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Summary

This Technical Report describes the methods used to develop a simulation model of San
Franciscoods w a tbailt for sthe pLpnigTyerm S/ylreralality Assessment and
Adaptation Planning for the San Francisco Public Utilities Commission (SFPUC) Water Enterprise
(Vulnerability Assessment). The model, called the San Francisco Water System Model (SFWSM),
consists of scpts and data designed to simulate the operations of the SFPUC water system under
a range of environmental, policy, and other conditions. SFWSM simulates operations at the daily
timestep using linear programmiubgsed simulation. It includes all major irdtaucture between

and including reservoirs and demand centers. Demand centers include all whokdsile
customers in San Francisaadlarge suburbaretail customers of SFPUC, including each of the

27 Bay Area Water Service Contract Association (BAVWpCustomers and smaller suburban
retail customersAgricultural demand fofurlock and Modesto Irrigation Distric($ID and MID)

through the canalss included in the modelModelled operations include reservoirs, water
deliveries, instream flowequirements, hydropower, water treatment quantity, groundwater, and
numerous supporting programs and projects (the Water Bablon Pedro (Water Bankjhe

Upper Tuolumne River Ecological Program, the Alameda Creek Recapture Project, etc.). Water
quality is not currently represented. This report describes modeling goals, modeling scope,
generalized modeling framework, included system infrastructure, operations simulation methods,
and model validation. It also identifies limitations as needed.
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1 Introduction and overview

1.1 Background and mtivation

TheSan Francisco Publ i c Uoperatesthgetc bletchnyi Regianad n 6 s (
Water System (RWFigurel) to deliver fresh water to ov@r7 million people within the counties

of San Francisco, San Matéganta Clara, Alameda, San Joaquin and TuoluQlwate change

and other changing conditions may jeopardize the future abilitheoRWSt 0 me et SFPUC
desiredvater supply performance targel® help address thioncern SFPUC partnered with the
University of Massachusetts Amherstelp identify key vulnerabilities of the RWS to long term

change in climate and other conditions, under a project cdieedLong-Term Vulnerability
Assessment and Adaptation Planning for St UCWater Enterpris&(LTV A or Vulnerability
Assessment) The objective of the LVTA is, in part, todesign and execute an exhaustive
vulnerability assessment that provides a comprehensive understanding of the expected water
system performance reiae to goals and expectation$ the system. The general approach to
achieve this objective, as outlined in the LTVA Detailed Analytical Plan, is to develop a suite of
interconnected computer models and supporting analytical modules representing important
processes involved in the logrm planning of RWS and to then use them along with a scenario
discovery approach to quantitatly assess system vulnerabili§ne of these models ia
simulationmodelof theRWSthat can mimi¢he response of the phyalstorage, distribution and

treatment system toperational drivers and constraingsich asnflow hydrology, water demand,
operational policy, and so oBuch a simulation model can then be uselelp assess the Ign

term vulnerability of the SFPUC W& Enterprise tdong term changes iolimate conditions,

water demand, and policy drivessth respect to water system operations

SFPUCcurrently uses simulation modedf theRWScalled the Hetch HetchylLocal Simulation
Model (HHLSM or HHLSM), developedoriginally with Fortran and lateconverted to
ExcelVBA (SFPUC, 2009a)HHLSM uses a monthly time steyith five delivery regionsThe
monthly time step of HHLSM maa limits the ability tol) represent the currenperation®f the
different reservoirs thatomprisehe SFPUC systerfe.g. timing and volume of uncontrolled spill)
and?2) evaluate the effestofclimate change (e.gshifts in the timing of runofénticipated with a
warmer temperatuy®n the system performancehdcoarsespatial scope also prevents evaluating
the effect of changes on specific wholesale customerandhieationof the new model described
here is to resolve these constrainitsadlition to generally updating the modeling approach for
use in thee TVA.
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Figure 1. Schematic of the SFPUC Hetch Hetchy Regional Water System

1.2 Modeling goals and objectives

Generally, the broader goalstbkwater system model ate:

Support the goals @dhe Vulnerability Assessment

0 Simulate (represengystem operations under differatitnate, demand and operational
assumptions

Have atansparentreadableode baséo facilitate transfer t&FPUC personndor
furtherimprovements/modifications

Bereasonably fasto account for a largeumberof scenarios otlimate, demand
regulationsand infrastructureutage events

O«

O«

O«

To inform the Vulnerability Assessment, the maimposeof the water systermodelis to evaluate
theimpact on water delivery reliability and other metrics with variations in hydrologic conditions,
level of water demand, system configuration (shutdowns, outages, new projects, etc.) and various
management policiesith greater detail and accuratlyan ispossble in the existing HHLSM

model.

The water system model scope and approach are described generally here, with a more detailed
description below.

1.3 Water system model scope

The water system modelescribed herés further denoted athe San Francisco War System
Model (SFWSM). ltincludes a more detailed representation of system facilitieHH&SM and
operates at the daily time stdablel lists key differences between HHLSM and SFWSBAch
of S F RBMBdesale customers and the City of San Francisco are inclodediotal of 27
primary delivery points_arge siburban retihcustomers are also includddostimportantsystem

5



facilities areincluded (e.g., reservoiragueductsreatment plants, pump stations, etc.), with some
aggregation/simplification aseeded and abléo reduceboth computation timeand model
developmentime. For example, this aggregation applies to several parallel pipelines or tunnels
such as for San Joaquin Pipelines, the Irvington Tunnels or the Bay Division PipEteekily

time step was selected based on both the need for greater dettik asldtively fast speed of the
modeling framework, described below.

Aside from thes@bove componentshe following specific operational aspewatsreidentified as

important o i ncl ude in the system model 6sss represen
0 Urban water deman(@etail and wholesale customers)
0 Agricultural canal diversionso Modesto and Turlock Irrigation Districts
0 Hydrology

O«

Reservoir operations
Instream flow requiremenendUpper Tuolumne River Ecological Programowmelt
spill management
Drought policy
Specific supporting programs and projects, including:
3 Water Bank
3 Alameda Creek Recapture Project
3 Regional Groundwater Storage and Recovery Project
3 San Francisco Groundwater Project
0 Streamflow forecast to operatedmgpower generation dminimize spills

O«

O¢ O«

Infrastructure include Don Pedro Reserv@irnot strictly partof the RWSd to model canal
deliveries © Modesto and Turlock Irrigation Districts, who haenioritywaterrightscompared
to SFPUC for water from the Tuomne River, andor compliance with flow requirements
downstream of DoRedro.

Importantoperational policies related to water quantity are includ&FwSM(e.g.,iwat er f i r s
power semergemcystorage for South East Bay (SEB) and PeninsWi§ (B@ions; filling

of San Antonio reservoir prior San Joaquin pipelisiest downfor maintenance)as appropriate

for the spatial and temporal scaperealistically represent system operatidtiswever, HHLSM

includes some optional operations that matybe of importance for tHeTVA (i.e., Lower Cherry

Aqueduct and treatment of Hetch Hetchy water at SVWTRe inclusion of these operations

couldbe added to SFWSM neededn the future

Inputs to and outputs from SFWSM are summarizeéigure 2. Inputs to the system model
include a range of parameters related to initial conditions (reservoir storage, groundwater storage,

! Treament of Hetch Hetchy water at SVWTP occurs when water quality at Alameda East Portal does not meet
filtration avoidance specificationshis operation is not included in validation or base case models but is added for
studying infrastructure outage events



etc.), boundary conditions flow hydrology, water demand, etc.) and operating rules (drought
policy, flow requirements, reserv@rreferred storage levelstc.).

Outputs include reservoir state (storage for reservoirs, the water bank, and groundwater), system
flows in conveyances {pelines, etc.) and other facilities (e.g., water treatment plants and
hydropower plants) and deliveries (to water customers, instream flow requirement locations, etc.).
Technically, deliveries are a subclasdlows sinceany delivery is recorded as @ through a
delivery point. Each of the outputs listedRigure2 are time series. Aggregated outputs, such as
performance metrics and policy violation checks, can be calculated from these model outputs.

Inputs Outputs
Initial conditions San Francisco Water Reservoir state
* Reservoir storage * Reservoir storage
* Groundwater storage System Model * Water bank storage
* San Joaquin Valley Index (SFWSM) * Groundwater storage

System flows

* Pipelines/tunnels
|::> * Rivers

* Water treatment plants
* Hydropower plants

Boundary conditions
* Inflow hydrology

* Waterdemand |::>

e Climate/Weather

Generalized
model logic
¢« CSVfiles

JSON files

Operating rules * Pumps

* Rationing during drought

* Flow requirements Deliveries

* Flood control * Deliveriesto customers
* Hydropower generation * Instream flow

* Forecast-based operations requirement deliveries
* Reservoir guide curves * Delivery deficits

Figure2. Inputs to and outputs from the San Francisco Water System Model.

1.4 Modeling approach

The core modeling approach of SFW$Mo usea linear programmin@_P) optimization model

run anew each time step. The objective ofltRenodel is b minimizethe overallcost associated
with water that flows or is storedithin the systemn each time stepsubject to a variety of
constraints that represent infrastructure capaditeservoir capacity, pgine capacity, etc.) and
initial and boundary conditions (initial reservoir storagesferred storage levefer reservoirs,
inflow to reservoirs etc.) and operational objective®perational objectives are achieved by
assigningninimum and maximum flownd storage to each flow point and reservoir, respectively,
as well as relaterklative costsof flow/storage using a variety of input methods and valudss
report describes these methodsandvales. not e her e t hat ficcwiso,
below, are relative terms for simulation purposes, and do not have any monetary significance.
LP model is developedsing Pywr (Tomlinson et al., 2020)a generalized network resource
allocation model witen in Pythor(https://github.com/pywr/pywr
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https://github.com/pywr/pywr

1.5 Model versions

As developed for theTVA, SFWSMincludesthreeconfigurations: a planning versi@md two
validation versionsThe planning versiomtended for long term planning, represents current and
anticipated future infrastructure and operations, and includes input from simulated future time
series. In implementation, the planning version can be considered as the main version, as the
validation version generally operates by disabling certain newer/future infrastructure and
operationsThe planning version will be able to be modified to include adaptation actions in the
next phase of the studythe validation versios include one for validationf SFWSM with
historical observationsyhich omits some newer programs and policies and relies on historical
observed data for inptjtand one for validation witl version of HHLSMused for the Water
Supply Improvement Program Programmatic Environmentgbakct Report The validation
versions are described in the validation section (Section 4). Some important model limitations and
input biases that affect validation resulsg., biases in runoff from the hydrologic models
described in the main modekic description (Section 3).

1.6 Differences from HHLSM

Key differences between HHLSM and SFWSM are listeBablel. The two primary differences

are thespatiotemporal resolution and the modeling method. SFWSM includes a higher spatial
resolution than HHLSM, with all retail and wholesale customers represented explicitly, and
operates at the daily instead of monthly time step. The modeling metbptinszation through

linear programming, instead pfescriptive rulebasedsimulation.Another important difference

with HHLSM is the logic used to implement drought rationing. The logic used in SFWSM is based
on various trigger of Years of Remaining Supplyjalihs detailed further in Sectid3.5

Tablel. Key differences between HHLSM dmath planning and validation versions $FWSM.

Characteristic/component HHLSM SFWSM

Model platform/language Excel with VBA Python with Pywr

Model method Prescriptive rulebased Optimization (inear programming
simulation

Time step Monthly Daily

SFPUC customers Five demand centers 36 demand centers (26 wholesale

customers; City & County of SF; 9
suburban retail customers)

Seasonal water demand depends on Not included Included
air temperature

2 Some input time series, such as inflow to the reservoirs, are simulated time series forced by observed weather
conditions.



Demand rationing during drought Reductiongrigger for several Reduction trigger for several Years ¢

total system storage Remaining Supply (YRSSection
thresholds 3.3.5

5% minimum demand reduction for  Not included Included

SFPUC during drought rationing

Emergency storage in theBay Area Not included Included (120 dayby default; can be
adjustedl

Alternative supply (i.e., EBMUD and Not included Included

SCVWD)

Upper Tuolumne River Ecological Not fully included Included

Program

Rafting flows Not included Includedbut simplified(i.e., 9000
AF/month uniformly distributed
during June, July and August).

Anticipate SJPL maintenance by Not included Included

filling San Antonio with HH water

Evaporation over the reservoirs Not included Included

depends on the air temperature

Lower Cherry aqueduct Included (but never used)  Not included

Transfer from Alameda siphons to Included (but not significant Included only when running

SVWTP a2, 700 )MG/ y e a simulations that includes water

contamination of Hetch Hetchy wate

1.7 This document

The purpose of this report is to describe the modeling scope, approach and methods used to
simulate operations of the SFPUC water sydtarthe LVTA. Methods are described with enough

detail to give the namodeler and modeler alike a good understanding of the logic that drives the
model, but without a detailed description of actual code.

The modeling codewhich has been provided to SFRlUhdependently of this repoiity many

cases may be more detailed than what is described here in order to achieve simulation objectives.
Mo del code i sdogeamemalilnygofiselufch that mor e de
unnecessary. Furthermoregdeadancludes programmer comments as needed to explain further some
specific code logic.

Source data used in the model is included in this report as needed to document many of the policies
that were used to create SFWSM. In many cases, data used is dogXglieitly, but described
gualitatively and either depicted graphically
customers) or referenced needed



2 Modelingframework

2.1 Generaizedmodel logic

2.1.1 Theoretical basis

Models for simulating water systemsan be developed usingtrictly i itifenre | seo sty |l
simulationbased logicoptimizationbasedsimulationlogic, or some combination of the two. In a
traditional simulation approach, water system operations are represented using logic tadlyis bro
corsistent with the way wateystemsareusually @tually operated: wittogical rules, specified

usi nthenéili $ed style statements. For exampl e, A i
releasds Y o . HHL S Minisieh asvagy.tin an pptimizatiofbased approado simulation
suchasthatusedhere t he fAbest o water syisanggverospnalatiant i ons
time stepbased on minimizing the total cost (or maximizing the togaleft) of flow and storage
decisionsduring the time step subject to various management and physical constraasts
described further belowi Cost so in this context are relatiwv
water allocation operations, and not necessarily dollar valDpsmization may be sed for

simulation if the costébenefits)and constraints are setpsuch away tati o pt i mal 0 oper &
reflect actual operation$he choice of a relevant objective function and weights (costs) associated

with each decision variable allows mimickitige observed operationghe above example-then

|l ogic would still be relevant, but revised as
r el e a sdesiredsleadeds;expressed ggaameter to an objective function, while a capacity

on that release is defined as an operatiammalstraint, rather thaas a mathematical absolute

release

SFWSM uses the second approaghh humanreadable code used to define the inputs to a LP
optimization model Such an approach has been extensively deednodeling large water
resource systesnacross the world. Relevant examples @aSimtll (Draper and Darabzand,
2003) developed by the California Department of Water Resources (Dsvidjhe well-known
WEAP modeling platform(Yates et al., 2005poth of which use a custom prognaing/function
language to describe water system model logic

2.1.2 Linear programming (LP) model

The LP problemin SFWSM is formulatedwith Pywr (Tomlinson et al., 2020)a Python
programming language packaged for water system modeling described below. Pywr defines the
LP problemmost generallyas abenefit maximizatiomproblem, with an objective tmaximizethe

sum d flow andreservoir storagbenefitstimestherespeate relativemarginal (per unit volume)
benefitof flow and storageSemanticallyhowever, Pywr uses costs instead of benefits, such that
for the Pywr user the problem can be described as a cost minimization privtd#mematically

the LP problems defnedasan objective function to bainimized

10
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wherec is the objective function value,is any noderepresenting demar{de., water customers,
IFR locations, etc,) is reservoir Cy is marginal(pervolume)cost offlow through node, Qn is
flow (i.e., delivery)at noden, C; is marginalcost of storage at reserveirandS is endof-time
step storage at reservoilGroundwater is considered as a resenFow and storage amecision
variablesfor the optimization problemMarginal benefit is simply negative cost, such that the
more negative the cost paramet€rsandC;, the more the LP model will try to send watte the
associated node atore water respectively.Constraints are used to represent infrastructure
capacities, mass balance through the system, physical proaedssstem management poligies
equations for these constraints are omitted here faitpr& he purpose of the LP optimization
modeb and, therefore, SFWSM simulation madgles$ to find the optimal combination @bw (in
nonstorage nodesand storagen each time step thahinimizesthe objective functiorvalue
subject to physical and operational constraints.

The variables in the equation above, as well as parameters in the LP ctssttshbe defined

in the model Thus, naximum and minimum flow constraints and associated costs (if any) are
assigned tdemandcenters (i.e., retail and wholesale customarsjream flow requirement (IFR)
locations,pipelines and other facilitiesCosts for desired water (e.g., delivery to customers) are
defined withnegativevalues (benefits), while costs for undesired wéeg., spill) are defined
with positive valuesReservois arealso assigned minimum and maximatarage leved and costs

of storageThe purpose of Pywidescribed belows to enablalefining these values, which may

be based on complex operational rutespugh an easy to read and easy to write syntax.

The above optimization isolved each time stepvith no consideration ofuture time steps
However, thenumeric value®f the LP constraints cabe generated via a script and, therefore,
possiblyaccountor othertime stegin the past (such as for tracking accumulated flow) or future
(such agor hydrologicforecasts Some LRparameters a@soupdated every time step to account
for changing conditionsr operating polices

One important limitation of linear programming is that, by definition, system behavior is
considered linear. This means, for example, thatribeginalbenefit of water deliveries is the
sameregardless of the amount delivered. In the case of deliveniesxample is accounted for

in real operations through drought reduction policies, whereby demand is reduced, and all reduced
demand is met. This is easily achieved in the model. Other cases are not so easily dealt with.
Specifically, for operationsonstaints that depend on reservoir storage, a small change in reservoir
storage can result in a dramatic switch from one flow value to another that might not reflect actual
practice. Other operations (e.g., hydropower generation) can also exhipihathing operations.

These issues can be accounted for to some degree through piecewise linearization of otherwise
nonlinear behavior. However, this necessarily increases computation time, countering one of the

11



main advantages of linear programming. In SFWSMcewise linearization is not used, to
prioritize speednd ease the calibration of the various costs through the system

2.2 Implementationwith Pywr

The above general logis implemented folSFWSM using Pywf, a tool designedby Atkins
consultingenginees and The University of Manchester agplecifically for simulating complex
water systems. Wi th Pywr, a water systembfs in
or more JSON (JavaScript Object Notation) files or Python code, or some combinéatierved.

JSON is a humareadable texbased format for describing data in keslue pairs and lists of
items. Since JSON ishoth somewhat more readable of the two code fornasus easier to
implement using Pywrthe model isas much as possible describgsing JSON, with more
complex policies written in Python. During each time step, Pywr converts JSON/Python code to a
lower-level LP problem formulation and passes this formulation to a more generic
computationally efficienLP solver. SFWSM uses GLPK ftine LP solver engine, a free and open
source LP solveffFree Software Foundation, 2014)

SFWSMitself is run as aingle Python script that 1dleclares custom Pywr parameterslo2ds
four JSON files into a Pywr mode3) runs the model, and) savegesults from the model.

Figure3illustrates through the example of a very simple model call with declaration of a simple

parameter. In this example, a p totoadngghe 8SONM d e ma |
file Asimple_example.jsono. This parnusilet er i s
declared prior loading the modelechnically, the python class defining the parameter

6demand_2 policydé is called at chlsseetlyd tvhicme st e
returns the output of the OMamrcampdnentsoftheiSOM N def
files is given |l ater in the sectFiguweh.,, and il 1 u

3 https://www.github.com/pywr/pywr
12



Figure 3. Example Pywr script that defines and registers a custom demand policy, loads a JSON file with detailed water system
model structure and information, runs the model, and saves the results to a CBMefiigthon class is calleevery time step by
the output

t he

The four JSON files consist of one JSON file for each of the three SFWSM geographic regions
(Upcountry, East Bay, and Peninsula), as well as an additionr@ ma st er 0
timestep, and systemide information.In addition to these files, comnszparated value (CSV)

files are used to stor@put time series and otheequireddata; these data are imported into

class demand 2 policy(Parameter):

def value(self, timestep, scenario index):
if self.model.nodes['reservoir 1'].volume > 800:
demand = 5
else:
demand = C

return demand

def load(cls, model, data):
return cls(model, **data)

demand 2 policy.register()

m = Model.load('simple example.json’)
m.run()

results = m.to dataframe ()
results.to_csv('../: :

mo d e |

via the 6l oaddé function

and

returns

J SON

SFWSM during modaehitialization. This general organization is depicted schematicalligare

4.
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Input files Model file Output files

UpCountry.json
——

Sunol.json
——

Peninsula.json model.py
L = =

System.json
—

Output CSV files

Input CSV files

Figure4. Schematic of the San Francisco Water System Model code and data orgarfiksiames are illustrave; actual
filenames differ from those shown here.

Several key Pywr concepts are worth noting. With Ryavwater system is defined as an
interconnected set of storage and 4storagenodes(e.g., reservoirs and demand centers), as is
typical for water spply systemmodels Storage nodes are the only ones capable of carrying water
from one timestep to anothéys there is no routing in Pywr, conveyance facilities (e.g., pipelines
and tunnels) are also represented as nodes in Pywr. Node connectivitpesl deiedges Each
node is supplied with information abquarameterswhich vary depending on the node type. The
function of parameters is ultimately to define the fundameuatameters used in the mathematical
formulation of theLP problem. Since it isefficient to store all information abosgystem state
during the simulationany value that should be saved as output must be declaretoiders

For illustration of the organization of the basics elements that compose the JSON files, a very
simpleexample water resource system written using the JSON syntax for Pywr is giigaria

5. Here, only the four main sections are provi
etc.) or water transfers(e.p.r eci pi tati on and evaporation over
nodes together; Aparameterso give informatio

fl owing through the specific nodes omuestalt er st
model outputs.
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"nodes™: [

{
"name": "reservolir 17,
"cype™: "storage",
"max volume": 1000,
"initial wvolume": 5

}r

{
"name": "upstream basin",
"type": "catchment™,
"flow": "inflow to reservoir 17

b,

{
"name™: "demand 17,
"Lype™: "output"™,
"max flow": 10,
"cost™: -1

b,

{
"mame™: "demand 27,
"Lype™: "ouput™,
"max flow": "demand 2 policy"™,
"cost™: -1

1

]f
"edges™: [
["upstream basin"™, "reservoir 17],
["reservoir 17, "demand 1"],
[Mreservoir 17, "demand 2"]
1,
"parameters™: {
"inflow to_reservoir 1": {
"cype™: "dataframe"™,
"arl™: "../data/flow/flow to reservoir 1l.csv",
"column™: "flow Res 17,
"index col™: "Date",
"parse_dates": truoe
}f
"demand 2 policy™: {
"type": "demand 2 policy™

be

"recorders™: {

"Reservolrl storage": |
"cype™: "numpyarraystoragerecorder™,
"node": "reservoir 1"

|

"Supply demand 1": {
"tyvpe™: "numpyarraynoderecorder™,
"node": "demand reservoir 1"

Figure5. lllustration of the organization of the water system using the JSON format for Pywr.
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Wat er system operations ¢ anbuilbie wattresystemirldes d U S i
specification/syntax, or by customizing each of nodes, parameters, and reasnagedditional
pythonscripts Somerepresentative x ampl es of Pywro6s functional.
organization scheme include:

1 Nodescan be created that represent aggregations of other nodes. This is useful, for
example, for aggregating all reservoirs to track total system stohageegated nodes
cannot be linked to the water system network.

i Virtual nodes can be created to traslater in accounting schemes. The Water Bank
(Section3.7.]) is represented as a virtual notlike aggregated nodes, a virtual storage
node cannot be linked directly the water system network.

1 Complex parameteithat depend on system state and time canrliten using the JSON
format (e.g.,control curve$, which dependn reservoir storagkvels or written with
scriptsin Python.Both approaches are used in SEM/

1 Custom recorders can be created to convert system state into an output parameter. In
SFWSM hydropower generation is tracked this way; flow through powerhouses is
converted via recorders to save energy generation as output.

For SFPUC personnehterested inmodifying the delivered SFWSM model we recommend
following first the Pywr tutorial lfttps://pywr.github.io/pywadocs/tutorial.htn)l and going over
the variousexamples of Pywr models available onlimecluding at:

1 https://github.com/pywr/pywr/tree/master/examples
M https://github.comApwr/pywr/tree/master/tests

3 Specific modeling logic

SFWSM includes representations of infrastructure configurations and capacities, as well as
infrastructure operationsdriven by management and policy objectivB®th are described
generally here.

3.1 Physial system

SFWSMinfrastructure is represented as an icdenected network &fywrnodeswhich represent

specific facilities (e.g., reservoirs and pipelinesjaturalinflow catchmentge.g., rivers), and
decision points (e.g., flow requiremdatations) In addition to physical features, the system, as
represented in Pywr, includes a wide range of nodes not typically represented as such that represent
physical processes (e.g., evaporatidime systemspanghe three geographic regions of SFRUE

water systemincluding theUpcountry, East BagSunol) and Peninsuleegions An overview of

“The term Acontrol curveo, gudsaeé i suleBijvévy , bo s hs g o mmyp mo u & d
ter ms. I n SFWSM, a dApreferred storage | evel d acts as a
type for modelling.
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the schematic of the system as modeled with Pywr is shoviaigre 6; a larger version of the
schematic is in Appendix |

Table2 summarizes théacilities included in SFWSM, including thespecificPywr node type

Note that somassetdave beemither aggregated, in the case of parallel conveyances (pipelines,
etc.), or omitted as able to reduce system complexity and minimize computatioAlsmesince
water quality is not simulated in this model, operations to discharge or treaftspecfication
water is not included in the model.

‘ » . ‘.
Upcountry _ = 7
- =
East Bay -

Peninsula

Figure 6. Overview of the chematic of the San Francisco Water System Model as represented inCRyliblue nodes are
reservoirs, light blue nodes are inputs, pink nodes are dengeedn nodes are instream flow requirements, and grey nodes are
everything elseA larger version of this schematic is in AppendiXadte also that the version of the schematics presented in this
report are obtained for the historical validation versiohnSFWSM. High resolution pdf for of the schematics for all versions of
SFWSM are provided to SFPUC.
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Table2. Infrastructure count and comments by modeled resource class (node or link) and resource type. For links, counts
include maleled serial segments, rather than actual parallel asset numbgueducts and siphons are lumped with pipelines.
Counts listed are subject to revision.

System component type | Comment Pywr node type
Demand Includes 27 wholesale customers, the Ci{ Output

and County of San Francisco retail
customer, other misc. retail customers, a
canal diversions foMID andTID.

Storage reservoirs Includes 4 Upcountry resources (includin Storage
Don Pedro), 2 East Bay reservoiss,
Peninsula reservoi@nd 2 City reservoirs
(University Mound andunseteservoirs)
Water Bank Water Bankat Don Pedro Reservas Virtual Storage
represented as a virtual storage node.
Watersheds Includes 4 Upcountry watersheds, 5 Eas| Catchment
Bay watersheds, and 6 Peninsula
watersheds

Treatment plants Includes Harry Tracy and Sunol Valley | Storage
water treatment plants (WTPs)
Hydropower stations Not explicitly represented; hydropower | Recorder
generation calculated from power tunnel
flows.

Instream flow requirementy Includes instream flow requirements belq Link
every major dam or diversidithe actual
IFRs that are consided within SFWSM
vary with the versionFor instance, there is
no IFR at Calaveras and ACDD tunnel fo
the historical validation, while these IFRS
are implemented in the HHLSM and
Planning versions. See Sectibfor the
detail of the considered IFR by each
SFWSM version.

Conveyances (pipelines, | Includes major pipelines, tunnels, Link
etc.) agueducts and siphons, aggregated as
needed to improveomputational
efficiency.
3.2 Costs

Because the model operates on a-basis, we note here some general principles related to
assigning costs, which indicate the overall priority of water allocatiaide3 lists costs assigned

to each of five major operational categories, including IFR, uncontrolled spill, controlled spill,
demand, and evaporation. The values listed indicatestlagioration (for which assigning cost is

a modeling technique rather than a vagbee s is prioritized over all other allocations, followed

by IFRs, cemandcontrolled spill,virtual waterand finally uncontrolled spill. In all cases except
uncontrolled spill and virtual water, costs are negative, representing a benefit. Deviations from
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these systenwide costs are described as needed for specific operational f@edsstance,
controlled spill can be modeled via a minimum flow constraint that takes positive values when
needed, and equals zero otherwise.

Table3. Systenwide coss for major operational categories, from lowest (most valuable) to highest cost.

Category Cost
IFR -100,000
Evaporation -1,000,000
Controlled spill -100
Demand -1000
Virtual Water 999
Uncontrolled spill 1,000

3.3 Systemwide policies

Operational driverare management objectives and constrafotsthe operation of the RWS
Specific modeling approaels for eachoperationaldriver are describeuh this sectionln some
cases, operational drivers have not been explicitly includ&FWSM. In such cases, the driver
is described briefly here, with additional commentary indicating why it was not incliitied.
detail of the modeling approach used depends ordtiver, and in some cases a policy is
implemented through operations of a speciéicility, described elsewhere. References to more
detailed modeling descriptions are provided as needed.

Operational objectives are ultimately manifestethia LP modehs parameters in a constraint or

the objective functionin some instances, the objective is represented in the LP model structure.
In other cases, the objective is represented as a function that is calculated to generate the
appropriate LRcost orconstaint How each operational objective or constraint affects the LP
model is noted.

The list ofmodeleddriversincluded herés from the HHLSM model and regular discussions
with SFPUCstaff.

3.3.1 Retail and wholesale water supply objectives

Water supply is theare business of SFPU@hich supplies water directly to retail customers in
the City and County of San FranciscGQSH and to regional wholesale customers, collectively
organized as the Bay Area Water Supply and Conservation Agency (BAWSG& )current
emphasis ofSFWSM s water delivery Water deliveries goals are to fulfil water demand, as
guantified in service contract@Nater Service Agreementd)etween BAWSCAwholesale
customers and SFPUC.
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Water deliveries are represented in the LP objective functiateasion variables. &livery is
constrained in the Pywmnodel formulation bya maximum allowable flovconstraintfor each
demand centerepresenting actual demar2hily demandor both retd and wholesale customers
arespecified as éime serieof numerical valuesThe calculation of this demand usesual and
daily time steps to refledbase and seasord@mand, respectively The method for calculating
demand is described below (Sectid).

3.3.2 Raker Act

The Raker Act of 1913 is the congressional legislation that authorized the construction of the Hetch
Hetchy water system. The Act contains several provisidnsh affectsoperation of the system,
summarized as fldws.No sale to private profit generating companies

Operationally, the SFPUC can sell a small percentage of its water to private comipaniss,
offset by use of local supplies to ensure those sales are not in extmsd ofatershed yieldn
practice, this means thaivdrsion from local watershedmust equalor exceeddelivery to
California Water Service (CWS)wherefdiversiord equalslocal watershed inflow less spdhd
managed releases (instream flow requirements and reservoir maintenance)r€l¥dsas the
only for-profit customer of SFPUCThis is not accounted for explicitly in SFWSNhough is
checked foduring model validatin.

Seniorright of Modesto and Turlock Irrigation Distric{811D and TID).

Theseirrigation districts have water rightthat are senioto those of SFPUC. TheRakerAct
specifies how much and wha@wolumne river flowsnust be available to MID and TI{District
Entitlements) On any given dayDistrict Entitlements consist of tHesserof 1) 2,416 cfs (June
14 through April 14) or 4,066 cfs (April 15 through June &8y 2) unimpaired flow in the
Tuolumne River at La Grangdhe implication is that water available to SFP{HGmM the
Tuolumne river(Water Available to the City, or WAGE any unimpaired flow at La Grange
(below Don Pedro) that is greater tHaistrict Entitlemaents.

Operationally, the senior water rights of MID and TID are implemented asgambination of
theWater Bankwhich offers storage space in Don Pedro to réstict Entitlements if water is
diverted in Upcountry reservojrand by setting a high cost MID/TID shortages, subject to
drought reductionsDiversions for irrigation do not necessarily equal entitlemesitsceactual
demand for agricultural water is sensitive to hydrologic conditions, a method was developed to
establish a relationship beten MID/TID surface watedemand and inflow hydrology, in turn a
function of climate. Both the MID/TIBsurfacedemand estimation methd8&ection3.4.1) and

Water Bak operationgSection3.7.1) aredescribed further below.

333 ahyS ¢NBIFGYSyld ttlyd wdzyyAy3a G 'ff ¢AYSacE

This objective requires that keast onavatertreatment planWTP) (i.e., Harry Tracy or Sunol
Valley WTP)is orine at all times, so that demandanalwaysbemet bytwo sourcesin practice,
this means thainetreatmenplant is off, the other must be on.
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This policy isimplicitly implemented inSFWSMvia aminimum flow constraint for the WTP
outflows If the minimum flow constraint cannot be satisfied, hagist virtual wate{see Section
3.3.1Q is supplied just beforthe WTPs to prevent SFWSM from crashiige virtual water for
WTPs are tracked in SFWSM

3.3.4 Emergency storage ithe Bay Area

To account for an unplanned outage of Hetch Hetchy supply or other failure (e.g., from seismic
activity), 120 days ofemergency resve supply must be kept irstoragein local (Bay Area)
reservoirsThe number of days of storage is a somewhat flexible policymhgatinever explicitly

stated or operated to. The Water Supply Improvement Program (WSIP), which mainly focused on
delivery rliability under seismic risk, assumed an interruption of Hetietthywater supply for

90 days. In 2015, before the inspection and repairs of Mountain TulBFPUC developed an
emergency response plan for an unplanned outage of Mountain Tunnel and used 180 days of
supply in storage by June 1 as a threshold to evaluate the sisktofailuré. For this model120

days was selected based on discussions witAUSFand inspection of historical Bay Area
reservoir storage, deliveries and refill operatidifee number of days for emergency storage is a
parameter that can be changsbilyin SFWSMyvia the JSON model filedPossible values for
emergency storage ararcently 30, 90, 120, 150 and 180 days, although this could be extended.

This policy is modeled by tracking storage in the Sunol Valley and Peninsula res@wbirSan
Antonio, Crystal Springs and San Andreas can be refilled using Hetch Hetchylirvaitgrof the
following conditions are met, then water from Hetch Hetchy Reservoir is used to fill San Antonio
Reservoir:

1) San Antonio Reservoir is less tha8000 AF(this threshold value is based on historical
observation of storage and refill operatigns)

2) Sunol Valley reservoirs (San Antonio and Calaveras Reservoirs) together have less than
120 days of supply for South and East Bay demand, or

3) A shut down for maintenance of the San Joaquin Pipelines is scheduled within 50 days

If Peninsulaeservoirs (Pilarcitos, San Andreas and Crystal Springs Reservoirs) together have less
than 120 days of supply for Peninsalad Citydemand (exclusive of South Bay demaritign
water from the Pulgas diversion is used to fill Crystal Springs Reservoir.

SPARSONSCH2 MHI LL, 2006. Facilities Sizing Re300rt. p.7 idtl
customer demands and maintain sufficient storage in Bay Area reservoirs in the event of an interruption of
Tuolumne River supply for up to 3 months. o0

8Nelson, C. and Dufour, A. to Ritchie S. Effects of Planned and Unplanned Outage of Mountaihahahidetch

Hetchy Supply on the Local System Reservoirs. Septembe
operated to maximize refill of Local System reservoirs. By June 1, which corresponds to the beginning of summer

delivery period, the tget is 90% chance of having 180 days of supply in storage in case of an unplanned outage of

the Hetch Hetchy supply. o

21



The assumption in the above logic is ttiet Sunol Valleyreservoirscover emergency reserves
for East Bay and South Bay customeshile Peninsula reservoirsover Peninsulaand CCSF
customersbased on discussions with SFRUC

3.3.5 Droughtpolicy

Allocation of shortagego retail andwholesale customers during droughts are determined by the
Water Shortage Allocation Plan described in the Water Service Agreement (WSA) between
SFPUC and wholesale customé®&-PUC, 2009b)The WSA defineshow shortages may be
imposed, including using eitheroluntary (preferable)or mandatory (i needed)reduction
measuresThe WSAdescribes hovghortages arallocated between SFPUC and the wholesale
customers as a group (Tier 1 spliBAWSCA developed a plan to allocate shortageong
wholesale customers (Tier 2 spli§hortages result in pexstage use reduction requirements on
the part of wholesale customéos shortages up to 20%0Fshortages in excess of 20%, the WSA
gives SFPUCsomediscretionary power to decide how to further allocate shortages on a per
drought basisHowever, the SFPO has avater supplygoal of not more than 20% rationing.
SFWSM, SFPUC demand is reducerimore than 20%. In this model, the rationing appliés-to

city retail customerandsuburban retail customers.

Demand reductionareaccounted for in the systemodelin threeparts.

1) Calculate reductiotargets This involves two parts:
a. Cdculateprojected water supply.
b. Use a lookup table to find demand reductions basqat@actedwater supply
value triggers
2) Calculate Tier Bplit based on the WSA.
3) Calculate Tier 2 split

This method for projecting water supply is not explicitly defined in the WSA, but is instead
descri bed ¢he deeermaatibnyof peogected évailable water supply shall consider,
among other things, stored water, projectemshoff, water acquired by the SFPUC from non
SFPUC sources, inactive storage, reservoir losses, allowance for carryover storage, and water
bank bal amcesBasiefd aomy&i scussions with SFPUC,
remaining in storage syemwide, including in the Water Bank, was selected as the projected
water supplymetricto usetotriggerd r ought rati oning. This is call
(YRS), and is calculated as:
WO U TYE OGO YD R O QQ

©Y Y TE sden Qo 01
Total active storage is total actual(.edeéadr age
pool volume) Total demand is calculated as:

"YE O@RAG QL QI W QO G QL QI'@OY  YQi Qi1 0¥ Qi
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where IFR is instream flow requirementsst to the systemOnly IFRs that areot recapturedy

a reservoidownstream are included the calculation (i.e., IFRs downstream Stone dam, Crystal
springs and Calaveras reservairgRS is calculated once per yean July 1, based on the
observedieliveryfrom the previous year (July 1 of the previous year through June 30 of the current
year). Thusjn the model,YRS is an approximate value basedtbe previous deliveriesather

than based odelivery and hydrobgic predictions for the year to com&he approach of using

YRS is different than HHLSM, which uses total system stotaggers However, total system
storage does not account for changing demand when projecting supply, and was therefore deemed
insufficient for modeling changes lang-termdemand, a critical component of th€VA.

Demand reduction factors and types (voluntary or mandatory) and their correspoR&itiggger
values are listed iffable4, alongwith Tier 1 splits andhe historical total system storaggger
values(in thousands of actieet, TAF)that were used to calculate the YRS threshditis. YSR
triggers were developed using HHLSM simulation results for WSIP 2018 with an annual demand
of 265 MGD.Both wluntaryand mandatoryeductions are modeled desmandeductions.

The Tier 1 split for allocating reductions (
Reduction Factor O 20%), then thePUCiaedr37% spl i
for wholesalecustomers. Otherwise, the splitis 62.5% for SF and 37.5% for BAWSCA customers.

Tier 2 splits are as listed Fable5. The splits among urbaand suburban customers are listed

Table6.

Table4. Demand reduction facto(®RF) with corresponding exceedance (inclusive) trigger Years of Remaining Supply (YRS)
thresholds and historical total system stogay Vol unt aryo reductions are assumed as man

Demand Hist. total
YRS trigger Reduction Tier 1 split system storage
Trigger (years) Factor Reduction type (Retail/Wholesale, %) | trigger (TAF)
Trigger 1 O 3.6 0% N/A N/A 1285
(groundwater use]
Trigger 2 3.41 10% Voluntary 37/63 1100
Trigger 3 3.14 20% Mandatory 37/63 900
Trigger 4 1.81 25% Mandatory 37.5/62.5 500

Table5. BAWSCA Tier 2 splits fatistributing Tier 1 droughtallocations

BAWSCA Customer Share
ACWD 7.6%
Brisbane GVMID 0.5%
Burlingame 2.9%
CCWD 1.2%
CWS Bear Gulch 6.5%
CWS MPD 8.1%
CWS South SF 4.6%
Daly City 2.7%
East Palo Alto 1.4%
Estero MID Foster City 3.2%
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Hayward 13.2%
Hillsborough 1.7%
Menlo park 1.9%
MID Peninsula WD 2.1%
Millbrae 1.6%
Milpitas 4.6%
Mountain View 6.2%
North Coast County WD 2.0%
Palo Alto 7.8%
Purissima Hills WD 0.8%
Redwood City 5.8%
San Bruno 1.5%
San Jose 2.1%
Santa Clara 2.1%
Stanford 1.5%
Sunnyvale 5.8%
Westborough WD 0.6%
TOTAL 100%

Table6 Urban and large swurban retail customers Tier 2 splits for distributing drought allocations. Contrary to BAWSCA Tier
2, these shares were estimated from historical supply (contribution of retail customer X divided by total retail demand)

Urban and suburban retail customers Share

San Francisco (CCSF) 94.8326%
lInl_site_300 1.013P%6
groveland_community 0.50™%
general_electric 0.0413%
town_sunol 0.73%%
sfo 1.4716%
golden_natl_cem 0.3192%
nasa 0.790®%
cordilleras 0.0826%
menlo_park_cc 0.2808%
TOTAL 100%

The application of demand reduction differs slightly between wholesale customers-atyd in
retail customers. As described further below, daily demand is partitioned into base(iadte)
demand and seasonally variable demaksl.a first approximationdemand reduction during
droughts are applied tbase demand for San Francisco city andh® seasonal demand for
wholesale customei@nd suburban retail customdlmse and seasonal demand components are
discussed in Sectio®.4.9. During the 20122016, it was observed that reduction in delivery to
San Francisco city was achieved by reduction is base demand instead of seasonallfidraand.
reduction of the seasahdemand is not sufficient to match the requested reduction, the base
demand is reduced accordingly.

Note that similar to HHLSM,the above described demand reduction leads to an increase in
demand for San Francisco cishen systenwide demand is redudeby 10%. To overcome this
issue, a minimum 5% demand reduction is accounted for SFPUC urban and langeasutetail
customers.
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3.3.6 Minimize net energy use

Within the broader water supply and other objectives, water should be managed to minimize net
energyuse Energy consumption is primarily in pump stations and groundwater pumps, while
energy production is from hydropowsén. practice, SFPUC uses Peninsula water to meet higher
elevation customer ardCSF retail demand first, limiting the use of Hetch Hetalater in those
regions. This policy is not explicitly included in the model as an operational driver, as the
immediate goal of the model was to represent historical water system opendtareser, at
location where both gravity and pumpiage available (e.g., between San Antonio and Sunol
Valley WTP) a higher cost assigned to pumping (e.g., cost associated with gravity being zero)
ensures that gravity is used first, which helps minimize the energy used. Aside from such explicit
configurationsjt was assumed that existing operational practice already accounts for this policy
objective.Other model links have costs to represent the fact that energy consumption through
pumps is required to move water through them. This is for instance the tasBaden valve lot
pipeline, or the sunset pipelinewlhose costepreserd the pumping cost from Merced 1o
station.Note that osts are relative tone another and have beentbebugh a manual calibration

to represent at best the SFPUC system adperat

3.3.7 Spill Prevention

Spill represents water lost from tmeservoirsystemfor urban water needand is therefore
minimized by SFPUCparticularly in the Bay Area reservaiihough spill should be minimized
throughout, the risk of spillpcountry should be greater than in the Bay Ahegarticular, the
model should try to minimize spill from Bay Area reservoirs wivater is imported from Hetch
Hetchy. This objective must be coordinated with the objective to keep water in reservéireBay
reservoirs for emergenciéas describeh sectior3.3.4). Thisobjectiveis accounted for implicitly

in SFWSM throughthe combination of existing preferredbsige levels for local reservairs

which are assumed to take this objective into acéanid higher benefits (negative costs) of
storage in local reservoirs over up country reservoirs. The latter is also needed for prioritizing
emergency storage in the BAyea

In any given timestephts isreadilyaccounted fousing thelL P approach to simulation: water is
valued for all uses other than spill, resulting in an LP model outcome that implicitly minimizes
spill by maximizing all other uses first. However,chase the LP problem does not have
hydrologic foresight, spill could still occur if there is unanticipated excess inflow into reservoirs.
Forecastingat several reservoiis used to account for this in the model, as in actual operations
(i.e., Hetch Hetc, Cherry and Calaveras reservairgjith forecasting of inflows to reservoirs,
SFPUC anticipates potential spill, and can@ease into other reservoirs or otherwise release
water accordingly. Forecasting routines are described as needed below ifar fHmddies.
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3.3.8 Hydropower

Hydropower operations, which include operations of Kirkwood and Holm powerhouses (PH), are
modeled to reflect the ndwdaEangan PdwerMTumnmnel andFChese r Se
Power Tunnel, respectivelyUnder this polig, water supply is always prioritized over
hydropower. Additionally, instream flow requirements are also prioritized over hydropower (and
other uses). However, hydropower is also generated incidentally by default whenever water is
released to meet waterrdand, whether for water supply (Kirkwood PH) or to fill the Water Bank
(Holm PH). Hydropower is always generated incidentally at Moccasin Powerhou$dLSM,

flows in Canyon and Cherry power tunnels are always actively managed, whether for release for
water demand, spill avoidance, or hydropower, as describefection3.7.1 Hydropower
generation in SFWSM is calculated following the standard formulation of the hydropower
equation and accounts for the difference between the reservoir level elevation and powerhouse
tailwater elevation for each respective powerholisgoes notaccount for hydraulic losses and

other efficiency loss due to other factors (i.e., turbine efficiency change with flow rate, ..). As such,
the use of the hydropower generation output is not recommended. Instead, the flow through the
power tunnels shouldebconsidered for assessing change in hydropower generation.

3.3.9 Instream flow requirements

Instream flow requirements (IFRs) represent demand for water in a river, typically below storage
or diversion dams. IFRs in the region range from relatively simple fikedates below a
diversion dam to relatively complex, with a dependency on a hydrologic indexing scheme. IFRs
are represented in SFWSM as Pywr nodes with maximum flow attributes and high negative costs,
which ensures that IFRs are prioritized by in SW3Mey are conceptually similar to demand
nodes, except that they are romsumptive.

The IFR modeling method depends on the complexity of the IFR schemes. As with other inputs,
IFRs are described as constants;gmacessed time series data, or dynamydalla Python script.

For expediency, all prprocessed IFRs were developed as described in HHLSM, rather than the
original policies. This resulted in a coarser temporal resolution of one IFR (Calaveras Creek below
Calaveras Dam) and omission of ramp ragdthough this results in discrepancies between policy

and the model in a couple of cases, the discrepancies are in temporal resolution only, and do not
affect overall model accuracyhe original policies are included in specific IFR descriptions

Secton 3.7.

3.3.10 Virtual water

Virtual water is high cost water that is not explicitly supplied in the LP model, but that is
nonetheless available. Virtual teais used in SFWSM for two overlapping purposes: to prevent
model crashes and to provide insight into where additional water may be needed in th©hgure.
drawback for LP optimization problem is that a solution to the optimization problem may riot exis
(i.e., the problem may befeasiblg. A common practicéo avoid LP infeasibilitiess to allow the
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model to addvirtual waterat specific locationsA high cost is associatedth this virtual water so
that it isonly used if absolutely necessalRpr example, ifwater cannot be supplied from sources
above either one of the WTPs,tuil water is supplied to prevent the model from crashing

Virtual water can be useful for identifying where additional water may actually be required to
alleviate delivery shortageBor instance in the planning version of SFWSke EBMUD and
SCVWD sources are modeled as virtual water, even though in reajitarhe@sed by SFPUC and
not t ec hni.¥iadalwgter poinis fot emerdercy supmhithin the systeninclude

1 EBMUD and SCVWD

1 Mountain Tunnekntrance

1 Water treatment planentrancSVWTP and HTWTP), which represent critical supply
points in he system

3.4 Demand

3.4.1 Modesto and Turlock Irrigation Districtsanal delivery

Irrigation demand in th&lodesto Irrigation District (MID) and Turlock Irrigation District (TID)

are met by surface water stored in Don Pedro Reservoir and groundwatelsigaiion surface
waterdemand for MID and TIDs calculated by using the historicdily meancanaldiversion
adjusted based omannualinearregressiotbetweerhistorical observed diversioasdsimulated

San JoaquinValley Index (SJVI}, modified duringdrought years based on a drought reduction
policy. As accuracy of the main SFPUC water supply sysienthe modeling priority,
representation of MID/TID operatisrare purposefully kept relatively simple, recognizing that
MID/TID operatiors are buffered from the main SFPUC system on a daily basis through Don
Pedro Reservoir only monthly to annual time steps impact the SFPUC system.

The MID/TID drought reduction policynodeled in the same way as for the New Don Pedro
Hydropower FERC relicensing procd&teiner, 2013)is calculated on April 1 from current Don
Pedro storage and forecasted Ap#itd July 2 inflow. Forecasting the inflow to DoRedro
reservoir requires forecasting the operations of Cherry, Eleanor and Hetch Hetchy Reservoirs.
Here, the forecasted inflow to Don Pedro is defined as the difference between the future
unimpaired inflow to Don Pedro from Aprif'to July F'and the lbws from Cherry, Eleanor and
Hetch Hetchy that have been simulated the previous yBBYTID drought reduction factors are

listed inTable7.

Table7. MID/TID Drought Reduction Factdiaka: Waer Supply Factor)

Don Pedro Storage + Inflow Index MID/TID Reduction Factor
(TAF)
01, 350 0.60

7 https://cdec.water.ca.gov/reportapp/javareports?name=W3$IHIS
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https://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST

2,000 0.85
9,999 1.00

Observed annual MID/TIDcanal deliveries for the period1972 to 2012 were adjusted by
accounting for the drought reduction factdhe adjusted canal deliveries wéhen regressed
against the estimated historical SJVI values to obtain a relationship between Sdvianought
canal deliveriedNon-drought canal deliveries weitgen used to scale the corresponding daily time
series of normalized (with unit annual volume) mean deliveries.

Regression equations for baseline MID/TID demand were calculated to be:
(] X& YO o®@pdp

and
O PP YO 0 @pD

whereO andO areannual(i.e., water yearganal deliveriesor MID and TID, respectively,
each in units of TAF. The data used in these regression equations are sayunaii. There is

a negative correlation between irrigation demandsSahd, indicating that demand for imported
water from the Tuolumne River increases when regional water availability declines.

The drought reduction factoris accounted for in SFWSM directly, rather than during- pre
processing, as it depends partly on DodrBdreservoir storage.

200 a) Modesto Irrigation District b) Turlock Irrigation District
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Figure 7. Linear regression between the San Joaquin Valley Water Year Index (SJVI) and each of Modesto Irrigation District (a)
and Turlock Irrigation District (b).
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3.4.2 Wholesale andetail demand

Note: This section provides a summary of the-takay of theTechnical Report 3: Urban Water
Demand (HRG TR3, 202@)at is relevant for SFWSM. The demand model described below is for
the planning version of SFWSM. The demand used for the historicalrvef$SFWSM is observed
deliveries. The demand used for the HHLSM version of SFWSM is detailed in &&ction

The SFPUC provides water to both retaitl wholesale customers. Over @illion people within

the counties of San Francisco, San Mateo, Santa Clara, Alameda, San Joaquin, and Tuolumne rely
entirely or in part on the water supplied by the SFPEIGUre8). Approximately two thirds of the
SFPUCGO6s water supply is delivered to whol esa
delivered to retail customers.

Map of SFPUC service area

City of San
Francisco

SFPUC Wholesale Customers

0. Daly City

1. City of Brisbane

2. Cal Water - South San Francisco
3. City of Hayward

4. North Coast County Water Dis-
trict

5. Westborough Water District

6. City of San Bruno

7. City of Millbrae

8. Alameda County Water District
9. City of Burlingame

10. Cal Water - Mid Peninsula

11. City of Hillsborough

12. Estero Municipal District

13. Redwood City

14. Coastside County Water District
15. Mid Peninsula Water District
16. City of Menlo Park

3. 17.City of East Palo Alto

18. Cal Water - Bear Gulch

19. City of Palo Alto

20. City of Mountain View

21. City of Milipitas

22. City of Sunnyvale

23. City of San Jose

24, Stanford University

25. City of Santa Clara

26. Purissima Hills Water District

Figure 8: Map of the SFPUC service aréS8FPUC, 2016a)

Retail customers include the residents, businesses, and industries lodaite8avitFrancisco city
limits, referred to as the4aity retail service area, as well as a patchwork of smallecopatiguous
customers located outside the City collectively referred to as the suburban retail service area.

The RWS also delivers water 28 wholesale customers in Alameda, Santa Clara, and San Mateo
Counties. The Bay Area Water Supply and Conservation Agency (BAWSCA) represents the
interests of the wholesale customers and coordinates their water supply planning. Since 1970, the
SFPUChassupl i ed approximately 65% of total Whol
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of each Wholesale customer on the RWS varies, with some entirely reliant on the SFPUC for their
supply(SFPUC, 2016a)

Water deliveries from SFPUC to retail and wholesale customers are driven by demand on the
RWS, for which a demand model was developed, as describedcampanion report and
summarized here. The demand model is concerned with addressing two questions: 1) How can we
take a single point projection of demand and downscale this to the daily timestep? And 2) How
can we ensure the time series of demand refsasonal fluctuations as well as the influence of
future increases in temperature as a result of climate change?

The regression approach provided Mgidment and Miao1986)was used to incorporate the
influence of temperature at seasonal timescCHhs approach relies on decomposing observed
water use into base and seasonal compor{éidsire 9), which represent the portions of total
demand that are insensitive andsive toair temperature. The base fraction generally represents
essential uses such as for drinking, cooking, washing, toilet flushing etc., while the seasonal
portion represents neessential and seasonally variable uses such as for landscaping. Observed
fluctuationsin the seasonal component of demand are related to observed maximum temperature
in the samedime step This observation is used to establish a temperatemgand response
function, referred to askeeat function Thisheat functionshown inFigure10, can then be applied

to future climate realizations to establish a seasonal shape to an annual demand value.

Seasonal demand

Base demand

Demand on RWS

»
»

Jan Dec

Figure9. Idealized representation bhse and seasondemand for BAWSCA and San Reisco retail customergdapted from
Maidment and Miaq1986)
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Weekly Seasonal Demand

\ 4

Weekly Average Tmax

Figure 10. Example heat functiorepresenting the responsewéeklyseasonally demand teeekly averagenaximum
temperaturgTmax)

To establish the base and seasonal components of demand, SFPUC examined weekly delivery data
from 2005 2018.The SFPUC share of total demand for each wholesale custvamiderived

from 2013 to establish the total demandtiom RWS (i.e., demand as used in SFW3hty each
customer, the lowest values of demand for the months from December through April are divided
by total annual demand and their average across the time frame provides an indication of the
base/total demandtra. As demonstrated iRigurell, the range of base/total demand ratio across
customers is significant, with a low of 0.31 for Hillsborough, a high a2 @@ the city of San
Francisco and a median value of 0.632. These differences reflect differences in water use across
regions. The base/total demand ratio for densely population urban areas such as the city of San
Francisco is high, where consumers ass lékely to have outdoor space and water use is focused

on essential uses.
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: Base Fraction for customers across
Sl o , the SFPUC service area

Francisco

SFPUC Wholesale Customers
0. Daly City

1. City of Brisbane

2. Cal Water - South San Francisco
3. City of Hayward

4. North Coast County Water Dis-
trict

5. Westborough Water District

6. City of San Bruno

7. City of Millbrae

8. Alameda County Water District
9. City of Burlingame

10. Cal Water - Mid Peninsula

11. City of Hillsborough

12. Estero Municipal District

13. Redwood City

14. Coastside County Water District
15. Mid Peninsula Water District
16. City of Menlo Park

17. City of East Palo Alto

18. Cal Water - Bear Gulch

19. City of Palo Alto

20. City of Mountain View

21. City of Milipitas

22. City of Sunnyvale

23. City of San Jose

24. Stanford University

25. City of Santa Clara

26. Purissima Hills Water District

Figure 11: Range of base fraction values across the SFPUC service area.

From the same dataset of weekly deliveries, SFPUC established a heat foineicim of the three

delivery centers across the SFPUC service area, which represents the seasonal response of
customers to changes in temperature. To create this heat function, data points have been
normalized by average delivery for their respective wehls iB required to ensure the output of

the heat function is a udiess coefficient that can be applied to the disaggregated, seasonal portion

of demand based on daily maximum temperature.

The demand model is implemented as aoeessing step, with nelés from the demand model
used as time series input3WSM The final demand is reduced by a drought reduction factor
during drought based on the drought reduction policy described ababie4).

One important assumption in the demand model is that demand is only constrained by the drought
policy. I n actuality, there is a residual nme
demand does not immediately return to-greught levels, duto changes in water consumption

habits. Consumption changes from increased water use efficiency (more efficient household
appliances, landscaping, etc.) that typically occurs during longer droughts is also not included.
Excluding these demand effects waagséd on several discussions with SFPUC staff. The
assumption is thdbng-term demand change scenarios will encapsulate the ranges of demand
anticipated with (and without) climate change. Further model refinements can be added as needed,
consistent with ta approach of the LTVA generally.
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3.4.3 Moccasin Fish Hatchery

The Moccasin Fish Hatchery is located just below Moccasin Diversion Dam on Moccasin Creek.
A constant demand of 30 cfs (59.5 AF/day) was assumed for the hatchery, based on input from
SFPUC staff.Note thatthe water used by the Fish Hatchesyentuallyflows to Don Pedro
reservoir.

3.5 Hydrology

Hydrologic processes of importance in the system model include surface runoff into reservoirs
(inflows), reservoir evaporatiotgcal precipitation at reservoirand groundwater recharge in the
PeninsulaThese processes are summarized here, along with performance issues with important
implications for SFWSM.

3.5.1 Surface runoff

Surface runoff is represented in the system model asg@mesinput of flows into reserwirs,
which are generated as a q®cessing step with data from the hydrologic medekcribed in
the Technical Report 2: Hydrology Modeling Module (HRG TR2, 2024)the Pywr model,
inflows are represented as Catchment nodes, from which a known aofouater enters the
system.

Surface runoff in the Upcountry region were generated with the Precipitation Runoff Modeling
System (PRMS), a physicallyased distributeparameter hydrologic modeling system developed

by the USGSMarkstrom et al. 2015)One hydrologic model was developed for each of the
watersheds above Hetch Hetchy and the combined CB&anor watershed, as well as for the
region between New Don Pedro Dam and(thelditer Cher r
i's noted asasing B&RMSIPhedelrfoddén Pbdrovatershed model wasalibrated

by UMass while the others wengrovided toby UMassby SFPUC Surface runoff in the East Bay

and Peninsula regions were developed using a version of the Sacramento Soil Moiurging

Model (SAGSMA), a lumpeeparameter hydrologic model developed by NOAA, modified to
allow the use of distributed parameters (SBRIA-DS). Input to each implementation of PRMS

and SACGSMA-DS includei) combination ofstation or gridded dataseaif observed precipitation

and temperature variables, and ii) precipitation and temperdataefrom the weather generator
developed for the LTVA, as described in fhechnical Report 1: Weather Generator Module
(HRG TR1, 2018)The historical validation wsion of SFWSM uses simulated streamflow using
weather forcing i), while the HHLSM validation and planning versions of SFWSM use simulated
streamflow using weather forcing iWhen required, prprocessing steps are used to create input
data to either PRB/ISACSMADS models. Details about these steps are provided iretttenical

Report 2: Hydrological Modeling Module (HRG TR2, 202@utput from these models included
surface runoff and evaporation, as well as other hydrologic parameters not used by SFMVSM.

the Upcountry region, the simulated streamflow from PRMS have then be bias corrected using a
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correction method based on an index of precipitation and index of temperature. More details are
given in theTechnical Report 2 (HRG TR2, 2021)

3.5.2 Evaporation

Evaporation is computed every time step for each reservBiFW SMas a function of the area of
the respective reservat the end of the time step and the potential evapor@tidangth units)

at the reservoir. Surface area is derived from a volamecurve, which is provided by SFPUC.
Potential evaporatiois estimated by using the potential evapotranspirdB&T)output from the
hydrology models described in thechnical Report 2 (HRG TR2, 202Note that for Don Pedro
reservoir, the use of thénsulated PETrrom Don Pedro catchment (i.e., the catchment upstream
Don Pedro reservoir but downstream Cherry/Eleanor and Hitthy reservoirs) was resulting

to an overestimate of the evaporation over the lake. To prevent the reservoir from evafmrating
much, the parameter of the PET model used for Hdttichy catchment was used instead of the
calibrated PET model parameter for Don Pedro catchment.

Evaporation is represented in Pywraasgput nodes, which allow water to leave the system, with
a maxmum allowable flow equal to the computectentialevaporatiorover the reservoir®r the

time step To prevent LP infeasibilitiesgvaporation over the reservoirs is not represented as a
minimum flow constraint out of the reservoir but rather by usitggh negative cogqfTable3) to
ensure evaporation water leaves the sys&fWSM tracks evaporation deficit that might occur
when a reservoir volume drops to its minimum active storage level.

3.5.3 Precipitation

Precipitation is modeled similar to evaporation. Precipitation equals reservoir surface area times
precipitation (in length units), with precipitation from the weather generator, as described in the
Technical Report 1 (HRG TR1, 2018nd are representad Pywr asnputnodes.

3.5.4 Groundwater recharge

Two conjunctive use schentedoth in the Peninsuiahave been implemented by SFPUC, for
which groundwater hydrology is potentially importafdbwever, due to the nature of the schemes
and the lack of development afgroundwater hydrology model, groundwater recharge was not
explicitly modeled.The representation of groundwater rechasgdescribedor each respective
schemen Section3.7.3

3.6 Reservoirmanagement

Reservoirs are operated to meet the wide range of SFPUC management objectives. Most of these
management objectives are achieved with théoased approach by setting water demdnes

max flow in Pywr) costs, and so dor nonreservoir nodes, the logic for whichssmmarized in

this section and in Sectid7. More comprehensive desciigms are provided in the code
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3.6.1 Reservoir preferred storage levels

SFPUC operates all reservowith preferred storage levels for reservpinichincreaseduring

the flood season(approximately Novembei March) to ensure there ignoughspace in the
reservoirto store higher inflowsand avoid uncontrolled spillFor Don Pedro Reservgithe

preferred storage levéd alsofor flood control.As noted by SFPUG2009) preferred storage
levelsdonotnecessat y refl ect a st or ag einitia@®wajeerhoyembnut r at
among the Bay Area reservoirs and into the distributionsgstem Thus, t hey act as
typically used in reservoir operations generalifjresepreferred storage Vels are defined in

HHLSM with monthly values andierecarried over t&SFWSMdirectly. Interpolationwasused

to downscale tpreferred storage leve@from monthly to daily timsteps Preferred storage leel

for each reservoir in thelHLSM validation vesion of SFWSMare shown irFigure 12, with

curves shown in relative terms (i.e., percent of storage capdtigferred storage levehreused

in SFWSMdifferently depending on the reservair gquestionand vary slightly betweemodel

versions For the SFWSM version to be used for planning, the preferred storage curves are input

as time serie® allow more flexibility for future use at SFPUC. This could allow, for instance, the
addition of temporary reductions of storage cayaiiring maintenance.
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Figure 12. Relative preferred storage levéts reservoirs in each of the a) Upcountry, b) East Bay (Sunol) and c) Peninsula
regions.Preferred storage levels are shown for the HHLSM validation versi&F@/SM. Note that preferred storage at
Calaveras and San Antonio reservoir are significantly lower than 100%. This is because storage capheite figservoirm
SFWSM is at the dam crest, which allows to account for a known rating curve for thdledrapdl (see Secti@B.6.3.

3.6.2 Reservoir storage costs

In all casesthe

cost (valuedf reservoir storages defined partly withpreferred storage levgl

with costdepending on relative storage in relation to the relgtieéerred storage levélable8).
For all reservoirsstorage cosis linearly interpolated between fixed relatipeeferred storage
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levels below (0%;10%, and 50%) and above (100%) the npa&ferred storage levelhese costs

have been manually calibrated in order to reproduce the observed storage fludtudltien
historical datasetSection5). However, values for some of these costs translate directly to the
actual operation of the system by SFPUC. The cost for preferred storage level and above levels is
null (zero), which represents the absence of interestooing water above the preferred storage
level.In addition,Table8 shows that local reservoirs are valued higher than Upcountry reservoirs
which prioritizes the higher storage in local reservoirs over those ldgbeuntry. Larger costs

are assigned to Sunol Valley reservoirs than to Peninsula reservoirs, ensuring I rthee
prioritized over theformer for meeting demand for Peninsula customsnee HTWTP cannot

supply all customers in South East Bay region

Table8. Storage cost value by relative stordgeeach reservoir in SFWSM

Preferred
storage
Region Reservoir 0% 10% 50% level value 100%
Upcountry HetchHetchy -100 -20 -5 0 -0
Cherry -100 -75 -50 0 0
Eleanor -100 -10 -5 0 0
Don Pedro -2 (constant)
Sunol Valley | Calaveras -200 -150 -100 0 0
San Antonio -150 -100 -50 0 0
Peninsula San Andreas -100 -75 -50 0 0
Pilarcitos -100 -75 -50 0 0
Crystal Springs -100 -75 -50 0 0

3.6.3 Sill

Up to three link nodes represent spill at each reserVbiey are noted a$ controlled spill ii)

uncontrolled spilland iii) spill. Controlled spildb nodes r epr es ethrbughtthee wat ¢
outletworkspr i or the reservoirs reach t hJadontrolledpi | | wa
spilld6 nodes represent the water released throug!
and San Atonio reservoirs have such nodes because the required information is missing for the
other reservoirsThe &pillé nodes represent the spill water when the reservoirs reach their
maximum storage capacity. More detiout each of thesedes is providd below.

Controlled spill

Preferred storage levels are used to trigger controlled spill, though the exact trigger me&chanism
and the spill amoudt varies by reservoirControlled spill refers to the water released through
outlet works.For Hetch Hetchy Reseauir, controlled release is a maximum of theide curve
based release aneleases for the Upper Tuolumne River Ecological ProgldihiREPR, described
below), since both represent management of controlled &mitlall other reservoirs except for
Pilarcitos and San Andreashe maximum flow through controlled release depead the
respective reservoguidecurves in a binary manner, with controlled releasesgtecifieccapacity
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when the reservoir level is above the curve, and zero capacity when netargbis below the
curve(Table9). Most of these reservoirs have a single controlled spill volume; Calaveras has an
interpolated release based on reservoir stofidggse are implemented directly in the model JSON
files, as they are simple switche

Forecasting is used to help minimizellsgtorecasting is used witHetch Hetchy, Cherry, and
Eleanor reservoirs to anticipate spill for release under hrederred storage levelForecasting

is used with Calaveras Reservoir to reduce diversions from ACDD if diversions would lead to
spill. No transfer from Pulgas to Crystal Springs is the reservoir is at the preferred storage level.
Forecasing is not used with other reservoirs

Controlled spill nodes are assigned relatively high negative cost to ensure the controlled spill is
respected. Whethere is no conflict with other reservoir operatiotime controlled spill flow can

also be defined as minimum flow constraint for the LP problem to further ensure the controlled
spill is respected.

Table9. Controlled releas&alue byabsolutestorage.

Region Reservoir Controlled spill Control type Controlled
(AF/day) spill cost
Upcountry Hetch Hetchy Variable Minimum & N/A
(scriptbased) maximum flow
Cherry 8,727 Maximum flow -100
Eleanor 1,388 Maximum flow -100
Don Pedro 3,000 Maximum flow -100
Sunol Valley Calaveras 0t01,110.74(depends Minimum flow N/A
on storage levél
San Antonio 635 Maximum flow -100
Peninsula San Andreas N/A
Pilarcitos N/A
Crystal Springs 397 Maximum flow -100

Uncontrolled spill

In SFWSM, uncontrolled spilrepresents the flow through the spillway. At timee of the creation

of SFWSM, the relation between storage level and flow through thHevapiwas known for
Calaveras andan Antonio reservaronly. As swch, a Pywr nodeaincontrolled spillis only
implemented aCalaveras an&an Antonio reservay although it could be implemented in the
future for the other reservoirs with minor modification of the cdttecost is associated with this
node. However, botiminimum and maximurflow constraints are equal to the flow value obtained
from the relationship between spillway flow and storage level.

For Calaveras, SFPUC provided a rating curve between storage filling level and flow. For San
Antonio, SFPUC provided a second ordetynomialfunctionthat gives the flow through the spill
as a function of the reservoir elevation (cf. Gitlab issue $§4).
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The spill nodes represent the spilled water that does not fall within the definitiaither
controlled omuncontrolled spill. For Calaveras and San Antosioil) nodes represent water spilled
above the dam crest (which should always be 0 underahasgatem operations / climate). For the
other reservoirsspill nodes includes both uncontrolled spill though the spillway and spill above
dam crest.

In SFWSM, no maximum constraint is assignedpdl nodes and a high positive cost is assigned
(i.e., 1M0) to ensure that spills are only effective when no other way to release water is able to
maintain the reservoirs below their maximum storage capacity.

3.7 Subsystenoperations

This section describes the operations of specific facilities, organized by swbsgabsystems
are generally organized around one or more reservoirs.

All reservoirs receive inflows from contributing catchments (watersheds) and from precipitation
and lose water through evaporation and downstream releases typically consisting phyfsecall
diversion conduitfor hydropower generation or delivering water demalfdRs and spill. In
SFWSM, downstream releases are mostly subdivided as needed to align with specific management
objectives even if the same physical conduit is used

3.7.1 Upcountry

Hetch Hetchyreservoir

Hetch Hetchy ReservofFigurel3) is thekeystone reservoir in the RWBlanaged releases from
Hetch Hetchy include the Canyon Power Tunnel (for water sugpiynydropower),two IFRs,
controlled spill, uncontrolled spjlland valve (Hetch Hetchy valve) that is only for emergency
releases to meet MID/TID demand when the Water Bank is er@ptytrolled spill includes both
snowmelt management releases under UTREP (as noted abalesarided below) and releases

to keep storage levels below the Hetch Hetchy maximum preferred storag&igued12). With

the exception of releases to the Canyaw® Tunnel, all managed releases subsequently go
directly to Don Pedro Reservoir (via the Tuolumne River); Canyon Power Tunnel releases may
also go to Don Pedro, via the Kirkwood diversion.
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Figure 13. Schematic of flows in @and out fran Hetch Hetchy Reservoir.
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Controlled spill

Controlled spill from Hetch Hetchy includes both spill management objectives under UTREP
(describedurtherdownin the sectior) and normal controlled spill for reservoir management. Each

of these arealculated independently, with the actual controlled spill, specified as a minimum
instream flow, being the maximum of the reservoir management release and UTREP spill. In
contrast to most other reservoirs, which have controlled spill operated in anroafofér, non
UTREP controlled spill is calculated in a script to include only what is necessary to keep the
reservoir level near the Hetch Hetchy preferred storage level. This prevents too much water from
being released as controlled spill during the flpedod.

Canyon Power Tunnel

Operators of Hetch Hetchy reservoir release water through the Canyon Power Tunnelateend

to the Mountain tunnel/San Joaquin Pipelinessatisfy SFPUC customer demand atudlocal
reservoirsWater can also be released through the Canyon Power Tunnel, whose capacity is larger
than theMountain tunnelfo Don Pedro reservoir tminimize spilland, in very rare instances, to
supply MID/TID water rights directlyThe volume of water that exceeds Mountain tunnel
capacity is diverted via the Kirkwood diversion and eventually flows into Don Pedro reservoir.
However, being a Awater firsto organizati on,
Hetch Hetchy to Don Pedro reservoir. Severalsglenstrain the operation of the Canyon Power
Tunnel. In SFWSM, three attributes control the operation of the Canyon Power Tunnel,
represented as a Pywr Node: a maximum flow constraint, a minimum flow constraint and the cost
associated with the node.

The maximum flow through the tunnel, which in SFWSM equals 2,776 AF/day, is reduzerbto
when Hetch Hetchgtorage idower than 40,000 AF.
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A minimum flow constraint is used to avoid or reduce spill fieebruary I to June 38" A set

of conditions must & met for SFWSM to trigger the minimum flow constraint. If the below
conditionis met, the capacity of the Canyon Power Tunnel (i.e., 2,776 AF/day) is usad as
minimum flow constraintOtherwise, the minimum flow constraint is set to 0.

First, the HetclHetchyreservoirstorage must be larger than 150 TAF. This storage threshold was
set after discussion with SFPUC persoriogbrevent the modewhich forecasts inflow to the
reservoir with perfect foresightor emptying the reservoito minimizespill. Second, theotal
forecasted net inflowo the Hetch Hetchy reservoir must be larger than the available space in the
reservoir (defined as the difference between the preferred storage or®'Jarygl the current
storage)The total forecasted net inflowdefined as the inflow to Hetch Hetchy Reservoir during

this period reduced by the expected IFRs below the reservoir and a climatologically adjusted
demand to the San Joaquin Pipelines (estimated from historical flows through the pipelines during
this perial). If the two above conditions are met, the next condtitotheckdepends on the water

bank storage. If water bank storage is lower than 550 TAF, the minimum flow constraint is set to
2,776 AF/day.The logic here is that the water release to Don Pedatei\bank through the
Canyon Power tunnel could be used to fill Hetch Hetchy reservoir at a lateiQimte other

hand if water bank storage is larger than 550 TARy water release from Hetch Hetchy to the
bank is likely to be spilled at water baritis is only acceptable if the forecasted Water Available

to the City (WAC)is larger than the available space in the Upcountry regiontefisrecast water
demand. The former is tlsam of theavailable spasat Hetch Hetchy, Cherry, Eleanor and Water
Bank reservoirs. The latter is the sum of the demand to the San Joaquin Pipelines plus the
evaporative demand over the Upcountry reservoirs.

When the current time step is after Juijot prior Februarylstthe Canyon Power Tunnel can still

be operated at flow rates larger than kh@untain tunneko avoid spill. In such a case, a short

term forecast (20 days) of net inflow into Hetch Hetchy is considered. When the volume of inflows
to Hetch Hetchy is larger thaavailable storagewhich accounts for curremeservoir storage,
preferred storage leveinstream flow requirements and total system water demidued cost
attribute of the Canyon Power Tunnel node is set to a value highly negative, which gives a strong
incentive to the LP optimization to use the canyon at full capa@ityerwise, he cost associated

to the Canyon Power Tunnel node is setdmby default.

IFRin the Tuolumne Rived St 2 ¢ h Q{ KI dZAKy Saae 51 Y

There arewo flow requirements in the Tuolumm®i ver bel ow O66Shaughness
various agreements between SFPUC and the U.S. Department of [{8&fC, 2009a)

1. BaseflowrequiremenisT hi s i s t he bas essyDaR. TheeelarethreeO6 Sh a
release requirements, corresponding to three water year types: A, B &abl€10). The
year types are defined by a combination of cumulative precipitation at Hetch Hetchy (Jan
Jun) and reseoir storage (JuAug).
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2. 920/64 rule This rule stipulates that whenever flow through Canyon Power Tunnel equals
or exceeds 920 cfs in year types A and B, an additional 64 cfs should also be released into
the Tuolumne River.

The above rules are modeled w@siwo respective Pywr nodes with differing maximum flows

based on scripted logic implementing the rules. Base flow requirements were modeled directly
using the original requirement3gble 10). The 920/64 rule is modeleby specifying the
requirement based on the previous dayods relea

Tablel0. Base flow requiremen@FPUGQ209a)w O6Shaughnessy Dam

Year Type A Year Type B Year Type C
Month Release (cfs) Criteria®® Release (cfs) Criteria® " Release (cfs)
January 50 8.80" 40 6.10" 35
February 60 14.00" 50 9.50" 35
March 60 18.60" 50 14.20" 35
April 75 23.00" 65 18.00" 35
May 100 26.60" 80 19.50" 50
June 125 28.45" 110 21.25" 75
July 125 575,000 acre-feet 110 390,000 acre-feet 75
August 125 640,000 acre-feet 110 400,000 acre-feet 75
September 1-14 100 80 75
September 15-30 80 65 50
October 60 50 35
November 60 50 35
December 50 40 35
a Precipitation indicator in inches is cumulative, measured at Hetch Hetchy Reservoir, starting October 1.
® Runoff indicator in acre-feet is the calculated inflow into Hetch Hetchy Reservoir commencing on the previous October 1.

Upper Tuolumne River Ecological Program (UTREP)

One goal of Upper Tuolumne River Ecological Program (UTREP) is to manage spill from Hetch
Hetchy reservoirinaway thati ecol ogi cally beneficial, where
management priorities. The general approach to achieve UERiEPhanagement objectives

to release water in a controlled manner as an ecologically beneficial hydrograph whose total
volume equals the anticipated splITREP releases are managed via the Hetch Hetchy valve.

Sever al Atempl ated hydrographs have been crea
spill, a different template hydrograph is used as a basis for detimnfinal hydrograph to be

released. Each hydrograph consists of functional flows and flow constraints (e.g., ramping rate
constraints) intended to achieve specific ecological functions or avoid ecological harm. Template
hydrographs are selected basedavacasted spill threshold values, with the hydrograph modified

to account for spill in excess of the threshold value. Hydrographs are further modifieetimegal
depending on actual hydrologic conditions and reservoir storage. For instance, UTRE€srelea

may be curtailed if reservoir storage falls too low. UTREP releases are generally aBoud8%

long. The initiation of UTREP releases varies, depending on forecasted conditions and reservoir
operation objectives. Releases under the UTREP, whileading ecological benefits, are not
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considered as instream flow requiremeyésse but rather a rshaping of water through time that
would otherwise be spilled.

An algorithm to model UTREP release targets was developed from the quantitative UTREP
guidance found i(SFPUC, 2014)in consultation with SFPUC staff. Within Pywr, UTREP
releases are via a dedicated node below Hetch Hetchy, which has minimum and maximum flows
equal to the UTREP calculated release target. Generally, the algorithmcttatsalUTREP
releases is based on the following principles:

1) Base UTREP requirements are from template hydrograpbgpemerated based on Table 21 in
SFPUC(2014) as updated and provided by SFPUC staff.

2) UTREP spill initiation begins:
a) when the reservoir will exceed 300 TAF in the next seven days,
b) when reserveistorage is above a specified threshold,
c) no earlier than April 1, and
d) no later than May 15

3) Spill volume is calculated on April 1, based on assumed perfect forecast of inflows through
July 1 (the target Hetch Hetchy refill date) less storage spae&r tunnel capacity, and base
instream flow requirements (including the 920/64 rule). Forecasted spill is calculated using
this logic with a daily time step subroutine for simplified Hetch Hetchy operations applied for
April 1 through July 1.

4) Forforecasted spill above thresholds:
a) For the four lowest thresholds and the 104,000 AF threshold, the hydrograph is extended

in time at the last fixeflow shelf.
b) During other years, the template hydrograph is scaled linearly toward the template
hydrograph th the next higher threshold.

5) UTREP releases are curtailed when reservoir storage levels decrease to below several specified
thresholds, based on buffer coefficients established for each threshold; UTREP releases are
stopped completely if the reservoiosige decreases to below a third storage threshold.

Hydrographs were adjusted slightly to ensure their total volume equals their associated spill
threshold, as the algorithm did not work without this alignment. Resulting adjusted template
hydrographs aren®wn inFigure14. Buffer coefficients Table11) were developed through trial
anderror to approximate operatiori3uring model validation, it was found that the algorithm did

not perfectly represent ideal UTREP operations. However, the algorithm was not further refined,
as imperfect modeled operations were found to generally reflect actual challenges in operating
Hetch Hetchy Reservoir for UTREP.
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Figure 14. Template hydrographs for modelling controlled spring snowmelt releases from Hetch Hetchy Reservoir under the
Upper Tuolumne River Ecological Program (UTREP). Extra spill is allocatin@iefo the next template hydrograph (dashed
lines) or to extensions of main hydrograph shelves (extensions not shown).
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Tablell Storage thresholds and buffer coefficients to curtail releases Upper Tuolumn&&iagical Program (UTREP).

Storage threshold (TAF) Buffer coefficient
O 200 0
210 0.25
225 0.5
250 0.75
360 1.0

Lake Eleanor and Cherry Lake

Lake Eleanor and Cherry Lakalso called Eleanor Reservoir and Cherry Reservoir, respectively)
are operated conjunctively, whereby water is transferred from Lake Eleanor to Cherry Lake by

gravity flow or pumping via a connecting pipeli(fégure15). Releases &m Eleanor thus consist

of pumping/gravity flow releases, an IFR, controlled spill, and uncontrolled spill. The
pumping/gravity flows go to Cherry Lake, while other releases continue to Don Pedro Reservoir.

Cherry Lake, therefore, receives inflow from tmemping/gravity flows, in addition to normal

inflows. Outflows from Cherry Lake include controlled spill, uncontrolled spill and a single IFR,

each of which continue to Don Pedro Reservaoir.

Hetch Hetchy Reservoir
tunnel spill evap i —
s hetch hetchy hetch hetchy canyon power tunne
I~
anel ifr additional
hetch hetchy

chenry power tunnel

Eleanor Reservoir

Cherry Reservoir

precip don pedro

catchment don pedro
B
san joaquin pipelines 2 Don Pedro Reservoir |

Figure 15. Schematic of flows in tand out fronboth Lake Eleanor (Eleanor Reservoir) aBberry Lake(Cherry Reservoir).

Controlled spill

The controlled spillfor both Lake Eleanor and Cherry Lake are implemented withde with
maximum flow constrainin a Pywr nodebelow each respectiveservoirwhich either zero if
storage is below the preferred storage level, or takes a posilive if storage getabove the
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preferred storageControlled spill from Cherrand Eleanqrif any, equals8,727 AFor 1,388 AF
respectively

EleanorCherrytransfers

The purpose of thEleanorCherrytransfer is to minimize total spill from the two reservoirs, while
meeting other management objectiieleanorCherry transfers are modelbyg connecting Lake
Eleanor with Cherry Lake with two independent node®e each for pumping and gravity flow,

with a required flow specified for each. Transfer generally occurs when spill is expected to occur
in the nexB©0days based on an assun®®dday perfect forecast and accounting for current storage
and instream flowequirements below Lake Eleanor. Gravity flow is used when net head is greater
than zerpand when Lake Eleanor equals or exceeds either 17,900uh&€) or 5,000 AF (all

other months). Otherwise, pumping is usBade volume of transferred water depsmd the head

di fference and results fromiBhowdhteupoésat popn\
SFPUC Note that no pumping is not allowed after JanudftilllEleanor spills more than 50 cfs.
Notealsothat transfers do not consider storaggotential spill from Cherry Lake.

Cherry Power Tunnel

The Cherry Power Tunnelith acapacityof 1,924 AF/dg, is operated usingimilarlogic as the
Canyon Power Tunngtlescribed abovencluding ceasing operations@herrystorage is below
40,000 AF The operation of the Cherry Power Tunnel from the Canyon Power Turnnel from two
aspects. Firsta minimum flow constraint of 9,000 AF/day is set during June, July and August
months tosupports rafting activitiedelow the damSecond, outside the February through June
period, a minimum flow constraint is set to supply with Kirkwood and Moccasin power plants a
target daily load (i.e., 2576.2 MWh). The residual load to be supplied by Halmer pbant (i.e.,
Cherry Lake) is estimated from the average generation from Kirkwood and Moccasin power plants
during the previous 5 days. The residual load is only supplied if Cherry reservoir storage is larger
than 100 TAF and water bank is lower tha® AF.

In HHLSM, the use of the Cherry Power Tunnel is set to null (zero) if the Water Bank storage is
greater than 90% of threaximumwater bank account storage for power rele@bés operation is

not accounted for in SFWSM for two reasons. First, th@mum flow constraint associated with

the power tunnel already accounts for Water Bank via the WAC. Second, the implementation of
the above threshold was found to result in an increase spill at Cherry when Water Bank was higher
than 90% of its storage capiy.

IFR in @erry Creek below Cherry Lake (Lake Lloyd)

The IFR below Cherry Lake is a minimum flow requirement that varies by time of year, with 5 cfs
(9.9 AF/day) during Octobér June and 15.5 cfs (30.7 AF/day) from Julpeptember. This is
modeled as Pywr link node with a prprocessed time series input for maximum flow and high
value (negative cost).
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IFR irEleanor Creek below Lake Eleanor

The IFR below Lake Eleanor is a minimum flow requirement that varies by time of year and
whether or not wateis pumped from Lake Eleanor to Cherry Lake. Minimum release values,
modeled as a Pywr link node with scriised maximum flow definition and high value (negative
cost), are depicted ihable12.

Table12 Minimum releases in Eleanor Creek below Lake Ele§&B6PUC, 2009a)

With Pumping® Gravity Flow Without Pumping*
Month (cfs) (acre-feet) (cfs) (acre-feet)
October 10 615 5 307
November 5 298 5 298
December 5 307 5 307
January 5 307 5 307
February 5 278 5 278
March 10 615 5 307
April 1-14 10 278 5 139
April 15-30 20 635 5 159
May 20 1,230 5 307
June 20 1,190 5 298
July 20 1,230 16 953
August 20 1,230 16 953
September 1-15 20 595 16 461
September 16-30 10 298 16 461
Total 9,106 5,535
* The agreement for the operation of the Eleanor-Cherry Tunnel and Pumping Plant calls for different fishery release schedules below Eleanor
Dam depending on whether or not the pumping plant is used.

Water Bank

SFPUC water rights for diverting from the Tuolumne River are junior to MID/BH3>ed on prior
agreementvith the Districts SFPUCoperates a water accounting scheme called the Don Pedro

Water Bank, whereby wategleased by SFPU Don Pedrdreservoir is accumulated as a credit

for lateruse by the DistrictsSubtractiondrom the Water Banlare the District Entitlement. The

Water Bank has a maximum allowable storage of 570 TAF, plus 1/2 of the available storage space

if there is sufficient flood storage space (1t
provides SFPUC some flexibility in operations, as it allows them to choose when to release water

to fulfill Water Bank obligations. However, if the Water Bank is depleted, SFPUC is obligated to
respect the actual District Entitlements, and may be requiredtaléts own abstractions from

the Tuolumne River. SFPUCO6s operational objec:
possible from excess supply during wet years and to draw down the bank by releasing less into it
during dry years, resulting imore stable and predictable operations of its reservoirs. These
operations are depicted kigure 16, with modeled behavior using inflow time series realizations
generated for the LTVA. &ill occursduring wetter yearg.g., 2045 ath 260 in Figurel6a)and

drawdown during drier yea(g.g., 204, 2047and 2048 irFigurel16a).

The Water Bank is modeled as a Pwvtual reservoirthat tracks accumulation and depletion of
water in exactly theame way as actual operations. Accumulation consists of a summation of all
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inflows to Don Pedro Reservoir. Depletion consists of the District Entitlenaext®vaporation
Evaporation from the Water Bank is defined as the fraction of the evaporation@véedro in

regards with the ratio between Water Bank storage and Don Pedro sioggythat the additional

flood encroachment space available during the end of the flood season is not included in the model,
as this space is ephemeral and was deemeghifisantfor LTVA purposesy SFPUC staff.

If the Water Bank storagéecreases significantly durirgdrought, water from Cherry, Eleanor

and Hetch Hetchy Reservoirs can be requested by SFWSM to ensure supply of theigigtrict

In SFWSM, the cost agsiated with the Cherry Power Tunnel takdargenegative valueavhen

the WaterBank storages below 35,000 AF, increasing the incentive for the ir®delto send

water to thewater Bank If the Water Bank storagéropsto below 10,000 AFoutflow from the

valve at Cherry Reservoir is used to complement the remaining balance and satisfy the district
right. The capacity of the valve at Cherry has been estimated from historical observations to 7,000
AF/day. If there is still a remaining balance or if wateaiblefrom Cherry is not sufficient,

water from Eleanor is used following the same lpgiitth avalve capacity of4,000AF/day. The

same logic is also applied for Hetch Hetclwth avalve capacityof 18,000 AF/day. Note that
SFWSM callgn priority water from Cherry, then Eleanor and eventually, if necessary, water from
Hetch HetchyThese drought operations are demonstrated with two drought periedgiige 16,

derived from two climate realizations developed for the LVTiAone droughtRigurel6a), valve
releases are not used, while in the otlégure 16b), the Cherry valve is useWhile typically

refill occurs via Holm PH, Kirkwood PH may also be used to fill the Water Bank.
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a) WaterBank operations during drought (Realization #1)
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b) WaterBank operations during drought (Realization #4)
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Figure 16. Example Don Pedro Water Bank operations during drought for two climate realizéiistical climate conditions)
Upcountry Storage includes Hetch Hetchy Reservoir, Lake Eleanor, and ChernMakeis Water Available to the Ci@limate
realizations are described thyMass (2018)

Don Pedro Reservoir

Don Pedro ReservoiF{gurel7), a major multipurpose reservoir in California, receives inflows
from each of the discrete outflows from respective upstream reservoirs (IFRs, controlled spill, and
uncontrolled spill for each of Hetch Hetchy, Eleanor and Cherry reservoirs), as welinaghé

Cherry Power Tunnel, Kirkwood diversion below the Canyon Power Tunnel, and Moccasin Fish
Hatchery. Outflows include diversions to each of MID and TID, in addition to an IFR, controlled
spill, and uncontrolled spill. Since Don Pedro is near theesy&ioundary of the SFPUC RWS,
each of the outflows from Don Pedro are also outflows from SFWSM as a whole. Note that MID
and TIDirrigation canal diversionare described in the Demand section above (Section 3.4).
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Figure 17. Schenatic of flows in to and out fro@on Pedro Reservoir.

Controlled spill

Thecontrolled spillfor Don Pedro Reservoir is implemented using a minimum flow requirement

triggered bythe preferred storage leveControlled spill when triggeredis a constan®,000 cfs
(17,851AF) when spill is requiredThis flow value corresponds to the capacitya@owerhouse

located downstream (Modestt)nlike otherUpcountryreservoirs, controlled spill for Don Pedro

does not use a forecast for operations.

IFR inTuolumne River at La Grange (below Don Pedro Reservoir)

The license issued by the Federal Energy Regulatory Commission (FERC) to operate the New Don
Pedro Hydroelectric Project includes instream flow requirements at La Grange (below Don Pedro

Reservoirandl i ver si ons to Modesto and Turl ock

the SJVI. The license defines 10 year type classifications, list€dhlle 13, which are used in
determining the actual flow requirents, listed inTablel14. Flow requirements include an annual

rroi

volume, which is allocated between base flows and seasonal attraction and out migration pulse
flows (Tablel4). For SJVIivalues between FERC license breakpoints, annual volumes are linearly

interpolated between those listed.

These FERG@nandated flow requirements are modeled as a Pywr output node (water downstream

of this node is outside the system boundary) with a maximonndhd high value. As with other

IFRs, these flow requirements areqprecessed, since flow requirements do not depend on system
state. Flow requirements are calculated exactly as with HHLSM, with the SJVI calculated using
perfect foresight. Like in HHLSMadditional annual water calculated through interpolation is

allocated to the oemigration pulse flows, proportioned between April and Matyraction pulse
flow during wet years are not accounted for by SFWSM.
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Tablel3. Year typeclassifications for instream flows in the Tuolumne River at La Grange as mandated by the FERC license for
the New Don Pedro Hydroelectric Project.

San Joaquin Valley Hydrologic Classification
FERC Year Type Classification 50-20-20 Index (1,000 AF)

Critical and Below <1,500
Median Critical 1,500
Intermediate Critical / Dry 2,000
Median Dry 2,200
Intermediate Dry / Below Normal 2,400
Median Below Normal 2,700
Intermediate Below Normal / Above Normal 3,100
Median Above Normal 3,100
Intermediate Above Normal / Wet 3,100
Median Wet / Maximum 3,100

Tablel4. Instream flow requirements in the Tuolumne River at La Grangeaaslated by the FERC license for the New Don
Pedro Hydroelectric Project.

FERC Year Type Classificatoin
Intermed
Below
Normal /
Intermed Intermed Median Above
Critical and| Median Critical / Dry/Below| Below |Normal and
Period Below Critical Dry Median Dry| Normal Normal Above
Annual Volume (acre-feet) 94,000 103,000 117,016] 127,507 142,502 165,002 300,923
Qctober 1 - 15 100 100 150 150 180 200 300
Attraction Pulse Flow (acre-feet) None None None None 1,676 1,736 5,950
October 16 - May 31 150 150 150 150 180 175 300
Out migration Pulse Flow (acre-feet) 11,091 20,091 32,619 37,060 35,920 60,027 89,882
June 1 — September 30 50 50 50 75 75 75 250
Units: cfs unless otherwise noted.

San Joaquin Pipelines

The San Joaquin Pipelines (SJPL) are comprised of a set of three parallel pipelines that form the
longest segment of the conveyance system carrying watethieiipcountry to the East Bay. In
SFWSM, SJPLs are modeled as two pipelines that aggregate all conveyances from the Moccasin
Diversion Dam to Alameda East Portal in the Sunol Valley. The first SSBPL(A®) has a
maximum capacity of 900 AF/day§8 MGD). To avoid high frequency fluctuations the

pipeline flow, which is a common sideffect of LRbased simulation models, dsscussed in
Section2.1.2SJPIA maximumflow constraint is kept constant for a minimum of 21 daise
minimum flow forSJPIA is defined as the minimum value between 245 AF(8ayMGD), which

is the SFPUC minimum operating flow through the SJPL, and half of the maximum flow defined
by the21-day flow rule (i.e., there is a maximum ramp down constraint of 58%¢w maximum

flow constraint is set at the end of eachd2ly window. Therds also a maximum ramp up

8 To prevent confusion between the real name of the pipelines and the name of the two pipelines in SFWSM are noted

SJPLA and SJPLB, while in the code they are named O0sa

although they do not correspotalthe actual pipelines 1 and 2.
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constraint of 500 AF/day from the previous-@dy period flow rateNo cost is associated with
SJPIA.

The second SJPL (SJB).has adynamicmaximum capacity andtagh cost, which deprioritizes
flow. SJIPLB maximum capacity rangiesm 76 AF/day (25 MGD) to 715 AF/day (233 MGD) so
that total capacity (i.e., SJPLA+SJPLB) equals 960 AF/day (313 MGy .approach, developed
in consultation with SFPUC, ensures that SJRioisised at capacitwhenBay Area sourceare
availablewnhih isconsistent with operating practi¢er example, if Bay Area reservoirs are below
the emergency storage target then SJPL B could be positivéofiefill the Bay Area reservoirs
Another example is during summer days with high demand, SJPL B e@plosiiive even when
SJPL A is at capacity.

3.7.2 East Bay (Sunol Valley)

Calaveras Reservoir

Calaveras ReservoiFigure 18) captures water from several local catchments in the Alameda
Creek basin, including the Calaveras Creek and Arrayadd catchments. Additionally, water is
diverted from Alameda Creek itself via the Alameda Creek Diversion Dam (ACDD) and
associated tunnel. Outflows from Calaveras Reservoir include the typical IFR, controlled spill,
uncontrolled spiland spill above damrest each of which contribute
a Pywr link added to SFWSM to allow IFRs below the ACDD to be recaptured via the Alameda
Creek Recapture Project (ACRP), described below. Additionally, water may be released from
Calaveras Reseoir to either the Sunol Valley WTP (SVWTP) or to San Antonio Reservoir
(described below) via gravity flow. Both of these first pass through an intermediary Pywr link
representing the actual release conduit.

fromcalaveras reservow
to SVWTPand SA 2

ifr ahmeda creek below calaveras

Figure 18. Schematic of flows in to and out frabalaveras Reservoir.

Controlled spill

Calaveras Reservaipill is managedollowing the logic described in Secti@6.3
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National Marine Fisheries Service Biological Opinion

In 2011, the National Marine Fisheries Service (NMFS) issued a Biological Opinion (BO) to the
U.S. Army Corps of Engineers for Calaveras Dam upgrade work that included, among other things,
recommended minimumstream flow requirements and ramping rates in Calaveras Creek below
Calaveras Reservoir and minimum releases below Alameda Creek Diversion Dam (ACDD). These
proposals, developed with SFPUC input and described further below, are included in SFWSM for
instream flow requirements below the respective dams.

These B instream flow requirements have prompted the development of the Alameda Creek
Recapture Project, described below.

IFR ilAlameda Creek below Alameda Creek Diversion Dam

Note: This operation isurrentlyincludedin the HHLSM version of SFWSM.

The NMFS BO includes a minimum flow (calledranimum bypasfiow in the BIOP) of 30 cfs
(59.5 AF/day)elow ACDD from December 1 through March 31. This is represented in SFWSM
as aconstant; ACDD diversions are disabled April through Novembee ACDD tunnel is not
activated in the validation version of SFWSM.

IFR inCalaveras Creek below Calaveras Reservoir

Note: This operation isurrentlyincludedin the HHLSM version of SFWSM

The proposed minimum instream flow schedule for Calaveras Creek below Calaveras Reservoir,
listed inTable 15, includes flows for Dry and Normal/Wet years, which are calculated based on
cumulative flows for the water ge in Arroyo Hondo (a tributary to Calaveras Creek that flows
directly into Calaveras Reservoir). The proposed rampingyatetuding both ramp up and ramp
down rated also depend on water year, as listed able 16. The minimum instream flows are
included in SFWSM as a pmocessed time series input. As noted above, ramping rates were not
included.Because of a positive bias in the East Bay hydrologic model during the fall season, the
dry schedule (B) from Januarytd April 30 is much less frequent than historical.
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Table15. Minimum instream flow schedule for Calaveras Creek below Calaveras Reservoir as proposed by the National Marine

Fisheries Service and implemented in the San Franciscor\®gs¢éem Model.

Dry Normal/Wet
(Schedule B) (Schedule A)
Cumulative Cumulative
Arroyo Hondo Arroyo Hondo
Flow Flow flows for water flows for water
Schedule | Schedule year Flow year Flow
Decision | Application | classification release classification release
Date period MG (cts) (MG) (cts)
N/A October N/A 7 N/A 7
N/A Nov.01 — N/A 5 N/A 5
Dec. 31
Dec.29 | Jan. 01 - <360 107 360 127
Apr.30
April 30 | May 01 — =7.246 7 > 7.246 12
Sept. 30
Notes:
' MG = million gallons
® Flows would be ramped as shown in the daily schedule in Table 3.

Tablel6. Maximum ramping rates for Calaveras Creek below Calaveras Reservoir as proposed by the National Marine
Fisheries Service and implemented in the San Francisco Water System Model.

D1y1 Normal/Wet?
Dates (Schedule B) (Schedule A)
9
10/1-10/2 7 (ramping down)
10/3 to 10/31 7 7
11/1 to 12/29 5 5
7
12/30 5 (ramping up)
7 10
12/31 (ramping up) (ramping up)
1/1 to 3/31 10 12
4/1 to 4/30 10 12
5/1 to 9/30 7 12
Notes:
! The threshold value for dry (Schedule B) and normal/wet years (Schedule A) is 60
percent exceedance probability. Sixty percent of the time, cumulative flows in Arroyo
Hondo would be higher than the dry year thresholds identified in Table 2. The “dry”
§chedule would apply to 40 percent of all months.
“ Normal/wet schedule would apply to 60 percent of all months.

San Antonio Reservoir

San Antonio reservoirKigure19) includes gravity flow from Calaveras Reservoir, Pumped flow
from Alameda East Portal (i.e., from the Upcountry region), and, optionally, from the Recapture
Pit (Pit #2), a part of the Alameda Creek Retee Project (described below). In addition to
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controlled and uncontrolled spill, water from San Antonio Reservoir can be released via either
pump or gravity to the Sunol Valley WTP.

Reservoir storage management and controlled spill

Through a license ageenent with the California State Water Resources Control Board (SWRCB),
no more than 15,300 AF can be diverted within from San Antonio Creek within a Water Year. San
Antonio Reservoir must be operated to account for this, as reservoir storage is corsidered
diversion under California water law. This is achieved with an accounting of storage through the
year. Once the 15,300 AF limit is reached, no further storage is allowed, and no additional inflows
can be impoundeddowever, though noted herdiig is notexplicitly implemented in SFWSM.
Instead, San Antonio Reservoir level management is modeled coittrolled spill usinga
preferred storage leveigger,as for other reservoirs.

IFR below San Antonio Reservoir

Note that there isurrentlyno IFR below &n Antonio ReservoirA narrative with a new IFR
below San Antonio reservoir has been investigated though the LTVA. Description of this
narratives is found in theTVA final report HRG LTVA, 202]).

recapture punp to SVWTP San Antonio Reservoir
w san antonio pump to SVWTP uncontrolled spill san antonio

san antonio gravity to SVWTP controlled spill san antonio

Figure 19. Schematic oflows in to and out fronsan Antonio Reservoand the Recapture Pit (Pit #2), a part of the Alameda
Creek Recapture Project

Alameda Creek Recapture Project

SFPUC has a pr&£914 right to divert water from Alameda and Calaveras Creeks, meaning it does
not need a permit from the SWRCB for these diversions. One component of the 2008 SFPUC
Water System Improvement Program (WSIP) entails improving environmental flows below
Calaveras Dam and the Alameda Creek Diversion Dam (ACDD), potentially impacting SFPUC
water rights. To account for this, SFPUC will implement a project called the Alameda Creek
Recapture Project (ACRP), whereby it will construct infrastructure to recapture water below
Calaveras Dam and ACDD, thereby enabling it to continue to use és ngatts(SFPUC, 2016b)
Specifically, SFPUC will rgpurpose a depleted quarry (Pit #2) below the confluence of Alameda
and San Antonio Creeks. The quarry is hydrologically connected to Alameda Creek, such that
water from AlamedaCreek naturally refills the quarry. SFPUC will pump water from the filled
guarry to San Antonio Reservoir.
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The ACRP is modeled using a range of physical constraints and operational objectives, developed
in consultation with SFPUC and described as follawth ACRP flow path configuration around
Pit #2 as shown iigurel19 above.

Infiltration from Alameda Creek to Pit #2the potentially recapturable wadeequals total inflow
from upstream (release/spill from ACDD and&@eras Reservoir, plus local accretions) or 17 cfs,
whichever is less.

The amount of water that can be recaptured (pumped from Pit #2) depends on an accumulated
recapturable flow credit for flow that is uncapturable due to a maximum pumping capacity. The
flow credit is limited by 1) a recapturable daily flow limit and 2) the amount of free storage space
SFPUC would otherwise use to store water released for IFRs.

The recapturable daily flow limit depends on whether or not Calaveras Reservoir spills. If
Calaveras Reservoir does not spill, the recapturable daily flow is the total of IFR below Calaveras
Reservoir and ACDD. Otherwise, recapturable flow is zero.

The flow credit accumulation in each time step is limited by the available storage space in
Calaveraseservoir, calculated as storage at 756.2 feet (i.e., 93,717 AF) less actual storage.

From Pit #2, water may be pumped into the system. Since water can only flow in one direction
to/from San Antonio Reservoir, water from Pit #2 is pumped either to SamiariReservoir or
to the Sunol Valley WTP.

If San Antonio Reservoir is being refilled and its storage is less than 90% of capacity, then water
is pumped to San Antonio reservoir, subject to the recapturable flow credit constraint, recapture
water rights, ad the pumping policy of pumping at a constant rate for a minimum of seven days.

Water is pumped to the Sunol Valley WTP subject to a capacity of 30 cfs, and only: July through
June, if recapturable rights exceed 416 AF, if San Antonio Reservoir stod#0k of storage
capacity or higher. Pumping to the Sunol Valley WTP is subject to the same goal of a constant rate
for a minimum of seven days.

Pit #2, like other reservoirs generally, has a minimum storage and preferred maximum storage. If,
based on pysical constraints and operational objectives, Pit #2 storage exceeds the preferred
maxi mum storage, then a fAmining pumpodo i s used
water is lost from the system, and is considered as spill (i.e., it doesmobute to accumulated

flow credits).

3.7.3 Peninsula

All reservoir preferred storage leveals the Peninsula are operated with controlled sadl
described above, so no further description of preferred storage level is provided here
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Pilarcitos Reservoir

Pilarcitos ReservoirKigure20) releases include uncontrolled silke., spill) controlled release

to Stone Danand a diversion to Crystal Springs Reservdote that when the reservoir gets below
2,274 AF, the controlled release3$tone Dam is no longer possible. However, the IFR at Stone
Dam can still be provided by Pilarcitos reservoir thanks to a temporary siphons with a capacity of
20 cfs.Spill from Pilarcitos continues to Stone Dam, from which water is released as an IFR,
uncontrolled spill, delivery to the BAWSCA Coastside County Water District (CCWD), or a
diversion to Crystal Springs Reservd@CWD can also be supplied with water from Crystal
Springs Reservoir via pumping. To avoid pumping costs, SFWSM prioritizes strpphy
Pilarcitos Reservoir by assigning a positive cost to the connection between Crystal Springs
Reservoir and the CCWD node.

precip pilarcitos

Figure 20. Schematic of flows in to and out frd®ilarcitos Reservoir.

IFR in Pilarcito€reek belowPilarcitos Reservoir

There is no official flow requirement in Pilarcitos Creek below Pilarcitos Reservoir. However,
SFPUC nonetheless releases a constant 1.5 cfs (2.99 AF/day§tioenDamThis was modeled
as a constant maximum flow in Rit&#tos Creek belovistone Damwith a high negative cost.

San Andreas and Crystal Springs Reservoirs

San Andreas and Crystal Springs Reservéiigure21) are operated jointly, with spill from San
Andreas going to Crystal Springs viarBMateo Creek and pumping from Crystal Springs to San
Andreas. Water enters the urban delivery system from the Peninsula reservoirs via the Harry Tracy
WTP (HTWTP). San Andreas Reservoir is used as the storage facility immediately preceding
HTWTP. Thus, vater is pumped from Crystal Springs to San Andreas before entering the urban
delivery system. Outflow from San Andreas therefore includes spill to Crystal Springs and
diversion to HTWTP. Outflows from HTWTP include several BAWSCA customers, as well as
delivery system connection points. Inflows to Crystal Springs Reservoir includes the Pulgas
Tunnel, which delivers water from the East Bay, diversions from Pilarcitos Reservoir and Stone
Dam, several local catchments, and spill from San Andreas Reservoiov@utfom Crystal
Springs includes an IFR, controlled spill, uncontrolled spill, diversion (pumped) to San Andreas
Reservoir, anthe pumpedliversion to CCWDoted above
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n@ @ pulgas tunnel to crystal springs tunnel fomstone damto crystal spings precip crystal springs catchment crystal springs

Crystal Springs Reservoir [

San Andreas Reservoir

&

crystal spring to san andreas

controlled spill crystal springs

Figure 21. Schematic of flows in to and out fr&@an Andreaand Crystal SpringReservois.

IFR irSan Mateo Creek below Crystal Springs Reservoir

Note: This operation is not included in thistorical validation version of SFWSM.

Instream flow requirements in San Mateo Creek below Crystal Springs Reservoir consist of a base
minimum flow in all months and flow ramping restrictions on specific flow level transition days.

There are two flow schedui@sSchedule A and SchedulédBvhich ae determined every January

11 by the cumulated San Mateo Creek Precipitation Index (SMCPI), a local precipitation index
calculated as the average of four rainfall stations within the San Mateo Creek watershed. SMCPI
calculations result in three water yégpes; Schedule A is used in Normal/Wet years (cumulative
SMCPI on January 11 > 10.3 inches), while Sch
schedules are listed ihable 17. The change in flow schedule ocswn January 12 based on

January 11 cumulative SMCPI.

As with other IFRs, this IFR is modeled with a Pywr node for controlled spill and was pre
processed following the above logic, with SMCPI values calculated using precipitation output
from the weathere@nerator. As noted above, ramping rates were not modeled.
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Tablel7. Instream flow requirements for San Mateo Creek below Crystal Springs Reservoir.

Dry Narmal/Wet
{Schedule B) (Schedule A)
Filow Flow Cumulated Cumulated
st ,IE.‘({.I{!(’ """ht"',lf‘hi precipitation Flow . Flow {:r‘ec:pl‘zcrr:c::z i campiing Flow
decision application | index for ramping . , index for ,
P ¥ ) e requirement S schedunie requirement
date period water-year schedule (cfs) water-vear (cfs) (cfs)
classification {cfs) " classificarion L =
(i) {in})
Oct | —
/s ; f 3 : N/ 3
N/A Dec 14 NIA NIA 3 N/A N/A
o IS -~
N/A Dec I3 N/A N/A 5 N/A N/A 5
1 Jan. 15- s Jan13: 5 . Jan 13: 7
2" < 103 3 7
Jan 12 Mar 15 < 10 Jan14:7 |10 > 10 Jan 14: 12 1
Mar 16~ i Mar 16-17: 15
1 N// 3 N 0
A Mar 30 i D B " Mar [8-19:12 | !¢
i Mar 31 - i < : 5
N/A Apr 30 N/A N/A 5 N/A Mar31-Apr 107 | 5
5 May I -
) ) 11 i N/ :
: N/A Sep 30 N/A N/A 3 N/A N/A 3

From: ‘Corps — opinion SJPL LCSDI CSSA 2010-10-29.pdf’: Table 1, pg. 16-17

San Francisco Groundwater Project

The San Francisco Groundwater Project is aaitynproject that provides the city with a year
round supply. The production capacity is theoretically 4 MGD but is limited in practice to 1 MGD.
This is represented in the model as a Pywr input node with a maximum flow of 1 MGD (3.1
AF/day). No cost is a®ciated with groundwater.

Regional Groundwater Storage and Recovery

Under a program called the Regional Groundwater Storage and Recovery (GSR), SFPUC and two
regional wholesale customers (CWS South San Francisco and Daly City) have agreed to operate a
75000AF (24,439 MGD)groundwater storage account using the Westside groundwater basin in

the Peninsula. Under this scheme, both SFPUC and the wholesale customers pump from
groundwater storage whenever droughtdraughtduct i o
reduction actions. During nethr o u g h t years (Aput year so) pump
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recharge of the basin, with SFPUC providingigu deliveries to the wholesale customers to
ameliorate impacts of not pumping. Withdrawals are limitgd pomping capacities, with
withdrawal capacities listed ihable18.

The GSR program is modeled with a reservoir, with a capacit$ ,600AF, that is refilled with

a Pywr input node and is connected to participatirsganergDaly City, California Water Service
Company South San Francisco and San BruRegharge, defined with a script, is set at zero if
YRS is less than 3.6 or if demand reduction factor is less than 1; otherwise, recbadgd@&D

(15 AF/day). TheWestside basin is connected to each connection point with the system first via a
single link that limits total withdrawals then by connecigpecific links that limit withdrawals

(via pumping) for each connection. The maximum total withdrawal is 7.2 MBB[5 AF/day).

Table18. Maximum withdrawal capacity for each connection to the Westside groundwater basin under the Regional
Groundwater Storage and Recovery program.

Connection / customer Withdrawal capacity Withdrawal capacity
(MGD) (AF/day)
SFPUC transmission pipelines
Sunset Pipeline 0.48 1.47
Crystal Springs Pipeline 2 0.55 1.7
San Andreas Pipeline 2 3.39 104
Wholesale customers
CWS South San Francisco 0.62 1.9
Daly City 1.3 3.99

San FanciscalVestside Recycled Water

Recycled water in San Francisco city (2 MGD) is accounted for in SFWSM as a Pywr Input node
to the city of San Francisco.

4 Model version variations

As noted above, three versions of SFWSM have been created: oraidation with historical
observations, one for validation with HHLSM, and one for planning (i.e., for use with the LTVA
analysis). This section summarizes key differenoetween these versions, though technical
implementation details are found in modelde rather than her&able 19 lists key differences
betweerthe three versicsof the model.

Table19. Key differences between SFWSM versions

Historical HHLSM Planning
validation validation
Recapture Project(including Pit F2) NO YES NO
ACDD Tunnel NO (Calaveras | YES YES
construction
period)
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Historical shutdown of WTPs & SJPL for YES NO NO
maintenance
Max and min flows through the WTPs Same for all three version
Maintenance schedule for SJPL and BDPL NO YES YES
Storage reduction at CA, CH, CS due to YES NO NO
construction and/or maintenance
CS storagereduction for Fountain thistle YES NO YES
PostWSIP UTREP Snowmelt Management YES YES YES
Program belowHH
Tuolumne River Transfer to Water Bank NO YES NO
San Francisco Groundwater Project (IMGD to | YES NO (HHLSM YES
SFCity) demand is
reducednstead
Groundwater Storage and Recovery Project YES YES YES
(7.2MGD during dry year)
San Francisco Westside Recycled Water NO NO YES
Project (2 MGD of recycled water in San
Francisco)
IFRbel ow O6Shaughnesse]VYES YES YES
IFR below Cherry Valley Dam YES YES YES
IFR below Lake Eleanor Dam YES YES YES
IFR below San Antonio Dam NO NO NO
IFR below Calaveras Dam NO YES YES
IFR below Crystal Springs Dam YES YES YES
IFR below Pilarcitos Reservoir (Stone Dam) YES YES YES
IFR San AndreasDam NO NO NO
Drought Rationing NO (historical YES YES
deliveries are
used as demaid
TID /MID rationing as function of DP storage& | NO (historical YES YES
inflow forecast deliveries are
usedas demand
Modelled demand NO (historical YES YES
deliveries are
used as demand)

4.1 Historical validation version

To model suburban retail demaiar histoiical validation
demand, while for others historical mean daily demand
suburban retail demand customer are listebaible20. Constant demand values are also listed in
Table20, while mean daily demand values are shown graphicafyguare22.
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Table20. Method for modeling subloan retail customer demarfdr the historical validation version of SFWSM

Region Customer Demand method Demand (AF/day)
Upcountry Groveland Community Service Constant 1.47
District
Lawrence Livermore National | Constant 2.46
Laboratory (LLNL) Site 300
East Bay Town of Sunol Constant 1.78
General Electric Historical daily mean Variable
Peninsula Golden Gate National Historical daily mean Variable
Cemetery
Menlo Park Country Club Historical daily mean Variable
NASA Historical daily mean Variable
SFO Historical daily mean Variable
Cordilleras Mutual Water Constant 0.02
Company
2.5
2
0
&
= 1.5
c
£
s 1
[a)
0.5
() ———Seeal.A —_—_.—-/Hﬁ\r‘-—\-ﬁ-\r—\_.—-—n—,__ S
e R R e e s e e e e e = = e D v R e e e i v I = s D w D v I i I
AN M T OO OO A ANMSTEL OO A NMSTLW OO JdANNMS I O
™ A A AN AN AN AN AN AN NN AN ANOOOOOOMm

Day of year (from January 1)

——General Electric Golden Gate National Cemetary Menlo Park Country Club NASA ——SFO

Figure 22. Daily demand for SFPUC retail customéos the historical validation version of SFWSWith demand based on
historical daily mean deman®emand is repeated every year.

4.2 HHLSM validation version

Similar to the historical validation, a version of SFWSM was developed through discussions
between Wass and SFPUC staff for validation with HHLSM. Modifications were made to match,

as closely as possible, the AWSIP PEIR 20180
average systeiwide water demand of 265 MGD as a major assumption. Comparisons wixe ma

with the Real Hydrology (RH) version of HHLSM.

In order to validate the SFWSM model against the HHLSM model, a demansgerias for each
wholesale and retail customer needs to be established that provides a reasonable comparison to the
demand timeseries used by HHLSM. The HHLSM model splits demand according to three
delivery centres: Peninsula, East Bay, and City of San Francisco as well as retail customers (see
Table21 for breakdown of demand across delivery centres in HHLSM). Demand is held constant

on an inter annual basis and is modelled at the monthlystiepe The SFWSM model has a finer
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spatial resolution, including all wholesale and retail customedsstiact demand nodes and runs
at the daily timestep.

Table21 Mean annual demand to HHLSM service areas in the HHLSM validation version of SFWSM

Delivery Centre Annual demand
AF mgd
Cordilleras 0.02 0.01
Golden Gatdridge Cemetery 0.77 0.25
Menlo Park 0.68 0.22
NASA 1.92 0.62
San Francisco Airport 3.56 1.16
Town of Sunol 1.78 0.58
Groveland 1.23 0.40
LLNL_site_3000 2.46 0.80
General Electric 0.10 0.03
RETAIL TOTAL 12.51 4.08
Peninsula 130.73 42.6
South and East Bay 440.37 143.5
City of San Francisco 229.00 74.62
TOTAL 812.62 264.79

The following process was applied in order to reconcile the spatial and temporal differences
between the input demand timeseries used by HHLSM and that required by SFWSM.

1. The average demand for each day of the year for the base demand scenario from the
SFWSM model is established. This timeseries is then normalised by dividing all values by
the average annual daily demand across all days of the year to create the tisiesenes
in Figure23.
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Figure 23 Normalized average demand for each day of the year

2. Divide HHLSM daily demand equally amongst customers belonging to that delivery
centre. Table 22provides an overview of which wholesale customers belong to which
delivery centre. In reality there is significant variation in the level of demand amongst
custaners within delivery centres, however for the purposes of the HHLSM validation the
priority was to ensure that SFWSM demand aligned with HHLSM demand at the delivery
centre scale.

Table22 Overview of wholesale customers ahdir corresponding region and base fraction, which describes the proportion of
total demand that make up the base demand use (essential uses).

Wholesale Customer Region Base Fraction
BAWSCA_ACWD SEB 0.55
BAWSCA_BRISBANE_GVMID PEN 0.56
BAWSCA_BURLINGAME PEN 064
BAWSCA_CWS_BEAR_GULCH SEB 0.40
BAWSCA_CWS_MPD PEN 0.65
BAWSCA_CWS_SOUTH_SF PEN 0.71
BAWSCA_CCWD PEN 0.58
BAWSCA_DALY_CITY PEN 0.83
BAWSCA_EAST_PALO_ALTO SEB 0.71
BAWSCA_ESTERO_MID_FOSTER_CITY PEN 0.45
BAWSCA_HAYWARD SEB 0.67
BAWSCA_HILLSBOROUGH PEN 0.31
BAWSCA_MENLO_PARK SEB 0.47
BAWSCA_MID_PENINSULA_ WD PEN 0.65
BAWSCA_MILLBRAE PEN 0.66
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BAWSCA_MILPITAS SEB 0.63

BAWSCA_MOUNTAIN_VIEW SEB 0.55
BAWSCA_NORTH_COAST_COUNTY_WD PEN 0.75
BAWSCA_PALO_ALTO SEB 0.53
BAWSCA_ PURISSIMA_HILLS WD SEB 0.40
BAWSCA_REDWOOD_CITY SEB 0.65
BAWSCA_SAN_BRUNO PEN 0.63
BAWSCA_SANTA_CLARA SEB 0.76
BAWSCA_SAN_JOSE SEB 0.56
BAWSCA_STANFORD SEB 0.58
BAWSCA_SUNNYVALE SEB 0.44
BAWSCA_WESTBOROUGH_WD PEN 0.73
SAN_FRANCISCO CCSF 0.92

3. For each day in the timgeries, multiply average daily demand for each customer by the
correspondingiormalizd average demand established in Step 1.

4. Divide daily demand into base asdasonal components according to observed seasonal
demand fractions provided irable22.

5 Validation

Two validations were performed with SFWSM: one with historicakopat i ons ( Ahi s
validationo), and one with the AWSIP PEIR 201

5.1 Validation with historical operations

This section includes series of representative validation figures with lapeflitativeassessmest

of model performanceompared with historical operations. The assessment covers the most
important operations across the region, sysiade operations and selected operations in each
region.

5.1.1 Systemwide

Comparisons of major operations systemde are shown irFigure 24, including total system
storage FFigure 24a), total storage in each regidriqure 24b-d), flow in San Joaquin Pipelines
(Figure24e), and outibw from each WTPHKigure24f). Given the complexity of thRWS system
and managemeydll systemwide operationsare reasonablwell simulated.

Both total system storage and Upcountry storage include the Water Bank. Because thaodxtra f
space available for the Water Baftke bubble accounis not used in SFWSM, as discussed
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above, SFWSM results in peak storage less than obseBuadilated Upcountry storage is
significantly lower than observed during the first months of 2010, wtachbe attributed to the

use of perfect foresight forecast to operate the Canyon and Cherry power tunnels (cf. discussion
below).Storage otherwise generally follows observed historical trends.

Generally, flows in SFWSM, which are shownFigure24 using a 26day moving average, are
more variable than observed. This is particularly apparent in the San Joaquin P{8dlitigs
Thisfollows from the inherent linear naturelisfear programminy which results in discrete
jumps from one state to anothEtow through the SJPL and outflow from the treatment plants

% In this section, several daily time series are discussed. Most of the time series present some high frequency variability
due the nature of the simulation technique (using linear programming). These high fluctuatidmsemanezgiuced for

some link nodes (e.g., SJPL) by defining dynamically appropriate minimum and maximum flow constraints to the LP
problem. This is not discussed further. It is = important to note, however, these high frequency fluctuations are not
expectedo influence the LTVA.
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are rather well represented. Discussions that are more detailed are provided later in this section

a) Total system storage
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Figure 24. Observed and simulated major operatisgsterrwide Operations with flow are with a 28ay moving average.

Figure25 compares observed and simulated daily storage for each reservoir in SFWSM, including
the Water Bank, whild=igure 26 compares mean daily storage for each reservoir. Most reservoirs
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are reasonably well simulated. This is especially true for the Upcountry reservoirs and the Water
Bank. Again, it is noted that the high storgmartion of the Water Bank was not considered
important to represent in SFWSNIhe use of perfect foresight forecasts to operate the power
tunnels at Hetch Hetchy and Cherry leads to more aggressive operations in a sense that the
reservoirs empty more thaimey have in reality. This is especially the case during the years 2009,
2010 and to some extend 2011 for Cherry L&ke.the purposes of the LVTA, reservoir behavior

was deemed acceptable, as all important reservoir operations are well simulated byl. SanS
Antonio and San Andreas Reservoirs are the least well represented. We note a negative bias for
the year 2007or Pilarcitos annual minimum storage. Although the cause of this has not been
determined, Pilarcitos is a small reservoir and identifiedds (i.e., 500 to 1,000 AF), though
relatively large within the reservoir, are relatively small within the water system.
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Figure 25. Observed and simulatethily storagefor all reservoirs, including the Don Pedro Water Bank
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a) Hetch Hetchy Reservoir b) Cherry Lake
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Figure 26. Observed and simulatedeandaily storagefor all reservoirs, including the Don Pedro Water Bank

Observed and simulated flows through the San Joaquin Pipelines are shioguré27. Here,
the greatr fluctuations in SFWSM are more apparent than in thga30moving average shown
in Figure24. However, on a mean dailfFiure27b) and mean annudfigure27c) basis, trends
follow historical operational patterns. The shiemm fluctuations are not likely to have any
significant influence in the LTVA context. The irtannual variability of total flow through the
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SJPL aravell represented.

Flow through San Joaquin Pipelines
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Figure 27. Comparison of historical observed and SFWSM simulated flow in the San Joaquin Pi{{&lPksThe top plot

shows daily time series for the simulated (red) and observed (black) flow through the SJPL. The bottom left plot shows the
mediars (bold curves) and the deviation between hofeartiles smoothed over a @y moving windows. The bottom right plot
show the scatter plot of the annual flow (calendar year).

Finally, Figure28 compares observed and simulated wagdivdrie® which are to meet demand
based directly on historical deliveries, so these should be the Bamgtual wateris needed to

meet demand.

70



Sout East Bay
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Figure 28. Comparison of historical deliveries and SFWSM simulated delivertashigtorical deliveries as input demand in
each of the South East B@) and the City and Peninsufd), and A v i (c)naeded to suppty bistadical deliveries.

5.1.2 Up-country

Water Bank operations

Water Bank operations, including Water Bank storage related flows, are shown kigure29.
Simulated operations generally track observed operations well. We note a negative bias in the
water bank balance during spring and summer seasons of the yeararDR811. These
discrepancies follow from the absence of the bubble account in the Don Pedro Water Bank, which
makes the Water Bank spill. Including the bubble account could be considered in any
improvements to SFWSMA more detailed view of Water Bank opeoats is shown in the
AppendixIl .
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Water Bank storage (AF)
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Figure 29. Water mass balance at the Don Pedro Water Bank, including: stoaagenfegulated flow at Lagrang®) inflow
(c), outflow @) and balanced).

5.1.3 Water Transfers in the Sunol Valley

Reminder Theprimeobjectiveof the comparison between the historical operation of the RWS and
historical version of SFWShN4 to validate the logic implementedthin theplanning version of

the SFWSM modeAs suchit wasdecided to somewhat bend thampiing version of SFWSM to
represent the historical operations, rather than creating a model with the only purpose to model
the historical operations. As a results, some historical operatemes hardly reproducible,
especially in the Sunol Valley regionhere the operations during construction of the new
Calaveras reservoir are not necessarily representative of the way SFPUC operates nowadays.

An important water transfer within the Sunédlley is the water flow from Calaveras Reservoir
to the Sunol Valleyater Treatment Plant YQVTP). Figure30illustrates this transfer. In regards

with the interannual variability Figure 30, bottom right), we netthat SFWSM underestimates

that transfer, especially for the years 2006, 20@82810. This underestimate results from the
implemented logidhat consiss at sending water tboth the treatment plant ar8an Antonio
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reservoir when the Calaveras resenforecasted to spill. Given the reduced storage at Calaveras
for the historical periodCalaveras storage V&ry quicklynearto its preferred storage levéle.,
50,000 from February through June; 34,480 AF otheryisiich results int@ strong arequent
incentive fortransferring water to SVWTP and San Antonio, which can be observed BQ@ure
throughFigure32 with a peak flovstarting in July, which is the timehenCalaveras storage must

be decrease from 50,000 to 34,480 AF.

Given theconstraint on Calaveras storage during the construction period, the-ddsuorébed

logic leads tdoo much water sent to San Antonio and not enough water sent direcN\WGTB

(i.e., when compared with the historical operations during this peribdring the manual
calibration of SFWSM, various costs associated with the transfer from Calavé&as Antonio

have been tested prioritizethetransfer to §WTP rather thaisan Antonio. When doing so, the
required outows to reduce Calaveras from 50 TAB hearly 34 TAFwere sent directly to
SVWTP, which led to a significant overestimate of the yield of the treatment plant. In other word
SFWSMtries touse San Antonio as a buffer to smoothed out the flow at the entrance of Calaveras
reservoir when thiatter is near fullwhich is whatt is expecedfrom the implemented logic. The
reason why SFWSM does that too frequently is due to the limited storage at Calaveras. For this
reason, it has been decided to keep the logic as it is, everogehaionswvithin the Sunol Valley
system are not representative of the operations during the construction.
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Figure 30: Flow from Calaveras to the Sunol Valley Water Treatment Plant.
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Figure 31 summarizes the transfers withBunol Valley Note that observations are missing in
2006 and 2008 for the transfer by gravity from Calaveras to San Antegior¢ 31 bottom left).

A large water transfer from Hetch Hetchy to San AntoRigyre 31, bottom right)explains the
jumps in storage &an Antonio Figure31, top right). These water transfers from Hetch Hetchy
to San Antonio take place following the emergency storage policy desariBedtion21. Based

on theobserved record, &ppearshis policy was not in place during the construction of Calaveras.
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Figure 31 Outlook of the water transfer in the Sunol Valley.

Figure32 illustrates the outflow from the\BNTP. The seasonal pattern of the outflow from the
treatment plant is siilar to thetransfer from Calaveras to/SVTP discussedn Figure30. The
difference between the two figures comes mostly from the water release via gravity from San
Antonio that often provides the minimum water flow requested by the treatment plant (blue curve
onFigure3l). At theannual scaleghe yield of the water treatment plasifairly well reproduced,

with largest underestimate occurring during the years 2010 and(E@fLite 32, bottom right).
Besides these min@nomalies, mostly due tlfeonstruction of the new Calaveras resenamid

the frequent shutdovenof SYWTP during theseyears the representation of the operation of
SVWTP in SFWSM iggood
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Outflow from the Sunol Valley WTP
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Figure 32 Outflow from the Sunol Valley Water TreatmBtant.

5.1.4 Water Transfers in the Peninsula

An important operation in the Peninsula region consists at ensuring a continuous flow of water at
the entrance of the Harry Tracy Water Treatment Plant (HTWTP), which deliverstw#ber
Peninsula. HTWTP receigsvater from San Andred®eservoir, which receives most of its inflow

via pumping water from Crystal Sprind®eservoir. Both San Andreas and Crystal Springs
reservoirs have storage capmsthat are significantly larger than their natural annual inflow. To
ensure the flow to HTWTP, water from either Suvialley reservoirs or Hetch HetcHyeservoir

is used to feed Crystal Spring via the Pulgas diversion.

Figure 33illustrates the outflow from HTWTP. Both inter annual variability and seasonal pattern
arefairly well reproduced by SFWSMhere isa positive bias in the annual outflow during the
year 2007 Figure 33, bottom right) that is due to a significant overestiorabdf the flow at the
treatment plant during the falFigure 33, top), whichcauseghe bump in the seasonal pattern

this seasonHigure 33, bottom left). Thidargeoverestimabn of the flow in SFWSM results from

the reduction in storage &rystal Spring reservoir (cfFigure 25 due to maintenance
(communication with SFPUC personal). This maintenance is accounted for in SFWSM via a
modified preferred stage curve for this year. To decrease the water level in Crystal Spring
reservoir, SFWSM sends a much larger volume of water than usual to HTWTP during this year.
Besides the anomaly during the year 2007, simulation of the HTWJddd for the LTVA
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Qutflow from the HTWTP
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Figure 33 Outflow from the Harry Tracy Water Treatment Plant.

Figure34 showstransfers from Crystal Spring reservoir to San Andreas reseBaside the high

frequency due to the L-Bolver,The inteannual variability is well reproducedxcepffor the year
2007, whenSFWSM overestimates the transfers from Crystal Spring to San Aridrélas reason
mentioned above.

Figure35illustrates the transfers from Pulgas diversion to Crystal Spring reservoir. The seasonal
pattern is not well reproduced as a positive bias is observed during spring and a ihegsisve
observed duringhefall. There are several possible causes formhisrepresentation. For instance,

any discrepancies between observed and simulated streamflow to Peninsula reservoirs would
affect the need for water from the upstream part ofRWS via the Pulgas diversion. Another
example is the emergency storage policy that is accounted for in SFWSM, although it is not certain
whether this has been actually implemented in the historical operakoradly, the Pulgas
diversion shown oifrigure35is the only link discussed in this section that is not located directly
downstreanof a reservoir. The flow through Pulgas diversiotihereforanfluenced by any laises

and mismatches that could take place further up in the system.
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From from CS to SA
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Figure 34 Water transfer from Crystépringto San

Andreas.
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Flow from Pulgas to CS
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Figure 35 Water transfer from the Pulgas diversion to Crystal Spring
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5.1.5 Hydropower Generation in Upcountry

Figure36 andFigure37 showhydropower operations at Kirkwoo#igure36) and Holm Figure

37) powerhousesObserved power generation is not available. As such, only the water releases
through the power tunnels (power draft) are discussed here, although SFWSM also outputs power
generation. Note also that observed power draft at Kirkwood powerhouse is onlplaeviaden

the end of 2009, whicsignificantlylimits the comparison with SFWSM simulation to this period.

Figure36 andFigure37 highlight the effect on the regulation of the fluctuation in the SJPL on the
water release pattern through the Canyon Power Tunnel. Both seasonal arahrintdr
variabilities of the power draft in Cherand Canyon power tunnels are fairly well represented in
SFWSM.However there isa peak in the power draft during Februarypoth Cherry and Canyon
power tunnelghat is absent in the historical record (this is especially true for the Canyon Power
Tunnel) These peaks are like due the minimum flow constraints assouwidtethe tunnelsAs

noted abovethe minimum flow constraintgy Cherry and Canyon power tunnels yssfect
foresightforecass for WAC and for the net inflogto the reservoirs and conmea it to the
available storage. The forecast procedure starts in February, which may explain the excess
generation at Kirkwood powerhouse during this month for the year with large forecasted WAC
and/or large forecasted net inflow to Hetch Hetchy reservoir

Figure 36 Flow through the Canyon Power Tunnel
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