stayed around the original
final concentrations from Table 5 of lower than@®0ng/L and 0.040 mg/L respectively. Both
aluminum and iron levels increased during the se@beaning for BluePro™ by 0.080 mg/L and
0.420 mg/L respectively. On the other hand, CoMagT¥ Actiflo® saw a decrease or no
decrease in their final concentrations in Table&pared to the concentrations in Table 5 for
aluminum and iron. The use of CoMag™’s polishimggess increased the concentration of iron
by 0.005 mg/L and decreased aluminum concentratah016 mg/L. Actiflo®’s two filters
removed an average of 0.037 mg/L aluminum and arage of 0.375 mg/L iron.
8.5 Economic Evaluations

Evaluating the costs associated with each teclyyatoan important part of the decision
making process. Economic analysis complementepeance analysis by allowing one to
determine which process can achieve the intendrdtsewhile still having low costs. The life
cycle cost, the overall cost of a technology farally twenty years, can be broken into two
categories, capital cost and operation and maintaneosts. It is important to remember that
some of the following costs are based on WestbdrMigstewater Treatment Plant flows and

data.



Table 7: Capital Costs for Two Trains

Technology Capital Costs
Blue Pro™| $1.622 M
CoMag™ | $2.275M

Actiflo® $1.871 M
Capital costs are a onetime cost at the beginoiitige usage of the technology. This

category is the cost of a full design which incleidequiring the equipment and installation and
design fees. The information in Table 7 shows ith#éte beginning, costs of Blue Pro™ is
lowest, while CoMag™ has the highest upfront cost.

Table 8: Chemical Use Analysis for Westborough Treatment Plant

Chemical Blue Pro™CoMag™/ Actiflo®
Ferric Chloride Dosage (mg/L) 40 30 30
Daily Usage (gal 653 490 490
Sodium Hydroxide Dosage (mg/L) 35 25 25
Daily Usage (gal 373 267 267
D L . :
Polymer osage (mg/L) 3.0 0.3
Daily Usage (gal 200 20
Dosage (mg/L) 50 80

Aluminum Sulfate

Daily Usage (gal 622 995
Table 8 shows the best concentrations for thewifft chemicals used or can be used in

each process. Each technology uses sodium hya@réxigpH control, which is necessary since
both ferric chloride and aluminum sulfate lower gt¢ of the water. Blue Pro™ used the
highest concentration of sodium hydroxide with 3&/Imwhile both CoMag™ and Actiflo®

used 25 mg/L. Blue Pro™ only uses ferric chlofalecoating the sand particles used to remove
phosphorus. For treatment at the Westborough TesdtPlant, Blue Pro™ uses only 40 mg/L.

CoMag™ and Actiflo® are more flexible since theyttboan use ferric chloride or aluminum



sulfate. While both used a concentration of 30Lnigfric chloride, CoMag™ used less
aluminum sulfate with a concentration of 50 mg/ld &ctiflo® needed 80 mg/L. Both

CoMag™ and Actiflo® used 3.0 mg/L polymer to tréda influent at the Westborough

Treatment Plant.

Table 9: Operation and Maintenance Costs per Year

Description Blue Pro™CoMag™ Actiflo®
Ferric Chloride | $179,000 $134,00$134,000
Sodium Hydroxide $409,000| $292,00056292,000
Polymer $73,000 $7,00C
Consumables $3,0000 $20,000 $1,0
Electrical $19,000 $24,000 $30,0(
Labor $3,000 $14,000 $1,00
Total O&M Cost | $613,000 $557,008465,000

Operation and maintenance costs for tertiarynmeat processes can be separated into
the different chemicals needed, consumables, aiygtrosts, and labor costs. BluePro™ has
the highest operation and maintenance costs betihedhree different technologies, while
Actiflo® incurs the lowest cost with $465,000 peray according to Table 9. It is important to
notice possible ways that the yearly costs mayha@ge, such as increasing costs for electricity
and changes in costs for different chemicals. @/fhiis data is based on each technology using
ferric chloride, it is important to remember thaiNlag™ and Actiflo® can also use aluminum
sulfate which may reduce or increase the yearlyscdBluePro™ is limited to using ferric
chloride and chemical costs are $45,000 higher thamwther technologies for ferric chloride and

$117,000 more for electricity.



Table 10: Life Cycle Costs

Description (in Millions of Dollars)Blue Pro™ CoMag™ Actiflo®
Capital Cost $1.622 $2.575 $1.871
Life Cycle O&M Cost $9.808 $8.912  $7.440
Total Life Cycle Cost $11.430 $11.487 $9.311

The initial or startup cost, also known as captat, along with 20 years (the typical
years of usage of a technology is 20 years) ofaifmer and maintenance costs is considered the
life cycle cost. In Table 10, the life cycle caging with the breakdown for the life cycle for
each process is listed. Actiflo® has the overalldst cost with $9.311 million. BluePro™ and

CoMag™ cost about the same with the latter costBiy000 more.

9.0 Design Phase

For the design portion of the project, a hypotletwastewater treatment plant was
designed. Although there is typically a peak anefrage flow, the overall assumed flow would
be 3 MGD. For different units of the treatmentqass, a peak flow factor of three was used in
accordance to the TR-16 guide that is put out 818y the New England Interstate Water
Pollution Control Commission. This plant would reakse of three parallel trains, which is
beneficial because two trains could still treatwastewater in the case one train had to be shut
down. The plant would be designed in a way thattinee parallel trains that would hold 1
MGD each if all three were in use and 1.5 MGD iédrain was taken out of commission.
Appendix D shows the flow diagram for this hypotbaitplant. Table 11 shows the final
dimensions of each unit. The footprint of the ghpdhosphorus removal technologies are
calculated in order to help determine the amoutérmd each one would need if used. However,

in an actual plant, only one type of phosphorusavahunit would be used.



Table 11: Final Dimensions of the Wastewater Treatment Plant with a Flow of 3 MGD

Unit Dimensions

Mechanical Bar Screen 2ftx1ft w/ 1/8" bar @1" on center

Manual Bar Screen 3ftx1ft w/ 1/8" bar @1.5" on center

Aerated Grit Chamber 38'Lx95Wx7'D
Parshall Flume 18" throat
Primary Clarifier 46 ft Diameter 12 ft Sidewall Depth
Aeration Tank 100'L x25'W x 14' D

Secondary Clarifier 36 ft Diameter 12 ft Sidewall Depth

Phosphorus Removal

BluePro™ 900 sf

Actiflo® 200 sf

CoMag™ 710 sf
Ultraviolent Disinfection See section 9.8

9.1 Bar Screens

Based on the guidelines set by the TR-16, the itglo€the water between the bar
screen should be between two and four ft/s fontlehanical cleared bar screen and between
one to two ft/s for the manually cleared bar scrdéwe mechanical bar screen will have 1/8”
bars that are 1” on scale. The manual bar screleichvis used as a backup for the mechanical,
will be made up of 1/8” bars that are 1.5” on tleater. The inflow velocity will be 4.65 ft/s and
the dimensions of the mechanical bar screen witfbey 1ft which will produce a 3.1 ft/s
velocity if the screen is only 75% clear. The disiens of the manual bar screen will be 3ft by 1

ft producing a 1.94 & if the screen is only 80% cleared.
9.2 Aerated Grit Chamber

The minimum hydraulic detention time is three ma@suat peak/hourly and since the

peaking factor is 3, the minimum hydraulic detemtiione for average flow is 9 minut&s.The

#2 “TR-16 Guides for the Design of Wastewater Treatment Works,” 1998 edition, New England Interstate Water
Pollution Control Commission



depth should range from seven to sixteen feet lamdength to width ratio should be 3:1 to 5:1
while the width to depth ratio should range frorh th 5:1%* The final dimensions of the

aerated grit chamber shall have a length of 38 &éeefidth of 9.5 feet and a depth of 7 feet.
9.3 Parshall Flume

Since the peaking factor is three, the average Willhbe 3 MGD or 4.5 fi/s and the
peak flow will be 9 MGD or 13.95%ts. The final dimension of the Parshall flume il 18"

throat*

9.4 Primary Clarifier

The activated sludge is wasted to primary tanksiréular tank shall be used which
dictates the diameter should not exceed 125 fektransidewater depth should range from eight
feet to thirteen feet. Each tank will be sizeddae third of the flow since the train setup of eéhre
tanks will be used. The average overflow rate shbel limited from 600 to 800 gpd/sf and the
peak hourly overflow rate should not exceed 120@YgfpThe diameter for each primary clarifier
shall be 46 feet and the sidewater depth will bée&2 This tank size will also work for a peak

flow of 1,500,000 gpd per tank.
9.5 Conventional Aeration Tank

The hydraulic detention time for air should rangmf four to eight hours; six hours will

be used for an average fldWEach tank will be sized for one third of the flsimce the train

3 “Theory and Practice of Water and Wastewater Treatment,” Ronald Droste, pg.343

* http://www.wrightwater.com/wwe/Parshall%20Flume.pdf



setup of three tanks will be used. The depth otah& will range from ten to twenty five feet
according to TR-16. The length of each conventi@eahtion tank will be 100 feet, the width
will be twenty five feet and the depth will be feeen feet. This size tank has a hydraulic

detention time of four hours for peak flow.

9.6 Secondary Clarifier

The activated sludge will be wasted to the printanks. No selectors will be used and
each tank will only handle one third of the flowaif tanks are being used due to the train setup
of three tanks. The overflow rate will be 1000 gybdl he diameter of each secondary clarifier

will be thirty six feet with a sidewater depth ofdlve feet.

9.7 Phosphorus Removal Technology

The phosphorus removal units would be set up sttains and a peak flow of 9 MGD
would be used. Therefore, each train would haveatalle 4.5 MGD and one train would be
able to treat the average daily flow on its owrne Toading rates from the Westborough
Wastewater Treatment Facility pilot study test wesed. The loading rate for BluePro™ was
3.5 gpm/sf, Actiflo® with 16.8 gpm/sf, and CoMag™thv4.4 gpm/sf. The filters for BluePro™

require 50 sf per filter.

9.8 UV Disinfection

> “\Wastewater Treatment Plant Design,” WPCF Manual of Practice No.8, ASCE Manual on Engineering Practice
No.36, Water Pollution Control Federation, printed 1982



Trojan 300 plus, which is a mechanical-chemicglimg system, would be used for this
hypothetical plant to disinfect the water beforeesiches the outfall. Disinfection is a necessary
step to prevent microorganisms, such as bactedaianses, from entering the ecosystem. To
correctly size the ultraviolet system, or deterntime number of lamps needed, one must
consider the following factors: 50 to 100% redurmyatepending on the client and state; end of
lamp life factor which is typically 0.8 to 0.9; flag factor which is 0.95 for this model; and a
pilot test using the actual wastewater to deterrthiedransitivity of the water, which is based on
turbidity, suspended solids, and biochemical oxydemand. A third party would need to
validate after the UV system was installed thatas properly sized in order to properly disinfect

the water.

10.0 Conclusion

Based on both the performance and economic ei@hsarunning two Actiflo® filters
would be the most viable method of removing phosp$io Not only does this method cost less
overall than the other possible methods, it alkmal flexibility in chemical additives, as seen in
Table 8, that can be used, which can be helpfuh& chemical becomes too expensive or the
supply cannot keep up with the demand. By runtiwagfilters, the metal concentrations
become quite low, as can be seen in Table 6, wkihblpful for reducing the amount of
pollution in the Assabet River. Since metal coni@ions increase as one goes up the food
chain, it is helpful for fish, humans, birds, arttler wildlife for the metal concentrations in the
effluent to be kept to a minimum. Although Acti®adid not prove to be the best in decreasing
the BOD or TSS, it still made up for it by proving to beetmost cost effective and space

efficient method of not only meeting the limit aftlOng/L Total Phosphorus but even 0.05 mg/L.



It was important that a phosphorus removal methaidnly met today’s standards but also meet
future limits in order to keep the WWTPs from hayio upgrade their systems for the next
possible limit. Since this paper is theoretical aulls results from different sources, it would be
recommended to perform a bench scale or pilot stoidydividual plants since each one has

unique needs.



Appendix A: Sudbury, Assabet, and Concord Watershesf®

Sudbury, Assabet and Concord Watershed
Massachusetts
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Appendix B: 2002 Massachusetts Integrated Water Lisng: Massachusetts Category 5

Waters From the Assabet Rivet’

POLLUTANT NEEDING

NAME SEGMENT ID DECSCRIPTION SIZE TMDL
Assabet River Metals; Noxious aquatic plants;
Reservoir (82004) MAB2004_2002 Westborough 333 acre urbidity; (Exotic species)
. Outlet Flow Augmentation Pond to . ) .
Assabet RIVer | \11a55.01 2002 | Westborough WWTP, Westborouglh.1.4 miles | NUtents; Organic
(8246775) Miles 31.8-30.4 enrichment/Low D& Pathogens
. Westborough WWTP, Westborough . . .
Assabet River MA82B-02_2002 | to Route 20 Dam, Northborough. | 3.7 miles MeFaIs, Nutrients Organic
(8246775) Miles 30 4-26.7 enrichment/Low D&, Pathogens
Assabet River Route 20 Dam, Northborough to
(8246775) MA82B-03_ 2002 | Marlborough West WWTP, 2.4 miles Nutrients Pathogens
Marlborough. Miles 26.7-24.3
Assabet River Marlborough West WWTP, Cause Unknown; Metals;
(8246775) MA82B-04_2002 | Marlboro to Hudson WWTP, 7.9 miles | Nutrients; Organic
Hudson. Miles 24.3-16.4 enrichment/Low D&, Pathogens
. Hudson WWTP Hudson to Routes . ) .
Assabet River | |1 1058 05 2002 | 27/62 at USGS Gage, Maynard. | 8.8 miles | NUlients; Organic
(8246775) Miles 16.4-7.6 enrichment/Low D& Pathogens
Priority organics; Metals;
Nutrients; Organic
Assabet River Routes 27/62 at USG.S Gage, . enrichment/Low D&, Thermal
MA82B-06 2002 | Maynard to Powdermill Dam, Acton|. 1.2 miles S
(8246775) Miles 7.6-6.4 modifications; Taste, odor and
T color; Suspended solids;
Noxious aquatic plants
. Powdermill Dam, Acton to . ) .
Assabet River MA82B-07_2002 | confluence with Sudbury River, 6.4 miles Nutrients; Organic

(8246775)

Concord. Miles 6.4-0.0

enrichment/Low D&, Pathogens

! being addressed in this TMDL via Total Phosphaarstrol

7 “Assabet River Total Maximum Daily Load for Total Phosphorus,” Massachusetts Department of Environmental
Protection, Division of Watershed Management, 2002, CN: 201.0, Report Number: MA82B-01-2004-01
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Assabet River and Phosphorus Removal Options
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