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EXECUTIVE SUMMARY

The purpose of this report is to provide a summary of system modeling and analyses conducted
in order to assess the performance of turbidity control alternatives selected for implementation
under DEP’s Catskill Turbidity Control Study (CTCS). This work was performed under DEP
Contract RTC-08, Reservoir Turbidity Control and Catskill Treatment Program. The modeling
conducted for this effort builds upon previous analyses of turbidity control options for the
Catskill System performed under the CTCS.

The modeling work in this report used a state-of-the-art linked water system-water quality model
(OASIS-W2) over an extended (61-year) simulation period to evaluate the performance of three
primary turbidity control measures:

= Operation of the Ashokan Waste Channel
= Routine deployment of Catskill Aqueduct Stop Shutters
= Operation of the proposed Delaware-Catskill Aqueduct Shaft 4 Connection

These alternatives were evaluated individually and in various combinations. The performance of
each alternative was evaluated based on simulated daily turbidity levels in diversions from
Ashokan and Kensico Reservoirs, the frequency and duration of alum treatment events, and the
mass of alum used during treatment events.

Background

The Catskill District of New York City’s West-of-Hudson water supply system includes
Schoharie Reservoir, Shandaken Tunnel, Ashokan Reservoir and the Catskill Aqueduct.
Schoharie Reservoir can deliver roughly 600 mgd to the Catskill System through the Shandaken
Tunnel, which releases into Esopus Creek and ultimately flows into Ashokan Reservoir.
Diversions from Ashokan Reservoir are conveyed via the Catskill Aqueduct and are typically
released into Kensico Reservoir, the terminal reservoir of the Catskill and Delaware systems.
Though turbidity levels in Ashokan Reservoir diversions are typically low (median 2 NTU),
sporadic extreme storm events have occasionally resulted in sustained periods of elevated
turbidity, thus necessitating treatment with aluminum sulfate (alum) at Kensico Reservoir to
ensure safe drinking water supply and maintain compliance with the Surface Water Treatment
Rule’s (SWTR’s) 5 NTU turbidity limit.

The Catskill Turbidity Control Study identified and evaluated interim and long-term measures
for reducing peak turbidity levels entering Kensico Reservoir from the Catskill Aqueduct. Phase
IIT of the Catskill Turbidity Control Study determined that of the alternatives considered,
modified Ashokan Reservoir operations and Catskill Aqueduct improvements would be the most
feasible, effective, and cost-effective turbidity control measure. Modified Ashokan operations
consisted of more frequent drawdown of the West Basin in order to create a void to reduce the
transfer of turbid water to the East Basin and operation of the existing Waste Channel to release
water from the West Basin.

Catskill Aqueduct improvements included improvements to stop shutter facilities and/or outside
community connections along the Catskill Aqueduct between Ashokan and Kensico Reservoirs
to help facilitate DEP’s ability to reduce or eliminate diversions from the Catskill system during



turbidity events.' In addition, a proposed Shaft 4 interconnection was identified for possible use
to maintain supplies to outside communities using Delaware water while eliminating or
minimizing diversions from Ashokan.

This report summarizes additional modeling results for alternatives that were selected for
implementation based on the results of the CTCS. These include:

= Drawdown of the West Basin in anticipation of a potential storm event (considered to be part
of baseline operations for Ashokan and therefore is included in all model simulations).

= Use of the Ashokan Waste Channel in advance of and during a turbidity event. For this
study, operations were modified to include updated maximum flow rates as well as
restrictions to prevent operations that could potentially contribute to downstream flooding.

= Catskill Aqueduct Stop Shutter improvements, modified from the CTCS to more accurately
simulate the current operational and hydraulic constraints associated with installation of Stop
Shutters.

= Proposed Shaft 4 connection between the Catskill and Delaware Aqueducts to allow transfers
of Delaware water to meet outside community demands.

Methodology

Water quality performance for each turbidity control alternative was evaluated using an updated
version of the linked water supply-water quality modeling framework that was developed and
applied in Phase III of the Catskill Turbidity Control Study. The linked model has several
features that allow it to provide a robust evaluation of alternatives:

= Long simulation period (~61 years) that encompasses a wide range of environmental forcing
conditions that could be expected to occur in the future (planning horizon through 2017), and
allows for probabilistic interpretation of results;

* Dynamic linkage between water quality and water supply models, which allows daily
simulation of water quality-based diversion decisions and accounts for feedback between
diversion/release decisions and reservoir water quality;

= Mechanistic two-dimensional water quality (turbidity) models of Schoharie, Ashokan, and
Kensico Reservoirs, supported by detailed monitoring and process studies; and

= Robust operating rules to provide realistic simulation of reservoir system operations under a
wide range of conditions, subject to contemporary system physical constraints, regulatory
requirements, water supply needs, and water quality objectives.

Water quality models for Schoharie, Ashokan and Kensico Reservoirs are based on the widely
used CE-QUAL-W2 (W2) hydrothermal/transport model. The W2 models have been customized
to provide explicit simulation of turbidity within each reservoir. The water supply model
(OASIS) simulates operation of the entire New York City Reservoir System and Delaware Basin.
The W2 models tell the OASIS model the turbidity of water available for withdrawal each day,
and the OASIS model makes diversion and release decisions at each reservoir in the system
based on demand levels, release requirements, storage balancing and, in the case of Schoharie

' Currently, a minimum flow of roughly 275 mgd is required to maintain supply to the 14 outside community
connections along the Catskill Aqueduct, though these utilities typically draw less than 15 mgd from the Aqueduct.
Improvements to the Catskill Aqueduct would allow DEP to meet the outside community demand while
simultaneously reducing the flow of turbid water to Kensico.



and Ashokan Reservoirs, turbidity levels. These daily diversion and release decisions in turn
affect the following day’s water quality, thereby providing a dynamic simulation of reservoir
operations within the context of the system-wide water supply needs and constraints.

Water Supply Demand Scenarios

Turbidity control alternatives were evaluated under two different water supply demand
scenarios: under current demands and under projections for 2012 — 2017 demand. The current
demand scenario reflects an annual average in-city demand level of 1010 mgd and an annual
average outside community demand level of 110 mgd. The 2012 — 2017 demand scenario
reflects an increased demand for both NYC (annual average of 1100 mgd) and the outside
communities (annual average of 125 mgd).

Performance Measures

The water quality performance of alternatives was evaluated based on analysis of long-term
OASIS-W2 simulation results according to the following primary water quality performance
measures:

= Total number of alum treatment days at Kensico Reservoir over the 61-year simulation
period;

= Total mass of alum applied at Kensico Reservoir over the simulation period,

= Turbidity levels (and loads) entering Kensico Reservoir at the Catskill Aqueduct Influent
Chamber (CATIC); and

= Turbidity levels leaving Kensico Reservoir through the Catskill Aqueduct Lower Effluent
Chamber (CATLEFF)

Alum addition in the OASIS-W2 model is based on simple turbidity load-based triggers. These
triggers do not fully describe the complexity of the actual decision-making process for alum
addition. Therefore the alum-days performance measure should be interpreted as days on which
alum application could be required.” The mass of alum applied in OASIS-W2 is computed based
on a simple empirical relationship between historical CATIC turbidity levels and alum doses.

Summary of Findings

Major findings are summarized below with respect to the water quality performance of the
turbidity control alternatives as well as model sensitivity testing.

Water Quality Performance

The performance of selected alternatives with respect to predicted alum addition days and total

alum mass applied is summarized in Table ES-1.

Operation of the Ashokan Waste Channel does not by itself provide dramatic turbidity control
benefits relative to Baseline Operations. However, it can be an important component of an

? DEP’s decisions on when to apply alum and for what duration are complex and event-specific; thus, the alum
triggers in the OASIS model are simple surrogates intended to identify Catskill turbidity levels that could require
alum application. Alum application in the OASIS-W2 model is triggered whenever the turbidity load entering
Kensico exceeds 5,000 mgd*NTU and ceased when the average load over the previous five days drops below 4,000
mgd*NTU.



overall turbidity control program by reducing turbidity transfer from Ashokan West Basin to
East Basin and thus allowing East Basin turbidity levels to return to normal levels faster
following a storm event. A maximum release rate of 800 mgd was found to provide substantially
more benefit than a 250 maximum release rate.

Consistent with previous analyses, alternatives that allow DEP to reduce diversions from the
Catskill system during turbidity events are critical to controlling turbidity loads entering
Kensico, reducing the frequency of alum treatment, and reducing the amount of alum applied
when alum treatment is required. The Stop Shutters and Shaft 4 connection provided effective
turbidity control, and were predicted to fully or nearly control almost all of the major turbidity
events in the 61-year model simulation period.

Table ES-1: Summary of the Water Quality Performance of Turbidity Control
Alternatives (2012 — 2017 Demand Level)

Number of Simulation | Percent of Simulation Total Alum Applied

Alternative Days with Alum Days with Alum (Tons)
Addition (n =22,079) Addition

Baseline Operations’ 773 3.5% 9,030

Waste Channel (250 mgd 735 3.3% 8.320

max)

Waste Channel (800 mgd 614 2 8% 6.750

max)

Stop Shutters 208 0.9% 1,440

Shaft 4 138 0.6% 1,680

Stop Shutters + 63

Waste Channel (800 mgd 0.3% 280

max)

Shaft 4 + Stop Shutters + 0

Waste Channel (800 mgd 0% 0

max)

Routine deployment of Stop Shutters under elevated (greater than ~18 NTU) turbidity conditions
is predicted to provide a reduction in the overall number of alum treatment days that is less than
but roughly comparable to that of Shaft 4. With Stop Shutters a number of relatively short
duration (i.e. 2 — 10 day) alum treatment events are predicted to occur, associated in large part
with the installation lag time and minimum flow assumptions in the model. It should be noted
that the simulation results do not account for the actual operational effort or complexity
associated with installing and removing stop shutters.

Transfer of Delaware water to the Catskill Aqueduct via a Shaft 4 connection was predicted to
control all but one turbidity event in the 61-year hydrologic record, a spring storm event in 1980

? Baseline operations and all other alternatives include drawdown of the West Basin in anticipation of possible storm
events.



that was predicted to impact turbidity levels into the higher-demand summer drawdown period.*
When Shaft 4 was operated in conjunction with the Stop Shutters and the Waste Channel (at
rates up to 800 mgd), the model predicted that the need for alum treatment for all turbidity events
in the 61-year model simulation period was eliminated.

Model Sensitivity Testing

Analyses were conducted to examine the sensitivity of model performance predictions to
changes in key turbidity input specifications for the Ashokan and Kensico W2 models. As was
the case with sensitivity testing under the CTCS, testing indicated significant sensitivity of
performance measures to the input turbidity levels, but little difference in the relative
performance of turbidity control alternatives.

* The March 1980 event is reported to have released “10 inches of rain on nearly bare and frozen ground which led
to rapidly developing and severe floods on Schoharie, Catskill, and Esopus Creeks.” Major Flood Events, Eastern
New York & adjacent Western New England. National Weather Service
(http://www.erh.noaa.gov/aly/Past/Major Flood Events.htm).



SECTION1: INTRODUCTION

1.1 Background

The Catskill District of New York City’s West-of-Hudson water supply system is one of three
systems that supply water to New York City (Figure 1-1) and includes the Schoharie Reservoir,
Shandaken Tunnel, and Ashokan Reservoir (Figure 1-2). Approximately 30 to 40% of the City’s
average demand is provided by the Catskill System. Historically, the Delaware and Croton
systems have supplied an average of 50-60% and 10%, respectively.

Schoharie Reservoir is fed by a 314-square mile watershed, and delivers up to 615 mgd to the
Catskill System via the Shandaken Tunnel, which releases into Esopus Creek. Downstream of
the Shandaken Tunnel outflow, Esopus Creek drains a watershed of 200 square miles, and flows
into the West Basin of Ashokan Reservoir (~50 square mile watershed drainage area). Water
from Ashokan Reservoir is conveyed via the Catskill Aqueduct to Kensico Reservoir, where it
typically mixes with water from the Delaware system before being disinfected, fluoridated and
conveyed to the City.

Under normal conditions, watershed management programs and operational practices are
sufficient to maintain compliance with Federal and State source water quality standards.
However, occasionally in the past DEP has applied aluminum sulfate (alum) and sodium
hydroxide for turbidity control. The New York State Department of Health (NYSDOH) regulates
addition of these chemicals, and the New York State Department of Environmental Conservation
(NYSDEQC) regulates discharges into receiving water bodies under the State Pollutant Discharge
Elimination System (SPDES) permit program.

Alum treatment in the Catskill Aqueduct upstream of Kensico Reservoir has been practiced
subsequent to infrequently-occurring large storm events which give rise to elevated turbidity
levels in the Catskill System. Following a series of heavy rainfall events in upstate New York in
2005 and 2006, NYSDEC issued a State Pollutant Discharge Elimination System (SPDES,
Permit Number NY0264652) on January 1, 2007 for a period of five (5) years through December
31, 2011 (Catskill Influent Chamber of Kensico SPDES Permit). This permit allows DEP to
apply alum in the Catskill Aqueduct when the NYSDOH concludes that a potential public health
hazard associated with the discharge of turbid water from Kensico Reservoir is imminent.

Due to the sporadic elevated turbidity levels in the Catskill supply, the USEPA Filtration
Avoidance Determination’ (FAD) for NYC’s Catskill and Delaware systems requires the
implementation of the Catskill Turbidity Control Program.®

> In its 2002 and 2007 FADs, USEPA determined that, contingent on the addition of ultraviolet light (UV)
disinfection (being implemented with construction of the Catskill-Delaware UV Facility underway), the Catskill and
Delaware water supply systems would comply with the requirements for unfiltered surface water systems
established in the Surface Water Treatment Rule (SWTR) and Interim Enhanced Surface Water Treatment Rule
(IESWTR).

% Originally proposed by DEP in Section 6.4.9 of New York City’s 2001 Watershed Protection Program Summary,
Assessment and Long-Term Plan, and updated and refined in Section 2.3.11 of the City’s 2006 Long-term
Watershed Protection Program Summary, Assessment and Long-Term Plan.
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The core component of DEP’s Catskill Turbidity Control Program is the Catskill Turbidity
Control Study. This study was conducted in three phases: Phases I and II focused on Schoharie
Reservoir and Phase III focused on Ashokan Reservoir. Consistent with requirements in the 2007
FAD, each phase provided a comprehensive analysis of engineering and structural alternatives in
order to reduce turbidity in the system. The modeling work described in this report was
conducted under Contract RTC-08, Reservoir Turbidity Control and Catskill Treatment Program,
to further evaluate strategies for reducing the frequency, duration, and magnitude of alum
addition.

1.2 Catskill System Turbidity Overview and History

Elevated turbidity is of concern primarily due to its potential impact on the disinfection process
and the overall quality of New York City’s unfiltered drinking water supply. Turbidity in
Ashokan Reservoir is typically less than 5 NTU.” However, infrequent, extreme storm events can
erode naturally occurring silt and clay deposits in stream banks and channels in the Schoharie
and Ashokan watersheds, which can lead to elevated turbidity levels in Schoharie Reservoir, the
Shandaken Tunnel Diversion, Esopus Creek, Ashokan Reservoir, and occasionally, in Catskill
Aqueduct diversions to Kensico Reservoir (Figure 1-3 and Figure 1-4). Sustained periods of
elevated turbidity in Ashokan Reservoir and in the Catskill Aqueduct may require treatment with
aluminum sulfate (alum) (Table 1-1) to ensure safe drinking water supply and maintain
compliance with the Surface Water Treatment Rule (SWTR) 5 NTU raw (source) water turbidity
limit for diversions from Kensico Reservoir (Figure 1-5).8

The USEPA has discouraged the practice of alum treatment in public water supply reservoirs
since 1990. Further, as expressed in the 2007 FAD, USEPA and NYSDOH do not believe that
DEP should rely extensively or exclusively on alum treatment to control turbidity, and expect
significant improvement in DEP’s ability to prevent, manage, and control turbidity in the Catskill
System in order to maintain long-term filtration avoidance.

Therefore, the primary goal of the modeling described in this report is to evaluate the extent to
which alternatives for reducing turbidity levels entering Kensico Reservoir from the Catskill
Aqueduct are expected to reduce the predicted frequency, duration, and magnitude of alum
treatment events.

" The cumulative distribution function (CDF) in Figure 1-3 shows that Ashokan diversion turbidity is less than 5
NTU in nearly 90% of the historical record.
¥ Sodium hydroxide (caustic soda) may also be added to optimize coagulation in times of alum treatment.



100,000.0
e T rbidity [NTU]
s Turbidity Load [mgd *NTU]

10,0000 4
=
£
E: 1,0000 -
=
m
E ==
=
o 1000 -
a
5
[
g
g 100 -
=z
b=
£
2 1.0 _rl_r_.—l—'i

Dl T T T T T T T T T

0% 10% 20% 30% 40% 50% 0% 70% B0% 90% 100%

Figure 1-3:  Ashokan Diversion Turbidity and Turbidity Load (1987 - 2008)

1,000,000
s Turbidity [NTU]
s Turbdidity Load [mgd *NTU]
100,000 -
=
&
'E’ 10,000 -
3
3
Z 1,000
z
3
e
5
= 100 -
Z
3
£ 10 -
=
1 T T T T T T T T
— — — — — — — o]
- — 4 e — ™ m —
= e e L - b - e
= = g L L ]
Figure 1-4:  Ashokan Diversion Turbidity and Turbidity Load (April 2005 Event)

10




100,000.0

Alum On

——— Ashokan Div Turb [NTU]

10,0000 - Kensico DivTurb [NTU] =

Esopus Craek Flow [mgd]

1,0000 -

100.0 A

10.0 A

Turbidity [NTU] ar Flow [ mgd]

1.0

0.1

lan-'87

lan-'B8 -
lan-'89 -
lan-'90 -
lan-'91 -
lan-'92 -
lan-'93 -
lan-'94 -
lan-'95 -
lan-'96 -
lan-'97 -
lan-'98 -
lan-'99 -
lan-'00 -
lan-'01 -
lan-'02 -
lan-'03 -
lan-'04 -
lan-'05% -
lan-'06 -
lan-'07 -
lan-'08 -
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Table1-1:  Alum Treatment Events (1987 — 2009)

Date of Initial Application Consecutive Days of Application

4/6/1987 44

1/22/1996 152

1/14/1997 16

1/10/2001 24
4/5/2005 77

10/13/2005 42

11/30/2005 132

5/15/2006’ 10

6/28/2006 36

1.3 Summary of Previous Studies

The modeling work described in this report builds upon work conducted previously on turbidity
control for the Catskill System as well as on characterization of alum deposition in Kensico
Reservoir. The following sections provide an overview of these prior studies.

? The May and June 2006 alum treatment events, while listed separately, should be considered continuations of the
October 2005 treatment event as the Catskill System had not yet fully recovered from the initial turbidity event.
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1.3.1 Catskill Turbidity Control Study

The primary goal of the Catskill Turbidity Control Study (CTCS, DEP contract CAT-211) was to
identify feasible, effective, and cost-effective interim and long-term measures for reducing peak
turbidity levels entering Kensico Reservoir from the Catskill Aqueduct, thereby reducing the
frequency and duration of alum treatment events. The project was conducted in three major
phases, with Phase I providing a screening-level evaluation of potential turbidity control options,
and Phase II and Phase III focusing on engineering alternatives, preliminary design, and OASIS-
W2 modeling of Schoharie and Ashokan alternatives, respectively.

Phase | Overview

The Phase I study, completed in December 2004, was comprised of a preliminary screening
assessment of potential turbidity control alternatives that could reduce turbidity levels entering
Esopus Creek and a comprehensive turbidity curtain study with an in-reservoir pilot test.
Temperature control was also included as a performance measure in recognition of the Esopus
Creek trout fishery. In light of the significant turbidity contributions from Esopus Creek directly
to Ashokan Reservoir during major storm events, a screening evaluation of potential turbidity
control measures at Ashokan Reservoir was also conducted in Phase I to explore the potential for
effective Catskill System turbidity control at this location.

Phase Il Overview

Phase II of the CTCS, completed in September 2006, consisted of detailed conceptual design,
cost estimation, and performance evaluation of three potentially feasible and effective Schoharie
turbidity control alternatives: Multi-Level Intake, In-Reservoir Baffle, and Modification of
Reservoir Operations. A major component of the Phase II study was the development of the
modeling tools for performing a robust performance analysis for these alternatives. A linked
water supply-water quality modeling framework was developed to realistically simulate
operation of the NYC reservoir system as a whole, along with the water quality performance of
structural and operational alternatives. This initial modeling framework consisted of a water
supply model of the entire NYC reservoir system and Delaware Basin (OASIS), linked with a
water quality model of Schoharie Reservoir (W2).

The linked OASIS-W2 model was used to conduct long-term simulations of the Phase II
alternatives. This analysis indicated that Schoharie Reservoir operations could be modified to
reduce peak summer diversion temperatures, reduce the incidence of elevated turbidity levels,
and substantially reduce the turbidity load delivered to Esopus Creek. Simulations also predicted
that a multi-level intake would improve turbidity control (relative to modified operations) in the
late spring and early summer, but would provide no additional benefit the remainder of the year.

Based on the Phase II water quality performance evaluation, as well as detailed conceptual
designs and cost estimation, Modification of Reservoir Operations was selected by DEP as the
most feasible, effective and cost-effective alternative for improving turbidity and temperature
control at Schoharie Reservoir. A critical component of this alternative is the development of a
system-wide Operations Support Tool (OST) that would allow operators to optimize reservoir
release and diversion decisions to balance water supply, water quality, and environmental
objectives. The OST would be based on the linked OASIS-W2 model framework, but would also
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include links to real-time hydrologic and water quality data, as well as a substantial suite of
enhancements to facilitate daily usage by operators. DEP proposed Modification of Reservoir
Operations and development of the OST in the Phase II Implementation Plan, submitted in
December 2006.

Phase Il Qverview

Phase IIl of the CTCS, completed in December 2007, focused on alternatives at Ashokan
Reservoir to reduce turbidity levels entering Kensico Reservoir. Analyses by DEP, the Gannett
Fleming-Hazen and Sawyer Joint Venture and the Upstate Freshwater Institute indicated that
during the very large storm events that require alum treatment, the vast majority of the turbidity-
causing particles that enter Ashokan Reservoir are from the Esopus Creek watershed (primarily
the banks and channels of Esopus Creek), and not from Schoharie Reservoir. Accordingly, the
Phase III evaluation of options for reducing turbidity levels entering Kensico Reservoir and
reducing the frequency of alum treatment focused on six potential turbidity control alternatives at
Ashokan Reservoir. Under Phase III, a detailed conceptual design and performance evaluation
was conducted for the six alternatives identified in Figure 1-6.

For the Phase IIl evaluation, the linked OASIS-W2 model was updated to include two-
dimensional water quality models of the West and East Basins of Ashokan Reservoir as well as
Kensico Reservoir, supported by significant additional monitoring and modeling in those basins.
Model updates under Phase III also included development and testing of detailed operating rules
for existing Ashokan facilities and individual alternatives, as well as development of simple
surrogate rules for predicting days when alum treatment may be required. Under Phase III a
three-dimensional model of the East Basin of Ashokan Reservoir was also developed in order to
evaluate the performance of alternatives that could not be adequately simulated within a two-
dimensional framework.

The Phase III performance evaluation indicated that, when turbidity levels rise, taking the
Catskill System offline (or operating the Catskill Aqueduct at the minimum flow rate needed to
satisfy demands) is the most effective way to reduce the turbidity load transferred from Ashokan
to Kensico and reduce the frequency of alum treatment at Kensico. Releasing water from the
West Basin prior to and during a storm event was also found to provide significant reductions in
turbidity loading to the East Basin, and hence to Kensico. Both alternatives were predicted to
substantially reduce the number of daily diversions of turbid water and the frequency and
duration of alum treatment events. The remaining alternatives were not found to provide
substantial reductions in alum treatment when implemented as stand-alone alternatives.

Following the performance evaluation, DEP selected Alternative (Alt.) 6, Catskill Aqueduct
Improvements and Modified Operations, for implementation. Improvements along the Catskill
Aqueduct between Ashokan and Kensico Reservoirs would provide DEP with greater ability to
reduce or eliminate diversions from the Catskill system during turbidity events. Currently a
minimum flow in the Catskill Aqueduct of approximately 275 mgd is required to maintain
adequate submergence for taps serving outside communities. Flow rates below 275 mgd require
installation (and later removal) of Stop Shutters at up to six locations. This is a time-consuming
and labor-intensive procedure that DEP implements only under emergency conditions. It is not
currently feasible for DEP to quickly and reliably reduce diversions from the Catskill system in
response to elevated turbidity conditions.
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Figure 1-6:  Ashokan Turbidity Control Alternatives

Improving DEP’s ability to readily reduce diversions from Ashokan during turbidity events to
the minimum level needed to satisfy NYC and outside community demands would reduce
turbidity loads entering Kensico Reservoir as well as the frequency of alum treatment events and
the amount of alum used during each event. Conceptual designs and cost estimates for two
possible Catskill Aqueduct improvement options were identified in the Phase III Final Report.

Improvements to existing stop shutter installation locations (Option 6a) would enhance DEP's
ability to reliably and efficiently install and remove shutters and would allow Catskill Aqueduct
diversions to be more readily reduced to rates less than 275 mgd. Alternatively, improvements to
outside community taps (Option 6b) would largely eliminate the current 275 mgd minimum flow
constraint, and would allow DEP to maintain service to outside communities at very low
aqueduct flow rates. The outside communities along the Catskill Aqueduct draw a total of less
than 15 mgd; thus either Option 6a or Option 6b could result in a very substantial reduction in
diversions of turbid water through the Catskill Aqueduct. Option 6a has been selected by DEP
for implementation and was further assessed during this study.

Alternatively, a connection between the Catskill and Delaware Aqueducts at Shaft 4 of the
Delaware Aqueduct (Figure 1-7) was identified in Phase III as an option meriting further
investigation. The Shaft 4 Connection would allow DEP to divert water from the Delaware
system into the Catskill Aqueduct. This would allow DEP to divert only as much Catskill water
as needed to satisfy demand, while still maintaining sufficient flow in the Catskill Aqueduct to
provide service to outside communities. This option would also have the added benefits of
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increasing operational flexibility, reducing turbidity levels entering Kensico (by blending
Catskill diversions with low turbidity Delaware water), and improving water quality for outside

communities.
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Figure 1-7: Shaft\4 Connection Location

Alternative 6 also included two modifications to baseline Ashokan operating rules that were
shown to have potential turbidity control benefits:

Increase West Basin diversions during low turbidity conditions: DEP has historically drawn the
vast majority of the Ashokan diversion from the East Basin, where turbidity levels are typically
lower, and diverted water from the West Basin only under limited conditions. More frequent
diversions from the West Basin whenever turbidity levels in the West Basin are acceptable could
help develop or maintain a void in the West Basin, further reducing the risk of turbid spill to the

East Basin.

Optimize operation of the existing Ashokan Waste Channel: DEP has not historically operated
the Waste Channel for turbidity control purposes, though it has been operated at various times,
including recently at rates up to ~450 mgd. On a more regular basis, when system storage levels
are high and elevated turbidity conditions exist or are anticipated, water could be released from
the West Basin via the Waste Channel to help reduce the volume of turbid spill to the East Basin.
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DEP can currently implement each of the three major components of Alternative 6 for the
purposes of turbidity control, albeit on a limited or infrequent basis. The CAT-211 study
evaluated the extent to which full and consistent application of these current practices, as part of
a defined operating strategy and with requisite infrastructure improvements, could be expected to
enhance turbidity control.

Operations Support Tool

DEP’s ability to implement and refine the modified operating rules developed under the CTCS —
and to minimize the need for alum application in general — will be enhanced following
implementation of the Operations Support Tool (OST). Like the model framework used to
evaluate alternatives in Phase II and Phase III, the OST, which is currently under development,
will have at its core both the OASIS model, to address water quantity, and the W2 water quality
model, to incorporate near-real-time turbidity data from the Catskill System.

An essential component of the OST is a water quality monitoring network, including two to three
automated depth-profiling instruments each at Schoharie, Ashokan, and Kensico Reservoirs.
This near-real-time water quality data, as well as current streamflow gage data, short-term
streamflow forecasts and long-term system inflow forecasts, will be fed into the OASIS-W2
water quality modeling framework, and allow forecasting of near-term turbidity levels within
each reservoir. This will allow Operations staff to simulate operation of the system in a “look-
ahead” mode and test the impact of today’s decisions on the range of water quality and reservoir
storage levels in the coming weeks or months. At Ashokan Reservoir this capability will be used
to support refinement and implementation of turbidity control operating rules (i.e. reduced
diversions, Waste Channel releases, and West Basin drawdown). At Kensico Reservoir the OST
will further improve DEP’s current ability to forecast diversion turbidity levels and minimize
alum application without compromising water quality or water supply reliability.

1.3.2 Kensico Alum Floc Studies

In October 2007, DEP completed two studies that focused on alum floc deposition in Kensico
Reservoir.'’ The first study utilized bathymetric and sonar surveying, sediment sampling, and
computational fluid dynamic (CFD) modeling to estimate the areal extent and depth of alum floc
in Kensico. Additionally under this study, literature review and benthic sampling were conducted
to characterize the environmental and water quality impacts of alum floc deposition.

The study found that most of the alum floc present in Kensico Reservoir is located in and around
the Catskill Influent Chamber (CATIC) cove area in the northern portion of the reservoir. Within
this area, the study found that alum content in the sediment and overall floc depth varied. Total
aluminum concentration in sediment core samples ranged between 33,000 and 100,000 mg/kg
depending on sample depth and proximity to the CATIC. Samples closer to the CATIC and at
shallower core depths tended to have higher aluminum concentrations. Floc depth varied
between 0.5 and 5 ft with the larger depths occurring closer to the CATIC. The study estimated
the adverse effects of deposited alum floc on water quality and the benthic environment to be
minimal.

" DEP. (2007). Extent and Depth of Alum Floc in Kensico Reservoir and Feasibility of Minimizing the Area of Alum
Floc Deposition in Kensico Reservoir. Malcolm Pirnie, Inc., Fair Lawn, NJ.
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The second study utilized a 3-D (computational fluid dynamics, CFD) model of Kensico
Reservoir to estimate alum floc transport and deposition given varying inflow velocities, particle
mass, and particle specific gravity. The study concluded that under current system conditions,
minimal migration of alum floc particles from the CATIC study area into the main body of the
reservoir is expected.

The study also explored six structural modifications to the reservoir (downstream of the CATIC
around the CATIC cove) intended to minimize the areal extent of floc deposition. The
modifications included a perforated target baffle, sedimentation basin, perforated baffle wall,
submerged weir, boom and silt curtains, and a large settling basin. The analysis found that most
of the alternatives could offer some reduction in the extent of alum floc deposition outside the
immediate CATIC cove area, with the target baffle and settling basin predicted to provide the
most benefit. The baffle and settling basin each were predicted to reduce the percent of floc
deposited outside the cove area by roughly 30-50, depending on flow in the Catskill Aqueduct.

1.4 Alum Floc Submodel

In parallel to the evaluations presented in this report, additional investigations were conducted
under Contract RTC-08 to further characterize salient features of alum floc behavior in Kensico
Reservoir.

The potential for mobilization of toxic aluminum species (dissolved inorganic monomeric
aluminum) from alum floc deposits was evaluated based on field measurements, laboratory
sediment release experiments, and chemical equilibrium calculations. This analysis is presented
in Mobilization and Toxicity Potential of Aluminum from Alum Floc Deposits in Kensico
Reservoir, NY."" The key finding of this study is that the prevailing ambient water quality
conditions in Kensico Reservoir differ greatly from those required to mobilize toxic dissolved
aluminum species from alum floc deposits, and that such mobilization is not a realistic concern.

1.5  Additional Development of Kensico Turbidity Model

Additional investigations conducted under Contract RTC-08 included further development,
testing and application of a mechanistic turbidity model for Kensico Reservoir. The modeling
effort targeted simulation of the low turbidity levels that prevail in Kensico withdrawals and on
the effects of alum addition during extreme runoff events.'” Extensive testing of the Kensico
hydrothermal/transport submodel was conducted with respect to its ability to simulate features of
the thermal stratification regime and in-reservoir patterns of specific conductance.
Parameterization of the Kensico turbidity submodel was supported by detailed characterization
of individual turbidity-causing particles, and model testing was conducted against detailed in-
reservoir turbidity profiles and extended timeseries of withdrawal turbidity. The water quality

"' C.T. Driscoll, A. Lee, M. Montesdeoca, D. A. Matthews, and S.W. Effler. Mobilization and Toxicity Potential of
Aluminum from Alum Floc Deposits in Kensico Reservoir, NY. Prepared by Syracuse University and the Upstate
Freshwater Institute under DEP Contract RTC-08, July 2010.

12’ A simple alum floc model was developed to support characterization of the depth and areal extent of alum floc
deposition (described in report, Modeling Turbidity and the Effects of Alum Application for Kensico Reservoir). As
described below, this deposition model was not integrated with the OASIS-W2 model, as modeling results indicated
that the frequency and extent of alum addition in the future could be effectively minimized using the planned
turbidity control alternatives.
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modeling effort is detailed in the report, Modeling Turbidity and the Effects of Alum Application
for Kensico Reservoir.”> The hydrothermal/transport and turbidity submodels described therein
were integrated into the linked OASIS-W2 modeling framework that forms the basis for the
analysis presented in this report.

1.6 Overview of Methods and Performance Measures

The OASIS-W2 linked model developed under the CTCS was updated and used in this analysis
to evaluate the predicted impact of proposed turbidity control alternatives (modified reservoir
operations and Catskill Aqueduct improvements) on alum treatment at Kensico. As described in
Section 2.4, the current modeling includes several updates to provide more detailed evaluation of
current and potential future operating rules.

Simulations of turbidity control alternatives were compared to simulations of baseline operations
(representing current capabilities) to quantify turbidity control benefits. Performance was
quantified primarily based on the number of predicted alum treatment days over the simulation
period and the total mass of alum added to Kensico Reservoir.'* In addition, turbidity levels at
the CATIC and at the Lower Effluent Chamber (CATLEFF; see Figure 1-8) were analyzed to
evaluate the impact of Ashokan Reservoir turbidity control measures on Kensico Reservoir
turbidity levels.

Based on the results of this study, which indicated that the need for alum addition in the future
can be effectively minimized by the planned turbidity control alternatives, further evaluation of
these alternatives with respect to the area of alum floc deposition was not carried out in this
study.

¥ RK. Gelda, S.W. Effler and F. Peng. Modeling Turbidity and the Effects of Alum Application for Kensico
Reservoir. Prepared by the Upstate Freshwater Institute under DEP Contract RTC-08, July 2010.

'* As described below, alum mass calculations are based on the estimated alum dose applied and therefore do not
include the suspended solids (turbidity) from the Catskill Aqueduct.
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Alum Treatment Days

Alternatives were evaluated with respect to the number of days in which alum treatment at
Kensico Reservoir could be required. Conditions that may require alum treatment are estimated
using simple triggers based on turbidity load.'”” Alum addition in the OASIS-W2 model is
triggered when the turbidity load entering Kensico Reservoir via the Catskill Aqueduct exceeds
5,000 mgd*NTU. Alum addition in the model continues on a daily basis until the five-day
average turbidity load falls below 4,000 mgd*NTU. This latter threshold is intended to identify
downward trends in Catskill turbidity levels and prevent “toggling” of the alum trigger when the
load hovers around the threshold.

In reality, the decision to apply alum is complex, and cannot be fully simulated with available
mathematical modeling tools. In addition to turbidity levels in the Catskill System, other
important factors considered in DEP's decision-making process include turbidity levels in the
Delaware System, time of year, temperature, extent of stratification in the Kensico Reservoir,
and predicted future Kensico Reservoir turbidity levels. Further, DEP uses near-term diversion
turbidity forecasts from the Kensico Reservoir W2 model to help guide decision-making. These
forecasts are based on the current hydrothermal and water quality conditions in Kensico and the
expected diversion rates and turbidity levels from the Catskill and Delaware system over the
coming weeks. It is not computationally feasible to simulate this aspect of DEP's decision-

' Turbidity load is calculated as the product of flow and turbidity and is expressed in units of mgd*NTU.
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making process in the long-term modeling framework used for the current analysis, for it would
require a time-consuming nested "look-ahead" water quality simulation at each time step.'®

Therefore, the alum trigger applied under this evaluation should be thought of as a surrogate
indicator for conditions that could require alum addition in practice. The 5,000 mgd*NTU
threshold is based on DEP data from 1987 through 2007, and is a reasonably good indicator of
conditions that have historically required alum treatment at Kensico (see Figure 2-4 below).

Mass of Alum Applied

Under the terms of the Catskill Aqueduct Influent Chamber SPDES Permit, DEP is required to
remove alum floc deposits. In order to provide a screening-level estimate of the ability of
alternatives to reduce the magnitude and frequency of alum floc removal, the total predicted
mass of alum applied over the 61-year simulation period was quantified and compared among
runs.'” This measure is based on the predicted alum dose for each day that triggers alum addition.
Alum dose was estimated from the predicted Catskill Aqueduct diversion turbidity, using a
regression describing the historical relationship between turbidity and alum dose. The regression
developed for the Catskill Turbidity Control Study was re-evaluated under the current analysis,
and a new regression was developed, as described in more detail in Section 2.4.5.

1.7 Report Organization

The remainder of this report presents results and discussion of the additional modeling
performed under this project. The following sections are organized as follows:

= Section 2: Modeling Tools
= Section 3: Modeling Results
= Section 4: Summary of Findings

'® The Operations Support Tool and associated near-real-time in-reservoir water quality instrumentation will bolster
DEP's current ability to forecast diversion turbidity levels under a range of possible operations scenarios, and thus
could help minimize the frequency of alum treatment without compromising water quality.

'” Note that the mass of alum applied is only one factor of the amount of floc produced, and is not intended to be an
estimate of the amount of floc to be removed via dredging. The alum mass estimates provided in this report will
therefore differ from estimates of alum floc reported elsewhere.
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SECTION2: MODELING TOOLS
2.1 Catskill 2-D Water Quality Models

Two-dimensional water quality models of Schoharie Reservoir, West and East Basins of
Ashokan Reservoir, and Kensico Reservoir were developed by the Upstate Freshwater Institute
(UFI). These models are based on the CE-QUAL-W2 (W2) modeling framework, a dynamic,
two-dimensional (longitudinal-vertical) hydrothermal/transport model developed by the Army
Corps of Engineers.'® In addition to the underlying fluid motion and mass transport framework,
the Catskill W2 models include a three particle size class turbidity submodel that simulates the
fate and transport of turbidity in the reservoirs, and accounts for both settling and resuspension
processes. Specification of model coefficients and model testing for the Catskill W2 models is
supported by process studies and by extensive, temporally and spatially detailed, in-reservoir
automated and event-based water quality monitoring (see e.g. Gelda et al., 2010).

Ashokan W2 model validation was conducted using the temporally-detailed model drivers
available for the period from 1/1/2003 to 6/30/07. Figure 2-1 presents a comparison of observed
Ashokan diversion turbidity values (based on measurements at DEP site EAR/EARCM) and
values predicted by the Ashokan W2 models.

Model predictions for major storm events in April 2005 and June 2006 - events that led to alum
addition — closely match both the peak turbidity level and the subsequent decline in turbidity
levels over the following months. These data indicate that the West and East Ashokan W2
hydrothermal models and turbidity submodels can account for major features of turbidity
transport and fate in Ashokan during both large storm events and typical conditions, and that
these models provide a solid foundation for long-term simulations evaluating the performance of
turbidity control alternatives.

Kensico W2 model validation was conducted for the period from 1/1/1987 to 12/31/08. Figure
2-2 presents a comparison of observed Kensico diversion turbidity values (based on in-reservoir
and withdrawal measurements) and values predicted by the Kensico W2 model. Similar to the
Ashokan model, the Kensico model predictions match observations quite closely during both
baseline low turbidity conditions, and during the modest “peaks” that are observed at Kensico.
The model over-predicted turbidity during some months in the 1999 to 2002 interval, though
deviations were typically less than 1 NTU. These data indicate that the Kensico W2 model
simulates major features of turbidity transport and fate through the reservoir, and that the model
is a useful component of the long-term simulation framework.

'8 Cole, T.M., and S. A. Wells (2006). CE-QUAL-W2: A Two-dimensional, Laterally Averaged, Hydrodynamic and
Water Quality Model, Version 3.5, Instruction Report EL-06-1, US Army Engineering and Research Development
Center, Vicksburg, MS.
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2.2 0ASIS-W2 Linked Model

OASIS is a generalized computer program for modeling the operation of water resources
systems.'” OASIS represents a system using nodes (such as reservoirs) and arcs (aqueducts,
streams, etc.), and uses linear programming optimization to simulate water routing decisions
(e.g., reservoir releases or diversions) in the system, subject to both human operating rules and
physical constraints. The OASIS model of the NYC reservoir system simulates daily operations
throughout the entire NYC system and Delaware River Basin (Figure 2-3).

Under Phase II of the Catskill Turbidity Control Study, the Schoharie CE-QUAL-W2 model was
linked with the OASIS system model to evaluate alternatives for turbidity control at Schoharie.
Under Phase III, the linked model was substantially upgraded to include W2 models of the West
and East Basins of Ashokan Reservoir and Kensico Reservoir. The result of these major
upgrades was a linked water supply — water quality model that simulates the feedback between
reservoir operations (e.g., diversion and release decisions) and water quality for the Catskill
System and Kensico Reservoir.

" HydroLogics, Inc. (2007). User Manual for OASIS WITH OCL™. Columbia, MD
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2.3 Baseline System Operations Response to Turbidity Events

The OASIS-W2 model is coded to adjust operations when W2-predicted Catskill Aqueduct
diversion turbidity levels exceed a threshold of 8 NTU. This threshold was selected based on
discussions with DEP and a review of historical data from 1987 through 2007 (Figure 2-4).
While a turbidity of 8 NTU in the Catskill Aqueduct would not necessarily trigger alum
application, this threshold represents a level of concern, above which some action may be needed
to minimize turbidity impacts at Kensico.
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Figure 2-4:  1987-2007 Historical Catskill Aqueduct Turbidity, Turbidity Load, and
Alum Application (8 NTU and 5,000 mgd*NTU Thresholds Indicated in Red)

Whenever the predicted Catskill Aqueduct turbidity level exceeds 8 NTU, model operating rules
minimize diversions from the Catskill System to reduce the turbidity load transferred to Kensico.
Under Baseline Operations, the minimum Catskill Aqueduct flow is set at 275 mgd based on the
minimum flow rate needed to maintain service to the outside community taps along the
Aqueduct without installing Stop Shutters.*

During a Catskill turbidity event, the model compensates for reduced Catskill diversions by
maximizing flow in the New Croton Aqueduct (NCA) and the Delaware Aqueduct. Any
remaining demand is then met from the Catskill System. Thus the actual flow in the Catskill
Aqueduct during turbidity conditions may be greater than 275 mgd, depending on system
demand level and time of year.

As stated in Section 1.5, alum addition is triggered in the model when the turbidity load in the
Catskill Aqueduct exceeds 5,000 mgd*NTU. Alum addition in the model continues from day to
day, until the five-day average turbidity load falls below 4,000 mgd*NTU. Turbidity is
represented in the W2 model as three separate particle size classes, representing three unique
particle settling velocities. In the linked model, the impact of alum addition on Kensico turbidity
levels is approximated by shifting all particles into the heavy, rapidly-settling size class. There is
no attempt in the model to simulate alum dose-response behavior; simply shifting all particles to

%% Currently, a minimum flow of roughly 275 mgd is required to maintain supply to the 14 outside community
connections along the Catskill Aqueduct. These communities typically draw less than 15 mgd from the Aqueduct.
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the most rapidly-settling fraction provides an effective and simple surrogate for full-scale alum
21
treatment.

2.4 OASIS-W2 Model Updates for RTC-08

The OASIS-W2 linked model used under CAT-211 was updated for use in these analyses. Major
updates included:

= Revised operating rules for the Ashokan Waste Channel

= Model code for simulating installation and removal of Catskill Aqueduct Stop Shutters
=  Model code for simulating operation of the Shaft 4 interconnection

= Revised relationship for estimating alum dose from Ashokan diversion turbidity

This section includes descriptions of rules designed to simulate alternatives developed based on
OASIS-W?2 testing. While these rules were found to be effective in model simulations, they do
not represent formal operating rules that have been adopted by DEP. The Operations Support
Tool will provide DEP with the capability to further develop and refine these rules to support
actual operations.

241 Ashokan Headworks Hydraulics

For the current analyses, head-dependent rating curves were developed to more closely
approximate the practical operating constraints of Ashokan headworks facilities. Head-discharge
functions were derived for the Waste Channel and the Catskill Aqueduct based on the equation
for flow through an orifice, assuming that valves 2 and 4 at the Lower Gate Chamber feed the
Catskill Aqueduct (assume 590 mgd maximum capacity via the Upper Special Aqueduct) and
valves 3 and 5 and gate valve #1 feed the Waste Channel (assume 800 mgd maximum capacity
via the Lower Special Aqueduct) (see Figure 2-5).”> The head-discharge functions for the
Aqueduct and the Waste Channel were derived as follows:

= Catskill Aqueduct (max flow of 590 mgd at max head):
=  Waste Channel (max flow of 800 mgd at max head):

2.4.2 Ashokan Waste Channel Model Operating Rules

The Ashokan Waste Channel operating rules originally developed for model simulations during
Phase IIT of the CAT-211 Study were maintained for these analyses, with the exception of
updates reflecting the hydraulic constraints described above and the addition of release
restrictions during downstream peak flow conditions.

! See RTC-08 supporting documentation: Gelda, R.K. , S.W. Effler, and F. Peng (2010). Modeling Turbidity and
the Effects of Alum Application for Kensico Reservoir.

22 Previous evaluations assumed a maximum Waste Channel release capacity of 1200 mgd. This flow rate requires
diverting water from both the Upper and Lower Special Aqueducts into the Waste Channel and installing stop
shutters downstream at the screen chamber, an operation that is not practicable for routine turbidity control purposes
(J. Helmuth, DEP, Bureau of Water Supply, West of Hudson Operations). The current analyses limit the concurrent
Catskill withdrawal rate to a maximum release of 800 mgd through the Waste Channel and a maximum diversion of
590 mgd through the Catskill Aqueduct.
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Figure 2-5:  Catskill Aqueduct Headworks

Consistent with Phase III analyses, the model is coded to operate the Waste Channel to develop a
void in the West Basin in anticipation of or during turbidity events with the goal of reducing the
turbidity load transferred to the East Basin. The model operating rules employ the Waste
Channel in this capacity based on the simulated 24-hour and 48-hour Advanced Hydrologic
Prediction Service (AHPS) inflow forecasts for the Esopus Creek, as well as knowledge of the
current West and East Basin reservoir levels. In OASIS-W2, the Waste Channel is operated if
one or more of the following conditions is true:

1. Void in the West Basin is less than one-half of the water-equivalent (SWE) simulated
snowpack volume in the watershed — release enough water to maintain the SWE;

2. The forecasted inflow over the next 48 hours is greater than 2 BG and could cause the
West Basin to spill* - release the forecasted volume of spill; and

3. The West Basin is currently spilling turbid water (>10 NTU) — release the volume of
water that would maintain a 1-ft void in the West Basin, based on the simulated
AHPS 24-hr forecasted inflow.

To be conservative with respect to water supply reliability, the model rules do not operate the
Waste Channel during drought conditions, or when the East Basin is more than two feet below
the spillway crest and the 48-hour forecasted inflow to the West Basin from Esopus Creek is less
than 120% of the total void. Further, the Waste Channel is not operated when the probability of
refilling the Catskill System by June 1 is less than 80%.

 Chance of spill is approximated in the model as the inflow exceeding the 3-day average void in the West Basin or
a change in West Basin elevation over the last 2 days of more than 4 feet.
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For the current analysis, Waste Channel operating rules were updated to restrict releases that
could contribute to downstream flooding.”* Accordingly, the Waste Channel is not operated in
the model if the flow at Esopus Creek at Mt. Marion exceeds 85% of the Flood Action Stage,
approximately 17.5 ft or 2,140 mgd red line indicates 85% of the Action Stage).
When the total flow at Mt. Marion (calculated as the sum of East Basin spill, Waste Channel
release, and the reach gain between Ashokan and Mt. Marion) reaches the 17.5 ft threshold, the
Waste Channel is shut off.*’

ESOPUS CREEK AT Mount Marion
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Figure 2-6:  Esopus Creek at Mount Marion Stage/Flow Restriction

Under these rules the Waste Channel is operated most frequently in historically wet years (see

Figure 2-7p and|Figure 2-84) and during the late winter through the spring (see|Figure 2-7p and
Figure 2-8b). Most (80% or greater) Waste Channel releases were less than two to three weeks in

duration (Figure 2-7¢ and|Figure 2-8f). Higher release capacity (maximum capacity of 800 mgd
vs. 250 mgd) resulted in fewer total days of operation, and higher flow rates while in operation.

#* As part of RTC-08, a HEC-RAS analysis was conducted for old Esopus Creek between the Waste Channel outlet
and the confluence of Old Esopus Creek and the East Basin spillway channel. The current HEC-RAS model reflects
aerial survey and limited field survey data and refines previous analyses, which were based on USGS 20’ contours.
* For these simulations, there was no attempt to account for travel time or peak attenuation since OASIS is a daily
time step, mass balance model and not a hydraulic model.
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Figure 2-7:  Modeled Waste Channel Operations Statistics (250 mgd max flow, 2012 —
2017). (a) Active Waste Channel Days by Year. (b) Monthly Distribution of Active Waste
Channel Days. (c) CDF of Consecutive Active Waste Channel Days.
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Figure 2-8:  Modeled Waste Channel Operations Statistics (800 mgd max flow, 2012 —
2017). (a) Active Waste Channel Days by Year. (b) Monthly Distribution of Active Waste
Channel Days. (c) CDF of Consecutive Active Waste Channel Days.
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2.4.3 Stop Shutter Model Operating Rules

During a turbidity event in the Catskill System, shutting down the Catskill Aqueduct is a clearly
effective means of reducing the transfer of turbid water from Ashokan to Kensico. In practice,
there are two key constraints on the feasibility of this option: the need to satisfy overall system
demand for water; and the need to maintain a minimum flow of roughly 275 mgd in the Catskill
Aqueduct to maintain adequate submergence of outside community taps in the Catskill
Aqueduct.”® As an alternative to operating at 275 mgd, DEP may operate at lower flow rates and
still maintain adequate outside tap submergence, provided that Stop Shutters are installed at
various locations along the aqueduct. This practice effectively reduces the minimum flow
requirement in the Catskill Aqueduct from ~275 mgd to ~50 mgd, thereby reducing the amount
of water that must be diverted from Ashokan during turbidity events.

Installing Stop Shutters in the Catskill Aqueduct is a time-consuming and operationally complex
procedure. Stop Shutters must be installed at five locations, and existing facilities at these
locations are not equipped with controls conductive to routine operation. Two of the locations
have no superstructures, and must be serviced with a truck-mounted crane.

Water travel time along the Aqueduct (approximately 28 hours from Ashokan to Kensico) is a
further complication to stop shutter installation, and careful coordination is required at each
installation point to select the appropriate water level at which to install and remove the Stop
Shutters. If the water level is too high, Stop Shutters may not seat properly when lowered into
position. If the water level is too low, service to outside community taps may be interrupted.
Similar complications apply during stop shutter removal. Premature removal may result in
upstream service interruptions; a delay may cause the advancing flow wave to surcharge and
overpressurize the Aqueduct and risk damaging the unreinforced masonry arches of the
aqueduct.

As a result of travel time and storage within the 75-mile long aqueduct, it can take more than 24
hours, during both the draining and refilling cycles, for flow changes initiated at the Ashokan
headworks to register at the lower end of the Aqueduct. Before the Stop Shutters can be inserted,
the Aqueduct must be drained to a depth that allows the Stop Shutters to seat properly when
lowered into position. This draining process takes an entire day. An additional full day, and the
labor of a five-man team, is required to install Stop Shutters at the five critical locations.
Removal of the Stop Shutters prior to the resumption of full flow requires similar coordinated
planning and the same time frame, labor, and equipment.

Under the current analysis, the OASIS-W2 model was updated to include rules for installing and
removing Stop Shutters, and to better represent the timing of such operations.”” The rules for
stop shutter operation were designed to represent the typical capabilities and constraints of Stop
Shutter installation and removal; actual operations can be expected to vary based on factors that
cannot be simulated in the model (e.g. facility accessibility and condition, crew and equipment
availability, etc.).

26 Under the Water Supply Act of 1905, towns and villages in any of the upstate counties through which the Catskill
Aqueduct passes have the right to make connections to the aqueduct.
7 The CAT-211 analyses did not include explicit simulation of the timing of stop shutter placement or removal.
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The model is coded to install Stop Shutters when alum events cannot be prevented by reducing
the flow to 275 mgd. In the model, alum is added at Kensico when the turbidity load from the
Catskill Aqueduct exceeds 5,000 mgd*NTU. Thus, flow reductions to 275 mgd are sufficient to
eliminate the need for alum application at turbidity levels up to approximately 18 NTU (~5000
mgd*NTU divided by 275 mgd). When the 18 NTU threshold is exceeded, the model schedules
Stop Shutters to be installed in order to avoid alum addition. Time for aqueduct draining and stop
shutter installation is accounted for via a 2-day time lag between stop shutter scheduling and the
resultant flow reduction. When Stop Shutters are installed, the model is coded to maintain a
minimum flow of 50 mgd to maintain adequate submergence for outside community taps, and a
maximum flow of 225 mgd to avoid surcharging the aqueduct.

In the model, Stop Shutters are removed when one (or both) of the following two conditions are
met:

1. Five-day average Catskill Aqueduct turbidity is less than 8 NTU. Based on model
testing, once the 5-day average has dipped below 8 NTU, there is very little risk of
requiring alum addition in the short term. This effectively marks the end of a turbidity
event.

2. Catskill System demand exceeds the maximum stop shutter flow constraint of 225
mgd. Flows above this threshold could potentially cause the aqueduct to surcharge
and result in structural damage.

2.4.4 Shaft 4 Model Operating Rules

Shaft 4 is a proposed connection between the Catskill and Delaware Aqueducts where they cross
near Gardiner, New York (Figure 1-7). The Shaft 4 interconnection would allow DEP operators
to take the Catskill System offline during turbidity events and fill the Catskill Aqueduct with
water from Rondout to satisfy outside community demand. Under CAT-211, analyses focused on
the generic case in which Catskill Aqueduct flow could be reduced to zero; for the current study,
the analysis focused more specifically on simulation of Shaft 4. Therefore, a set of rules was
developed based on model testing and consultation with DEP operations and water quality staff
to operate the interconnection as described below.

Simulation of Shaft 4 operations is tied to both Catskill System demand and turbidity levels.
When Catskill System demand is less than 50 mgd (i.e. NYC demand can be largely met by the
Delaware and Croton Systems), Shaft 4 is operated in the model under two turbidity conditions:

1. Catskill Aqueduct turbidity is greater than 18 NTU. As with stop shutter operation,
this threshold roughly represents the highest turbidity level at which alum treatment
could be avoided under baseline model operations, with a minimum flow of 275 mgd
in the Aqueduct.”®

%8 This rule is the same as for stop shutters. For simulations that included both stop shutters and Shaft 4, the model
preferentially used Shaft 4 when the appropriate thresholds were exceeded. It was assumed that the operational
difficulty of installing stop shutters would be avoided except when alum addition could be avoided by doing so.
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2. The 3-day average Catskill Aqueduct turbidity is greater than 10 NTU. Model testing
indicates that 3-day averages over 10 NTU are a good indicator that turbidity levels
are trending upwards and alum treatment could be required.

When these conditions are met, flow in the Catskill Aqueduct is set to zero, and up to 300 mgd®’
of water is transferred from the Delaware Aqueduct to the Catskill Aqueduct via Shaft 4. Catskill
Aqueduct flow can be eliminated under these conditions because a demand of 50 mgd or less can
be covered without significant drawdown of Kensico or West Branch.

If Catskill demand (i.e. the diversions required from the Catskill system to meet city demands) is
between 50 and 275 mgd and Catskill Aqueduct turbidity is greater than 8 NTU, Shaft 4 is
activated at a maximum rate of 300 mgd and the Catskill Aqueduct diversion from Ashokan is
set to meet the demand level.

To further illustrate these rules, consider two examples:

1. Catskill demand is 20 mgd; Ashokan turbidity is 20 NTU: Under Baseline Operations
(without Stop Shutters or Shaft 4), 275 mgd of Catskill water would be required to
maintain supply to outside communities, the turbidity load to Kensico would be 5500
mgd*NTU (275 mgd * 20 NTU), and alum treatment would be predicted. With Shaft
4, 300 mgd of Delaware water could be diverted into the Catskill Aqueduct, and the
Ashokan diversion could be reduced to zero. The remaining ~20 mgd of Catskill
demand could be met out of West Branch.

2. Catskill demand is 150 mgd; Ashokan turbidity is 10 NTU: In this case, 150 mgd
Catskill demand could not be met by West Branch and Kensico without significant
drawdown. Therefore, 150 mgd of 10 NTU (total load = 1500 mgd*NTU) water from
Ashokan is delivered to Kensico through the Catskill Aqueduct. The Shaft 4
interconnection would be used to deliver 300 mgd of additional water to the Catskill
Aqueduct to ensure the 275 mgd minimum required to maintain outside community
supplies is met. (For simplicity in these simulations, the model assumed 300 mgd
flow for days when the Shaft 4 interconnection was in use, regardless of diversion
from Ashokan. In practice, the actual interconnection flow rate could be set equal to
275 mgd minus the Ashokan diversion, or at some intermediate flow rate.)

Upon operation of the Shaft 4 interconnection, flow is maintained in the model until the 5-day
average Ashokan diversion turbidity is less than 7.5 NTU.* In addition, there are several major
conditions in which the Shaft 4 interconnection would not be used:

%300 mgd is the assumed capacity of the Shaft 4 interconnection for this analysis. Previous model runs indicated
little additional supply benefit of higher capacities as the total volume entering Kensico is limited by the total
capacity of the Delaware Aqueduct at Rondout and 300 mgd is more than sufficient to maintain supplies to outside
communities.

3% Based on model testing, a 5-day average of 7.5 NTU was a good indicator of the end of most turbidity events, and
effectively prevented the model from toggling between ‘on’ and ‘off” at the tail end of an event. In practice, the
decision to stop transferring water via Shaft 4 would likely depend on a number of different factors, including
current and predicted future turbidity levels.
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= Catskill demand exceeds 275 mgd: Under this condition, diversions from Ashokan are
required to meet NYC demand, and these diversions are sufficient to maintain supply to the
upstate communities.

=  Alum treatment cannot be avoided: This condition occurs when Catskill demand exceeds ~50
mgd (the maximum Catskill demand that could be met through short-term drawdown of West
Branch) and Ashokan diversion turbidity levels are high enough to exceed the alum treatment
trigger. For example, if 100 mgd of Catskill water is needed to meet system demand, and the
Ashokan diversion turbidity level exceeds 50 NTU, alum treatment could be required,
regardless of whether or not Shaft 4 is operated. Under this scenario operation of Shaft 4
would reduce the turbidity level entering Kensico, but would not reduce the turbidity load,
and could in fact result in a larger mass of alum required to treat the additional volume of
water entering Kensico through the Catskill Aqueduct.’’

= Stop Shutters are already in place. These analyses assumed that once Stop Shutters are
installed, they would not be removed several days later in order to use the Shaft 4
interconnection.

In addition, alternative sets of operating rules were tested that allow Shaft 4 operation when the
demand from the Catskill System exceeds 275 mgd; allow Shaft 4 to be operated at flow rates
less than 300 mgd; and reduce the Shaft 4 trigger to 8 NTU. These rules effectively allow more
routine blending of Catskill and Delaware water via the Shaft 4 interconnection. While these
alternative rule sets did not have a notable impact on alum days or predicted CATLEFF turbidity
levels, it should be noted more generally that the operating rules for the Shaft 4 Connection
developed for this performance evaluation would likely be refined by DEP in practice to further
balance operational and water quality objectives. DEP’s ability to test and refine operating rules
for the existing system and potential system improvements will be supported by the Operations
Support Tool (Section 1.3.1).

2.4.5 Updated Turbidity — Alum Dose Model Assumptions

A critical performance measure for the current analysis is the mass of alum added to Kensico
during alum treatment events. Calculation of this metric requires an estimation of the alum dose
on each day of alum treatment. During alum treatment events, the actual dose of alum applied is
determined daily based on jar test results and the judgment of water quality operations staff, and
is influenced by a number of factors, including turbidity level, organic matter content, alkalinity,
pH, and application of caustic soda. Of these potential predictors of alum dose, only turbidity can
be simulated in the current model framework. The historical relationship between turbidity and
alum dose exhibits substantial variability and, as expected, turbidity is not a robust, univariate
predictor of alum dose. Nonetheless, a predictive expression relating alum dose to turbidity
levels provides a reasonable basis for a screening-level estimate of alum dose during turbidity
events.

3! Consider the scenario where 100 mgd of Catskill water is needed to meet system demand, the Ashokan diversion
turbidity level is 50 NTU, and Shaft 4 is operated to divert 300 mgd of 1 NTU water into the Catskill Aqueduct. The
Catskill Aqueduct flow entering Kensico would increase from 100 mgd to 400 mgd, the turbidity level would
decrease from 50 NTU to ~13 NTU, the turbidity load would increase from 5000 mgd*NTU to ~5300 mgd*NTU,
alum treatment could still be required, and the mass of alum that would need to be added would increase by a factor
of ~2.5 as a result of the increased flow rate in the Catskill Aqueduct.
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Under the current analyses, the historical alum treatment data were further examined to refine the
turbidity - alum dose predictive relationship applied under CAT-211. The dose range over the
historical record is very small (6 to 16 ppm), with the majority of doses occurring in the 6 to 9
ppm range (Figure 2-9). To best fit the data and account for the addition of caustic soda,*” a four-
tiered alum dose step relationship was developed:

For turbidity levels less than 30 NTU (conditions under which caustic soda is not typically

added), alum dose varies between 6 and 10 ppm; two steps were chosen to represent this

relationship:

= Less than 10 NTU, a dose of 7 ppm was selected.

= Between 10 and 30 NTU, a dose of 8 ppm was used.

At turbidity levels over 30 NTU (ignoring data from periods when caustic was not added),

there are two distinct ranges in values, depending on turbidity:

= Between 30 and 60 NTU alum dose ranges from roughly 12 to 13 ppm. The average of
this range, 12.5 ppm, was selected as the second step in the relationship.

= At turbidity measurements over 60 NTU, alum dose is typically equal to 16 ppm, and this
dose was selected as the third step.

Historical Data (Mo CausticAdded) # Historical Datz [CausticAdded) = Step Relstionship (r=0.608)
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Figure 2-9:  Turbidity — Alum Dose Step Relationship and Historical Dosing Data (1996-

2006)

% Addition of caustic soda at turbidity levels greater than 30 NTU is standard practice after 1996, based on
discussions with DEP operations staff.
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The mass of alum added on a given day was calculated by multiplying the predicted alum dose
by the daily Catskill Aqueduct diversion and converting to pounds of alum. Daily data for mass
of alum were then summed over the full simulation period, normalized to the total number of
days in the simulation period and expressed in units of pounds of alum per day.
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SECTION 3: MODELING RESULTS

This section summarizes the results of the water quality performance evaluation for the RTC-08
turbidity control alternatives, including operation of the Ashokan Waste Channel, Shaft 4,
Catskill Aqueduct Stop Shutters, as well as combinations of these three. All alternatives were
evaluated using the OASIS-W2 linked model over a 61-year simulation period (1/1/1948 to
9/30/2008). This section includes a summary of the scenarios and operating rules under which
each alternative was evaluated (Section 3.1); a review of the performance for each alternative
(Section 3.2); and a summary of sensitivity testing carried out for the model simulations (Section
3.3). Findings are summarized in Section 4.

3.1 Evaluation Framework and Assumptions

Model simulations were conducted under the Post-Croton Filtration Scenario described in the
CAT-211 Phase III Final Report and the Phase III Implementation Plan. Under RTC-08, several
demand and capacity assumptions for this scenario were updated to more closely reflect system
operations for the current planning horizon (through 2017). Major system assumptions used in
the current analyses are summarized in Table 3-1. Assumptions that differ from those applied in
the previous CAT-211 Phase III analyses are discussed below and highlighted in yellow in Table
3-1.

The demand scenarios modeled in this report have been modified from those used previously to
better represent the relevant planning periods. Two demand scenarios were considered: current
NYC and outside community demand levels, and anticipated 2012 — 2017 demand levels. The
long-term (2030 — 2035) system demand scenario applied under CAT-211 was not analyzed
under this study. Similarly, because completion of Delaware Aqueduct repairs is not anticipated
during the current planning period, a transit loss of 20 — 35 mgd was applied to the Rondout-
West Branch Tunnel for the modeling in this report.

Catskill Aqueduct minimum flow limits were modified under the current analyses to improve
representation of Catskill Aqueduct operations when Stop Shutters are installed and when Shaft
4 1s operated. Catskill Aqueduct and Ashokan Waste Channel maximum flow limits were also
updated to more closely reflect current hydraulic constraints (Section 2.4.1). Waste Channel
operating rules were updated to prevent releases that could contribute to downstream flooding
(Section 2.4.2). Finally, the current evaluation includes explicit simulation of Stop Shutters and
Shaft 4 operation (Sections 2.4.3 and 2.4.4, respectively).

The Esopus Creek turbidity loading regression applied under the current analyses is the Best Fit
Deterministic (BFD) relationship described in the Phase III Implementation Plan. The original
flow-turbidity regression described in the Phase III Final Report was also applied in this analysis
under the sensitivity testing described in Section 3.3.2.

The alternatives analyzed under the current evaluation are summarized in Table 3-2 below.
Sensitivity testing conducted for these alternatives is discussed in Section 3.3.
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Table 3-1:  Assumptions for RT C-08 Evaluation Scenarios

Variable Assumption

a) 1100/125 (2012 —2017 planning period)
b) 1010/ 110 (current demand levels)

Delaware Aqueduct max flow (mgd) ~890 (only during turbidity event or for water supply)
(Rondout to W. Branch)”  transit loss (mgd) 20 — 35 (pre-repair)

a) ~1 NTU annual average

b) 1996-2008 observed

Shaft 4 Connection max flow (mgd) 300

a) 275 (Baseline Operations)

. min flow (mgd) b) 50 (Stop Shutters)
Catskill Aqueduct ¢) 0 (Shaft 4)

Demand (annual avg., mgd) NYC / Outside

Rondout Turbidity

max flow (mgd) 590 (head-dependent)
min flow (mgd) 90
max flow (mgd) 290

Croton Falls / Cross River max flow (mgd) 180/ 60
Pump Stations g only used in the model during a drought
p y g g

New Croton Aqueduct

New Croton Reservoir Spillway Elevation (ft) 200

Waste Channel 2)
Ashokan Operations max flow (mgd) b) 250
c) 800
West Basin Drawdown mode
Crest Gates Seasonal Operation

Schoharie Operations — -
Low-Level Outlet |Operated to maintain snowpack void

() Rondout-West Branch flow rates are calculated in the OASIS model based on original DEP rating curves as a
function of Rondout gate settings, Rondout elevation, and in some cases West Branch elevation. The model
curves do not account for any of the deviations (high or low) from these curves that are evidenced in the historical
flow data. The model also does not account for the potential influence of Shaft 4 operation on Rondout-West
Branch hydraulics.
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Table 3-2: Matrix of Model Simulations for RTC-08 Performance Evaluation

Operating Rules

al2 . Waste
Alternative OBpaesreellltri]:n Shatt 4 ShSL}’?tgrs Ghannel
Max (mgd)

Baseline Operations v 0
Waste Channel 250 250
Waste Channel 800 800
Stop Shutters v 0
Stop Shutters + Waste Channel 250 4 250
Stop Shutters + Waste Channel 800 4 800
Shaft 4 v 0
Shaft 4 + Stop Shutters 4 v 0
Shaft 4 + Stop Shutters + Waste Channel 250 v v 250

Shaft 4 + Stop Shutters + Waste Channel 800 v v 800

(M All alternatives were evaluated under two demand scenarios: 2012 — 2017 Demand, and Current Demand.
@ All alternatives were evaluated under the best-fit deterministic (BFD) Esopus Creek turbidity-flow regression
described in the Phase III Implementation Plan.

3.2  Water Quality Performance Results

Water quality performance for each alternative was evaluated based on the following metrics:

= Alum Treatment Days: Predicted total number (or percent) of simulation days during which
alum application at Kensico could be required, based on the predicted turbidity load (flow *
turbidity) entering Kensico from the Catskill Aqueduct Influent Chamber, and the alum
application triggers in the model.

= Mass of Alum Applied: Predicted total mass of alum applied over the simulation period,
based on the predicted CATIC turbidity and the turbidity — alum dose step relationship
(Section 2.4.5).

= CATIC Turbidity: Predicted turbidity entering Kensico from the Catskill Aqueduct Influent
Chamber, based on W2-predicted Ashokan diversion turbidity levels.

= CATLEFF Turbidity: Predicted diversion turbidity leaving Kensico through the Catskill
Aqueduct Lower Effluent Chamber.

3.21 Alum Treatment Days

Based on the 61-year OASIS-W2 linked model simulations, each of the turbidity control
measures reduces the predicted number of alum treatment days relative to Baseline Operations.
Figure 3-1 summarizes the total number (and percent) of alum treatment days over the simulation
period for both the 2012 — 2017 and current demand scenarios. Annual alum results are provided
in Figures A-1 through A-9 in the Appendix. In general, the absolute performance of the
alternatives is slightly better under the lower (current) demand scenario, reflective of the need to
divert less water from the Catskill system at lower demand levels. The relative performance of
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alternatives is roughly comparable at both demand levels, though as expected, alternatives that
rely on Catskill Aqueduct flow reduction (Stop Shutters and Shaft 4) provide slightly better
relative performance at lower demand levels than do the Waste Channel alternatives.

Under Baseline Operations, alum treatment is predicted to be required on 773 days and 765 days
under the 2012 — 2017 and the current demand scenarios, respectively, or roughly 3.5% of
simulation days. Alum treatment is predicted to occur in 15 out of the 61 years of historical
hydrology in the simulation period. Events in five of these years (1955, 1956, 1980, 1984, and
1987) account for roughly 75% of the predicted alum treatment days under Baseline Operations
(Figure 3-2 and Appendix, Figure A-2).

Operation of the Waste Channel at flow rates up to 250 mgd provides a relatively modest (~5%)
reduction in alum days relative to Baseline Operations. When operated at flow rates up to 800
mgd, the Waste Channel is substantially more effective in limiting the transfer of turbid water to
the East Basin, and reduces alum days by approximately 20% relative to Baseline Operations.
Much of the incremental improvement at the 800 mgd capacity occurs during the March 1980
storm event,”” in which operation of the Waste Channel at flows up to 800 mgd reduces the total
turbidity load transferred from West to East Basin by 40% relative to operation at 250 mgd (50%
relative to baseline), and allows the East Basin to recover from the event more quickly.

Compared to Waste Channel operation alone, Stop Shutters and Shaft 4 provide much larger
reductions in alum days, reflective of DEP’s ability to eliminate or substantially reduce Catskill
diversions of turbid water with these alternatives. When compared to Baseline Operations, Stop
Shutters alone provide a 73% reduction in alum days under the 2012 — 2017 demand scenario
and an 86% reduction under the current demand scenario. Shaft 4 is slightly more effective than
Stop Shutters, providing an 82% reduction under the 2012 — 2017 demand scenario and a 96%
reduction under the current demand scenario.

It should be noted that the majority of the predicted alum treatment days for the Stop Shutter and
Shaft 4 alternatives occur during the March 1980 event. For the Stop Shutters, the 1980 event
accounts for ~75% of the predicted alum treatment days; the remaining alum treatment days are
comprised of periods of short duration (2 — 10 days, average 5 days) in 10 of the simulation
years. For Shaft 4, the 1980 event accounts for 100% of the predicted alum treatment days
(Figure 3-2 and Appendix, Figure A-6).

The greater predicted performance of Shaft 4 relative to Stop Shutters reflects two operational
assumptions: (a) there is no lag time associated with operation of Shaft 4, as there is with Stop
Shutters; and (b) there is no minimum Catskill diversion when Shaft 4 is operated (unless
required to meet system demand). With Stop Shutters, a minimum Catskill diversion of 50 mgd
is assumed to be required to meet outside community demands, account for any Stop Shutter
leakage that may occur, and maintain water surface elevation high enough to serve outside
community taps.

3 The March 1980 event is reported to have released “10 inches of rain on nearly bare and frozen ground which led
to rapidly developing and severe floods on Schoharie, Catskill, and Esopus Creeks.” Major Flood Events, Eastern
New York & adjacent Western New England. National Weather Service
(http://www.erh.noaa.gov/aly/Past/Major Flood Events.htm).
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Operation of Stop Shutters in conjunction with the Waste Channel (250 max flow) is predicted to
provide performance similar to that of Stop Shutter operation alone. When Stop Shutters are
operated in conjunction with the Waste Channel (800 max flow), alum treatment during the 1980
event is substantially reduced, and the remaining alum treatment days comprise short duration
episodes at the beginning of the major events in the record (Figure 3-2).

Operation of Shaft 4 in conjunction with Stop Shutters and Stop Shutters + Waste Channel 250
max flow provides performance similar to that of Shaft 4 operation alone. When Shaft 4 is
operated in conjunction with Stop Shutters and Waste Channel 800 max flow, the 1980 event is
effectively controlled, and no alum treatment days are predicted. This reflects the ability of the
Waste Channel to reduce the turbidity load transferred from Ashokan West Basin to Ashokan
East Basin and ultimately to reduce the duration and/or magnitude of peak turbidity levels in the
East Basin.
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Figure 3-1:  Total Number of Alum Days (2012-2017 and Current Demand)
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Figure 3-2:  Total Number of Alum Days by Year (2012 —2017 Demand)
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3.2.2 Total Mass of Alum

The predicted total mass of alum applied (not including turbidity-causing suspended solids) over
the entire simulation period for the 2012 — 2017 and current demand scenarios is presented in
Figure 3-3. As expected, the performance of alternatives with respect to alum mass tracks that of
alum treatment days quite closely. Model predictions indicate that under Baseline Operations
approximately 9,000 tons of alum would be added to Kensico over the 61-year simulation period,
with slightly greater alum application at the higher demand levels of the 2012-2017 demand
scenario than the current demand scenario. Similar to alum treatment days, operation of the
Waste Channel alone provides a modest incremental reduction in total mass of alum relative to
the baseline: ~8% at 250 mgd max flow and ~25% at 800 mgd max flow.

As with alum days, Catskill Aqueduct flow reductions are required to substantially reduce the
total mass of alum relative to Baseline Operations. The Stop Shutter and Shaft 4 alternatives
reduce the total mass of alum by approximately 85% and 95% under the 2012 — 2017 demand
and current demand scenarios, respectively. Operation of Shaft 4 in conjunction with Stop
Shutters and Waste Channel 250 max flow provides a modest incremental reduction in alum
mass compared to operation of Shaft 4 alone. When Shaft 4 is operated in conjunction with Stop
Shutters and Waste Channel 800 max flow, no alum treatment days are predicted, and
consequently the predicted mass of alum applied is zero.

10,000 m 2012-2017 Demand = Current Demand
9,000 -
8,000 -
7,000 -
6,000 -
5,000 -
4,000
3,000 -
2,000 -
1,000

0 4

Total Alum Mass (tons)

Baseline WC250 WC800 StopShutters StopShutters StopShutters Shaft4 Shaft 4 Shaft 4 Shaft 4
WC250 WC800 StopShutters StopShutters StopShutters
WC250 WC800

Figure 3-3:  Total Mass of Alum Applied (2012-2017 and Current Demand)

3.23 CATIC Turbidity

For the majority of the simulation days, there is no substantive difference in Catskill turbidity
levels entering Kensico Reservoir (CATIC) among alternatives: for all alternatives and both
demand scenarios, at least 93% of the simulated days are below the 8 NTU turbidity threshold
(see Figure 3-4 and Figure 3-5). This is as expected, since turbidity is only a major concern
during and following major storm events, which only occur roughly 10% of the time over the
simulation period.

During turbidity events, predicted CATIC turbidity data falls into two distinct groups. The Shaft
4 alternatives provide notably greater reductions in CATIC turbidity levels than do the remaining
alternatives. This reflects the fact that with the Shaft 4 alternatives, the Ashokan diversion is
reduced to zero or very low levels during turbidity events, and 300 mgd of low turbidity

41



Delaware water is transferred into the Catskill Aqueduct. For the Baseline, Waste Channel, and
Stop Shutter alternatives, it is assumed that a minimum Catskill Diversion is maintained at all
times (275 mgd for Baseline and Waste Channel, 50 mgd for Stop Shutters), and CATIC
turbidity levels are consequently higher. It should be noted that though the predicted CATIC
turbidity levels for Stop Shutters are similar to the Baseline and Waste Channel alternatives, Stop
Shutters have a lower minimum Catskill diversion, so the CATIC turbidity load is also lower.

3.24 CATLEFF Turbidity

Cumulative distribution functions of predicted turbidity levels in diversions from Kensico
Reservoir via the Catskill Aqueduct (CATLEFF) are presented in Figure 3-6 and Figure 3-7 for
the 2012 — 2017 demand scenario and current demand scenario, respectively. Since alum is
added to maintain low diversion turbidity levels, the probability distributions of CATLEFF
turbidity vary little between alternatives. For all alternatives, roughly 60% of diversions are
predicted to be less than 1 NTU, and 90% are less than approximately 1.5 NTU. The maximum
predicted diversion turbidity is less than approximately 4 NTU for all alternatives.
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3.3  Model Sensitivity Testing

Additional analyses were conducted to examine the sensitivity of model performance predictions
to changes in model parameters. Select alternatives (Table 3-3) were evaluated to test sensitivity
to turbidity input specifications as follows:

= Delaware Turbidity Levels: evaluation of the sensitivity of Kensico W2 model CATLEFF
turbidity predictions to elevated turbidity levels in diversions from the Delaware system.

= FEsopus Creek Turbidity — Flow Regression: evaluation of the sensitivity of alum day/alum
mass predictions to turbidity levels in Esopus Creek.

Table 3-3:  Matrix of Model Simulations for Sensitivity Analysis

Operating Rules

Alternative Baseline Sto Waste
Operation Shaft 4 Shuttzrs Mcar:(a(nn?geld)

Historical Rondout Turbidity

Baseline Operations v

Shaft 4 + Stop Shutters + Waste Channel 800 4 4 800

Phase |1l Turbidity-Flow Regression

Baseline Operations v

Waste Channel 250 250

Waste Channel 800 800

Shaft 4 v

Stop Shutters v

Shaft 4 + Stop Shutters 4 4

Shaft 4 + Stop Shutters + Waste Channel 250 4 4 250

Shaft 4 + Stop Shutters + Waste Channel 800 v v 800

3.3.1 Delaware Turbidity Levels

Though the Delaware system is much less susceptible to turbidity issues than the Catskill system,
large storm events can lead to modest increases in turbidity in diversions from the Delaware
system into Kensico. There is no mechanistic representation of Delaware system reservoir water
quality in the OASIS-W2 model, so in the model turbidity levels in Delaware Aqueduct water
flowing into Kensico are derived from a recurring pattern based on historical (1987 — 2008)
monthly average turbidity levels at DEL17 (Figure 3-8).

Since the pattern is based on average values, it does not reflect the elevated Delaware diversion
turbidity levels that occasionally do occur. Of particular concern are concurrent turbidity events
in the Delaware and Catskill systems, which could give rise to elevated CATIC turbidity (when
Shaft 4 is in operation) and Kensico diversion (CATLEFF/DEL18) turbidity. In order to test the
impacts of Delaware System turbidity on CATIC and CATLEFF turbidity, the seasonal
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Delaware turbidity pattern in the OASIS-W2 linked model was replaced with available historical
(1996-2008) Rondout diversion turbidity data (Figure 3-9).
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Figure 3-8: Rondout Turbidity Seasonal Average Pattern
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Figure 3-9:  Rondout Turbidity Historical Data (with Seasonal Average Pattern)

OASIS-W2 linked model simulations with the historical turbidity time series were tested using
Baseline Operations and the Shaft 4 + Stop Shutters + Waste Channel 800 mgd combined
alternative, both at the 2012 — 2017 demand scenario, for a simulation period of 1/1/1996 —
9/30/2008. The Shaft 4 + Stop Shutters + Waste Channel 800 mgd combined alternative relies
heavily on Shaft 4 for turbidity control during 3 turbidity events in 1996, 2005, and 2007. During
each of these events, historical Rondout turbidity is relatively high compared to the seasonal
pattern (Figure 3-9). Despite this, the results demonstrated little impact on turbidity levels at
CATIC when using the Shaft 4 interconnection, and no impact on alum days (data not shown).

In contrast, simulations indicate that CATLEFF turbidity has greater sensitivity to Delaware
Aqueduct turbidity levels. Figure 3-10 and Figure 3-11 show cumulative distributions of
CATLEFF turbidity for the simulations using the seasonal average Rondout turbidity pattern and
the simulations using the historical Rondout turbidity time series, for the Baseline Operations
(Figure 3-10) and the Shaft 4 + Stop Shutters + Waste Channel 800 mgd combined alternative
(Figure 3-11).

For both the Baseline Operations and the combined alternative, the top 20% of predicted
turbidities are up to 1 NTU higher with the historical data than with the seasonal pattern. Using
historical Rondout turbidity levels, the maximum predicted CATLEFF diversion turbidity
increases from ~3 NTU to ~4 NTU under Baseline Operations, and from ~ 2.5 NTU to ~3.5
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NTU under the Shaft 4 + Stop Shutters + Waste Channel 800 mgd alternative. This indicates that
the occasional variability in Delaware turbidity levels should be accounted for in simulations that
focus on Kensico diversion turbidity performance. It should be noted that the maximum
predicted diversion turbidity using the historical data never exceeded 4 NTU.

= Baseline (Pattern) = Baseline (Historical)
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Figure 3-10: Sensitivity of Kensico Diversion Turbidity to Rondout Turbidity:
Cumulative Distribution Function of Baseline CATLEFF Turbidity
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Figure 3-11: Sensitivity of Kensico Diversion Turbidity to Rondout Turbidity:
Cumulative Distribution Function of Shaft4 + Stop Shutters + WC 800 CATLEFF
Turbidity

3.3.2 Esopus Turbidity-Flow Regression

During large storm events, Esopus Creek is a major source of turbidity to the Catskill System. A
historical record of Esopus Creek turbidity does not exist at adequate length to be used in the
OASIS-W2 linked model. In place of a historical record, previous studies have developed
empirical regression relationships using historical flows and available turbidity observations.
This section focuses on sensitivity testing of predicted results on the assumed Esopus Creek
flow-turbidity relationship.

Empirical flow-turbidity relationships were developed under the Phase III Catskill Turbidity
Control Study and presented in the Phase Il Implementation plan. The most statistically robust
relationship, the Best Fit Deterministic (BFD) regression, was used to calculate turbidity in
Esopus Creek in the OASIS-W2 linked model simulations presented in Section 3.2. This section
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describes simulation results using an alternate relationship developed in the Phase III work,
denoted here as the “Phase III” regression.

While there is much uncertainty and variability in the actual flow-turbidity for any given event,
the BFD regression represents the superior relationship in that it accounts for event-specific
characteristics that are not present in the Phase III regression. Thus, the BFD regression was used
to draw conclusions in this study regarding the relative effectiveness of turbidity control
alternatives. Nonetheless, the Phase III regression provides useful feedback on the extent to
which the relative effectiveness of alternatives is affected by the flow-turbidity loading
relationship.

Both the BFD and Phase III regressions use Esopus Creek stream flow to estimate turbidity.
However, the regressions were developed using different methods and generate non-trivial
differences in estimated turbidity based on the same flow rate. The BFD regression was
developed by back-calculating a regression curve using the validated W2 model and the
historical diversion turbidity data. This inverse loading method takes advantage of parameters
that are known with a higher degree of certainty (i.e. observed diversion turbidity and the
validated W2 turbidity submodel coefficients) to help estimate parameters with greater
uncertainty (i.e. Esopus Creek turbidity levels during unmonitored peak events). The BFD
regression is separated into three equations (low, medium and high) based on the following flow
regimes:

* High range: Qp> 200 m*/s (4,565 mgd)
*  Medium range: 100 m*/s < @p<200 m’/s
* Low range: Qp< 100 m*/s (2,282 mgd)

When the regression is applied in the OASIS-W2 linked model, the flow dictates which BFD
equation is applied. For example, if the observed flow (at a given time step) is 5,000 mgd, the
high range equation is used to estimate turbidity. The three BFD regression equation curves are
plotted in Figure 3-12.

The Phase III Esopus Creek turbidity-flow relationship is a regression developed using
instantaneous flow and turbidity data. However, OASIS-W2 simulations use daily average flow
data, thus to avoid statistical bias, a second regression was developed to convert instantaneous
turbidity to flow-weighted daily average turbidity. This expression was based on the ratio of the
daily turbidity load calculated using instantaneous flows to the daily turbidity load calculated
using average daily flows. The adjusted regression was used to develop a time series of Esopus
Creek flow-weighted daily average turbidity. Given the same flow rates, the Phase I1I regression
generally predicts higher turbidity levels than the BFD regression, thus it may be considered to
provide conservative (high) estimate of potential turbidity loading to Ashokan from Esopus
Creek. Both regressions are shown in Figure 3-12.

In applying the Phase III regression to the OASIS-W2 linked model, the magnitude of alum
addition days and alum mass applied more than tripled compared to the BFD regression due to
the fact that the Phase III regression adds more turbidity at higher flow rates. As noted above, the
BFD is the more statistically robust, superior relationship. However, it is still associated with
substantial uncorrelated uncertainty (i.e., the scatter in the observed data in Figure 3-12). Further,
despite the differences in absolute values, the relative performance of the turbidity control
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alternatives did not change. Figure 3-13 and Figure 3-14 compare the total simulated alum days
and alum mass applied between the Phase III and BFD regressions for each of the turbidity
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Figure 3-12: Esopus Greek Turbidity-Flow Regressions: Phase |/l and BFD

** Combined Stop Shutter + Waste Channel alternatives not included in this analysis.
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SECTION 4: SUMMARY OF FINDINGS

This section summarizes findings from the analyses of the following proposed action
alternatives:

= Ashokan Waste Channel (250 mgd and 800 mgd maximum flow)
= (Catskill Aqueduct Stop Shutters

= Shaft 4 interconnection

= Combined alternatives

The turbidity control performance of these alternatives was evaluated with respect to CATIC
turbidity, CATLEFF turbidity, alum treatment days, and mass of alum applied. This section
focuses on the alum treatment performance measures.

41 Ashokan Waste Channel

The Ashokan Waste Channel alternative consists of releases from the West Basin in anticipation
of, or during, turbidity events. The Waste Channel was evaluated at two maximum flow rates,
250 mgd, considered to represent the current practical operating rate, and 800 mgd, which is the
effective hydraulic maximum under routine operating scenarios following valve improvements
(completed in 2010) and other efforts.>

Operation of the Waste Channel for turbidity control at flow rates up to 250 mgd made relatively
modest improvements over Baseline Operations:

Table4-1:  Summary of Ashokan Waste Channel (Max Flow 250 mgd) Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 735 (3.3%) 5%
Alum Mass (tons) 8,320 8%
Current Demand
Alum Days (% of total) 717 (3.2%) 6%
Alum Mass (tons) 8,174 9%

Waste channel operation at flow rates up to 800 mgd was more effective at limiting turbidity
transfer from the West Basin to the East Basin during major storm events, protecting the East
basin, and reducing the duration of alum treatment events:

3% Operation of the Waste Channel is currently constrained by flooding impacts on the Ashokan Field Campus. DEP
acquired low-lying portions of the AFC in 2008, and is proceeding with demolition/restoration effort under a design
contract that is expected to commence in January 2011. Design for the demolition of the AFC is planned to be
complete in October 2011, and construction is expected to commence in October 2012.
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Table4-2:  Summary of Ashokan Waste Channel (Max Flow 800 mgd) Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 614 (2.8%) 21%
Alum Mass (tons) 6,754 25%
Current Demand
Alum Days (% of total) 618 (2.8%) 19%
Alum Mass (tons) 6,830 24%

4.2 Catskill Aqueduct Stop Shutters

During turbidity events, Stop Shutters may be installed in the Catskill Aqueduct to reduce the
minimum diversion through the Catskill Aqueduct, reduce the turbidity load transferred to
Kensico, and limit the frequency of alum treatment events. Stop Shutters performance is limited
in the model by a 50 mgd minimum Ashokan diversion and an assumed 2-day installation lag
time. Installation and removal of stop shutters is in practice a complex operation, though facility
improvements could potentially improve DEP’s ability to implement this practice and reduce the
minimum Ashokan diversion. Under current assumptions, the Ashokan diversion reductions that
are possible when stop shutters are installed provide a significant improvement over Baseline
Operations, and substantially reduce the expected duration of alum treatment events relative to
Baseline Operations. Key results are presented below for both the 2012 — 2017 and current
demand scenarios:

Table 4-3:  Summary of Catskill Aqueduct Stop Shutter Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 208 (0.9%) 73%
Alum Mass (tons) 1,440 84%
Current Demand
Alum Days (% of total) 105 (0.5%) 86%
Alum Mass (tons) 486 95%

4.3 Shaft 4 Interconnection

During Catskill turbidity events, the proposed Shaft 4 connection between the Catskill Aqueduct
and the Delaware Aqueduct could be operated such that Ashokan diversions are eliminated or
minimized and outside community demands are met using Delaware Water. Because the Shaft 4
operating rules in the model assume no lag time for operation of the connection, and no
minimum Ashokan diversion, the Shaft 4 connection is predicted to provide slightly better
turbidity control than Stop Shutters. The Shaft 4 alternative is predicted to eliminate all but one
alum treatment event in the simulation period. Key results are presented below for both the 2012
—2017 and current demand scenarios:
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Table 4-4:  Summary of Shaft 4 Connection Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 138 (0.6%) 82%
Alum Mass (tons) 1,682 81%
Current Demand
Alum Days (% of total) 31 (0.1%) 96%
Alum Mass (tons) 355 96%

4.4 Combined Alternatives

Five combined alternatives were considered for RTC-08. Overall these combinations displayed
the best simulated performance compared to the Baseline Operations.

441 Stop Shutters + Waste Channel

Operation of the Waste Channel at rates up to 250 mgd in conjunction with Stop Shutter
installation was predicted to provided little or no incremental benefits over Stop Shutters alone
(Table 4-5).

Table 4-5:  Summary of Stop Shutters + Waste Channel 250 Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 206 (0.5%) 73%
Alum Mass (tons) 1,385 85%
Current Demand
Alum Days (% of total) 108 (0.5%) 86%
Alum Mass (tons) 596 93%

Operation of the Waste Channel at rates up to 800 mgd in conjunction with Stop Shutter
installation was predicted to provide substantial control over all major alum treatment events
(Table 4-6). The duration of the predicted alum treatment events for this combined alternative
days ranged from two to twelve days.

Table 4-6:  Summary of Stop Shutters + Waste Channel 800 Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 63 (0.3%) 92%
Alum Mass (tons) 284 97%
Current Demand
Alum Days (% of total) 63 (0.3%) 92%
Alum Mass (tons) 278 97%

4.4.2 Stop Shutters + Shaft 4

Due to the relative ease of operating Shaft 4 versus installing Stop Shutters, Shaft 4 is operated
more often than Stop Shutters in this combined alternative, and alum treatment day performance
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is essentially the same as that of Shaft 4 alone. Under conditions when system demand and
Ashokan turbidity levels are such that alum treatment cannot be readily avoided (Section 2.4.4),
this combined alternative allows for reduced alum usage relative to Shaft 4 alone. Key results are
presented below for both the 2012 — 2017 and current demand scenarios:

Table4-7:  Summary of Shaft 4 + Stop Shutters Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 143 (0.6%) 82%
Alum Mass (tons) 1,219 87%
Current Demand
Alum Days (% of total) 28 (0.1%) 96%
Alum Mass (tons) 291 97%

4.4.3 Stop Shutters + Shaft 4 + Waste Channel

At a maximum Waste Channel flow rate of 250 mgd, performance of this combined alternative is
essentially the same as that of Shaft 4 alone:

Table 4-8:  Summary of Stop Shutters + Shaft 4 + Waste Channel 250 Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 129 (0.6%) 83%
Alum Mass (tons) 1,063 88%
Current Demand
Alum Days (% of total) 24 (0.1%) 97%
Alum Mass (tons) 299 97%

At a maximum Waste Channel flow rate of 800 mgd, this combined alternative is not predicted
to require alum treatment (Table 4-9). This is achieved by reducing the minimum Ashokan
diversion (i.e. Shaft 4), and by protecting the East Basin (i.e. Waste Channel operation), such
that when Catskill water is needed, the diversion rates and turbidity levels are low enough to
avoid alum treatment.

Table 4-9:  Summary of Stop Shutters + Shaft 4 + Waste Channel 800 Performance

2012 — 2017 Demand Reduction relative to Baseline
Alum Days (% of total) 0 (0%) 100%
Alum Mass (tons) 0 100%
Current Demand
Alum Days (% of total) 0 (0%) 100%
Alum Mass (tons) 0 100%
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45 Conclusions

The simulation results presented in this report indicate that several alternatives for improved
turbidity control in the Catskill system, including Ashokan Waste Channel operation, Catskill
Aqueduct Stop Shutters, and the Catskill - Delaware Shaft 4 connection, can substantially reduce
the expected frequency of alum treatment relative to Baseline Operations. All simulation results
presented in this report were conducted using the linked OASIS-W2 model under planning
scenarios that include operation of the Croton Treatment Plant, in-City demand levels of ~1000 —
1100 mgd, and all system components in service.

Operation of the Waste Channel in and of itself does not provide dramatic turbidity control
benefits. However, it can be effective (particularly at higher flow rates) at reducing turbidity
loads to the East Basin and thereby allowing East Basin turbidity levels to return to normal levels
faster following a storm event. The performance of Waste Channel operation depends in part on
release capacity, and in part on operating rules. The current Waste Channel operating rules are
considered sound and effective, though it is expected that they could be refined in practice
subsequent to development of the Operations Support Tool.

Catskill flow reduction alternatives (Stop Shutters, Shaft 4) are critical to controlling turbidity
loads entering Kensico, reducing the frequency of alum treatment, and reducing the amount of
alum applied when alum treatment is required. These alternatives are predicted to fully or nearly
control almost of the major turbidity events in the 61-year model simulation period.

Routine deployment of Stop Shutters under elevated (greater than approximately 18 NTU)
turbidity conditions is predicted to provide a reduction in the overall number of alum treatment
days that is less than but roughly comparable to that of Shaft 4. With Stop Shutters a number of
relatively short duration (i.e. 2 — 10 day) alum treatment events are predicted to occur, associated
in large part with the lag time and minimum flow assumptions in the model. Aside from these
simple approximations, the model simulation results do not account for the actual operational
effort or complexity associated with installing and removing stop shutters under either existing
or upgraded facilities.

Transfer of Delaware water to the Catskill Aqueduct via a Shaft 4 connection is predicted to
control nearly all the turbidity events in the 61-year hydrologic record used for the current
simulations. The Shaft 4 operating rules developed and applied in the model are designed to
minimize alum treatment and are expected to characterize overall turbidity control potential, but
could potentially be further refined as design of the facility advances.

Operation of Catskill flow reduction alternatives (Stop Shutters, Shaft 4) in conjunction with

operation of the Waste Channel at rates up to 800 mgd was predicted to eliminate the need for
alum treatment for all turbidity events in the 61-year model simulation period.
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APPENDIX: ANNUAL ALUM RESULTS FROM MODEL SIMULATIONS
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Figure A-1: Current Conditions, BFD Regression
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Figure A-2: Baseline, BFD Regression, 2012-2017 Demand
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Figure A-3: Waste Channel (250 mgd Capacity), BFD Regression, 2012-2017 Demand
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Figure A-4: Waste Channel (800 mgd Capacity), BFD Regression, 2012-2017 Demand
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Figure A-7: Stop Shutters + Shaft 4, BFD Regression, 2012-2017 Demand
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Figure A-8: Stop Shutters + Shaft 4 + Waste Channel (250 mgd Capacity), BFD

Regression, 2012-2017 Demand
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