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Abstract

This thesis explores the effects of future water and social conditions on energy consumption in
the major pumping and generation facilities of California’s interconnected water-delivery
system, with particular emphasis on the federally-owned Central Valley Project, California-
owned State Water Project, and the large locally-owned systems in Southern California.
Anticipated population growth, technological advancement, climatic changes, urban water
conservation, and restrictions of through-Delta pumping will together affect the energy used for
water operations and alter statewide water deliveries in complex ways that are often opposing
and difficult to predict. Flow modeling with detailed statewide water models is necessary, and
the CALVIN economic-engineering optimization model of California’s interconnected water-
delivery system is used to model eight future water-supply scenarios. Model results detail
potential water-delivery patterns for the year 2050, but do not explicitly show the energy
impacts of the modeled water operations. Energy analysis of flow results is accomplished with
the UC Davis General Energy Post-Processor, a new tool for California water models that
generalizes previous efforts at energy modeling and extends embedded-energy analysis to
additional models and scenarios. Energy-intensity data come from existing energy post-
processors for CalSim Il and a recent embedded-energy-in-water study prepared by GEl
Consultants and Navigant Consulting for the California Public Utilities Commission. Differences
in energy consumption are assessed between modeled scenarios and comparisons are made
between data sources, with implications for future water and energy planning strategies and
future modeling efforts. Results suggest that the effects of climate warming on water-delivery
energy use could be relatively minimal, that the effects of a 50% reduction in Delta exports can
be largely offset by 30% urban water conservation, and that a 30% conservation in urban water
use can produce energy savings of over 40%, from the base case. Results also show that refining
estimates of future Delta export and urban water conservation levels is necessary to increase
confidence in energy-related planning and investment. Sensitivity analyses suggest that the
compared energy-intensity data are highly interchangeable and using data combined from
multiple sources is preferable to include more facilities without skewing results.
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1. Introduction

Few things are more important to California’s economy and citizenry than sustainable water and
energy systems. California’s water supply and water demands have a fundamental geographic
imbalance, with the most precipitation falling in northern mountainous regions, where the
snow-pack also lies, and most population and agricultural areas occupying the more arid
southern Central Valley, coastal regions, and southern desert. In response, California has gone
to great lengths to transport water from where it originates to where it is desired. California’s
state, federal and local water projects annually transfer over twenty million acre-feet of water
many miles to satisfy these demands, though this conveyance comes with significant energy and
economic costs (DWR 2009a, CEC 2005).

Transporting large volumes of water over long distances, especially in a state with significant
topography, requires pumping facilities that consume large amounts of energy. The State Water
Project (SWP), which operates many of these pumping facilities, is the largest single user of
energy in all of California (CEC 2005). In total, about nineteen percent of the state’s energy
consumption is tied to water use. While most of this is by end-users of water, principally for in-
home water heating, about five percent of California’s electricity is used to treat and transport
surface water in the statewide water conveyance network (CEC 2005; GEI 2010). Future
changes to the quantity and sources of water transferred throughout the state are expected to
alter past energy use patterns, and special tools are needed to assess the energy impacts of
changes in the waterscape.

Predicting future needs is difficult in an unsteady environment. Climate change, population
growth, and operational uncertainties complicate matters and generally make resources scarcer.
Water conservation helps counterbalance the effects of other forces on the system, and can
help maintain overall water and energy supply reliability. Multiple scenarios of future water
demands and supplies can be modeled with statewide water models to predict the scope of
future water operations. Using knowledge of the relationship between water pumping and
energy consumption, the results of modeled scenarios can be compared and analyzed to assess
likely net energy use under each water delivery scenario.

This work introduces an improved energy post-processor for California water management
models. This post-processor uses flow results from an external water model to calculate
corresponding energy use under various scenarios. A history of interest in water and energy in
California is discussed, including a synopsis of three related models. General post-processor
methods and software development are also discussed, and application is considered to the
flow networks of two prominent water management models. Data and sources for energy-
intensities are given and compared, and the implications of data differences are explored.
Lastly, the energy post-processor is applied to the results of a modeled suite of water supply
scenarios covering a range of water demand, climate change, water conservation, and water
availability futures for California, with energy use for the state, federal, and largest local water
projects forecasted and compared between scenarios.



1.1. Objectives and Scope of Study

This study has three primary objectives, each of which advances our quantitative capacity or
understanding of embedded energy in California water. The first objective is to create a simple,
versatile, and thorough tool for calculating the energy impacts of water operations. Several
existing works address this in various forms, but a generic tool allowing separated energy-
intensity data to be used with flow results from multiple water-model networks and simulation
scenarios is needed. The UC Davis General Energy Post-Processor developed in this study
accomplishes these goals and addresses many limitations of preceding works.

With its generalized format, the scope of the energy post-processor is essentially limited only by
data availability. As improved energy-intensity and water-model network data are developed,
this energy post-processor can be applied far beyond the scope of the initial analysis undertaken
in this study.

The second objective of this study is to compare energy intensities between data sources and to
synthesize these findings into a set of default energy-intensity data for the post-processor.
Insights can be gained by identifying local and systematic differences between sources, with
implications for ongoing water management studies that rely on these data.

The scope of the default data analyzed and supplied with the post-processor includes thirty-
three pumping and eight in-conduit generation facilities (some facilities are aggregates of
several distinct locations; only thirty-one of the pumping facilities can be associated with CALVIN
links) in the state, federal, and local water projects for which energy intensities are known and
distinct network links on one of the major California water models can be identified.

The third objective of this study is to use the post-processor and default data to perform energy
analysis on a suite of model runs outlining possible water-supply futures for California. The
results of this analysis improve our understanding of the magnitude and distribution of water-
delivery energy demands that can be expected in the future.

The scope of this energy analysis of water supply futures includes eight CALVIN runs covering a
variety of climate change, system operation, water availability, and water conservation
assumptions.

1.2. Background on Water and Energy in California

1.2.1. Water and Energy Policy

Water and energy supplies have both been subject to shortage in recent California history and
maintaining resource supply reliability is a topic of great planning and political interest. Ongoing
political discussions and growing scientific uncertainties regarding our environmental future
have built considerable interest in the nexus of interactions between water and energy. As
home to large industrial, high-tech, and agricultural sectors, and with the largest population of
any state, disruptions in either water or energy services are extremely costly (e.g. E3 2005;
LaCommare and Eto 2004; Lineweber and McNulty 2001; Wade et al. 1991; EDAW Inc. 2008;
M.Cubed 2008).



The 2001-2002 California energy crisis is a prime example of energy disruptions becoming the
focus of great public attention. With a newly deregulated power industry, uncertain political
oversight, high energy demands, low resource availability, and internal policy problems, the
power market was unable to reasonably match supply with demand and became subject to
manipulation by profiteering producers and resellers. Energy prices skyrocketed ten-fold,
costing the state billions of dollars in direct costs, and rolling blackouts and brownouts became
common, contributing to indirect costs that were even greater. The total costs of this supply
unreliability are still being paid today (Joskow 2001). With anticipated population growth of up
to seventy-five percent by the year 2050, demand for energy will increase in the future.
Optimally managing California energy supplies will remain important for decades to come
(Landis and Reilly 2002, US Census Bureau 2010).

Water delivery, too, has faced significant service-reliability challenges. Wholesale water
deliveries from the State Water Project and the Central Valley Project (CVP) have been subject
to oversubscription and continual shortages due to misalignments between historical water
contracts, increasing urban and agricultural demands, and actual water availability (LAO 2009).
Projected SWP water allocations for 2010, for example, were initially limited to a mere five
percent of contracted amounts and subsequently increased to a maximum of only fifty percent
of contracted amounts (DWR 2009c; DWR 2010b). Though early water supply projections for
2010 were abnormally low, it is now rare for CVP and SWP contractors to receive the full
amount of their requested water deliveries.

The main hub of California’s water supply network, the Sacramento-San Joaquin Delta (the
Delta), is both a legally-protected tidal estuary and the system interchange for about 15 percent
of California’s water deliveries to approximately 25 million Californians and 750,000 acres of
irrigated land (DWR 2007, 2009a, 2009b). Recent scientific studies are raising concerns that the
effects of climate change, continued environmental degradation, and natural disasters may soon
render the Delta temporarily or permanently unavailable for continued use as a key segment of
California’s water supply network (DWR 2007; Mount and Twiss 2005; Lund et at. 2010; Fleenor
et al. 2008; URS 2009c; Zetland 2010; Miller et al. 2003; Hayhoe et al. 2004). Though the
California water supply system is highly constrained in its current form, export shortages are
expected to become more dramatic in the future.

Partly in response to past and anticipated resource shortages, recent political action in California
is addressing the makeup and reliability of future water and energy supplies. California
Assembly Bill 32, signed into law in 2006, is landmark legislation requiring a 25 percent
reduction in per-capita greenhouse gas emissions by the year 2020 (Office of the Governor
2006). Major steps in achieving this goal, as outlined in the state’s Climate Change Scoping Plan,
include energy conservation and energy efficiency measures to reduce both current greenhouse
gas emissions and future energy demands (CARB 2008).

Other current legislation (i.e. Assembly Bill 2514, which has until September 30, 2010 to be
signed into law) is laying a foundation for the mandatory development of new energy storage
facilities to regulate load, increase the state’s ability to deal with surges in demand, and increase
overall efficiency in the energy supply system (Legislative Counsel 2010). Improvements in
energy efficiency have been mandated to be California’s first priority for meeting future energy
demands and, between 1975 and 2006, singlehandedly increased the state’s economy by 3
percent and saved over $56 billion (CPUC 2006). California continues to show a sustained
interest in energy efficiency and the reliability of energy supplies.



Recent political action has also addressed future water supply reliability. Senate Bill 7, signed
into law in November 2009, requires that California achieve a 20 percent reduction in urban per-
capita water use by the end of year 2020 and requires agricultural water suppliers to implement
water efficiency measures, quantity-based pricing, and standardized reporting of deliveries
(Legislative Counsel 2009b). Entities that fail to meet the provisions of the bill will be ineligible
for all state water grants and loans, which should motivate most affected agencies.

Recognizing the dangers to the Delta and its significance to water supply reliability, Senate Bill 1,
also of the 2009 session, establishes legally co-equal goals of protecting the environment in the
Delta and ensuring continued water supply reliability. Through a newly created Delta
Stewardship Counsel, the state is actively pursuing scientific and political options to navigate
these goals (Legislative Counsel 2009a).

These examples of recent legislative action regarding the future of energy and water in
California—in the context of pressing budgetary challenges and a severe recession—illustrate
the central role these issues hold in California’s political landscape.

1.2.2. Water and Energy Relationships

Recent scientific studies have sought to quantify the specific relationships between water and
energy supplies in California, with the goal of better informing the policy decisions surrounding
these two resources. Periodic updates to the California Water Plan (e.g. DWR 2009a) provide an
up-to-date overview of statewide water operations and project trends for the future. Similarly,
periodic Integrated Energy Policy Reports and updates (e.g. CEC 2007) give an overview of the
current status of California energy resources and project energy trends for the future. These
documents provide the factual basis from which other analyses extrapolate, and both contain
special sections addressing interactions with other resources.

As early as the 1970s, energy use was being estimated for farm irrigation in California (Rawlins
1977), in the context of maximizing crop production per unit input. Detailed, modern estimates
of agricultural-water energy use are given in Burt et al. (2003), which examines energy used in
conveying wholesale water to irrigation districts, district-level surface and groundwater
pumping, and farm-level groundwater and booster pumping, all in the context of agricultural-to-
urban water transfers, groundwater banking, irrigation efficiency, desalination, pump fuel
choices, climate change, and policy shifts.

Wilkinson (2000) lays a foundation for agricultural and urban water-energy modeling by
identifying key water-energy relationships in California, deriving a methodology for calculating
the energy embodied in water transfers, developing an energy calculation tool, and presenting a
list of policy implications and potential efficiency improvements. The California Energy
Commission has recently refined these relationships, added new energy-intensity data,
identified additional policy conclusions and areas for efficiency gains, and projected water and
energy trends for the future (CEC 2005). Remaining uncertainties and key areas for future
research are identified in a roadmap for water and wastewater energy efficiency jointly
published by the California Energy Commission and the American Water Works Association
Research Foundation (Means et al. 2004). Based on these reports, total water-energy analysis
should also include the effects of powerplant generation, building cooling, water transport and
deliveries, household end use and water heating, water and wastewater treatment,
desalination, groundwater pumping, and similar energy uses for urban water deliveries.



Cohen et al. (2004), motivated by environmental concerns, focus these water-energy
relationships on the need to improve overall efficiency through additional water conservation
and more-careful planning for the full life-cycle costs of water and energy resource
development. Example life-cycles analyses for alternative water supply sources have been
performed by Stokes and Horvath (2006), for two case studies in Northern and Southern
California. Gleick (1994) and Lofman et al. (2002) give good, concise overviews of the relevant
water-energy relationships at play in California and elsewhere.

The relationships between water and energy are complex and water and energy supplies will
remain scarce and valuable in California’s future. The types of modeling and analysis outlined in
this study can help identify and predict the interactions between these two resources in an
uncertain world, and inform the policy decisions that will shape our future.

1.3. Existing Models of California Water-Energy Relationships

This study has benefited significantly from several contemporary water and energy models.
While these models have been effective for their intended purposes, they collectively lead to
the need for a new energy post-processor that combines individual strengths in a generic and
flexible way. The energy post-processor introduced in this thesis draws specifically from the
models described below for energy-intensity data, but departs from their approach towards
network representation, scenario specification, and software design. An overview of additional
water-energy models can be found in (Marsh and Sharma 2006).

1.3.1. LongTermGen and SWP_Power Energy Post-Processors for CalSim Il

LongTermGen, the first major energy post-processor for California water, was developed by
Surface Water Resources Inc. for the Western Area Power Administration (WAPA) and the U.S.
Bureau of Reclamation in the early 2000’s. LongTermGen works exclusively with the California
Department of Water Resources (DWR) CalSim Il model, and contains energy-related data for
dozens of pumping and generation facilities in the federally-owned Central Valley Project.
Originally designed for the energy industry, the post-processor contains detailed facility-level
data for energy planning and projection. Representation is includes for energy-intensity factors
and functions, transmission losses between the facility and the substation, quantity and
capacities for pumps and turbines, on/off peak energy ratios, and an energy adjustment factor,
all of which can vary monthly. The post-processor was developed in Microsoft Excel and
includes significant Visual Basic code to guide the calculations (WAPA 2004).

Based on the success of the LongTermGen, the Department of Water Resources commissioned
the SWP_Power post-processor to mirror this analysis for the California-owned State Water
Project. Since 2004, both of these CalSim Il energy post-processors have been a part of the
Common Model Package used by state and federal agencies for CALFED surface storage
investigations (e.g. DWR 2010a; Van Lienden et al. 2007) and similar analyses by public agencies,
engineering firms, and water districts, to support local water-planning and environmental
studies (e.g. USBR 2009; HDR 2007; Jones & Stokes 2003; EDWPA 2008). The primary result of
an SWP_Power or LongTermGen energy analysis of a CalSim Il run is a time series of energy data
for each of facilities included in these post-processors.



CalSim I, the water model used by LongTermGen and SWP_Power, is a detailed water model
focused primarily on California’s state and federal water projects, with a cursory representation
of the largest local projects. Though it allocates deliveries with a linear-programming algorithm,
CalSim Il is generally employed as a simulation model, having water deliveries determined by
priority-based contractual and water right rules and operating patterns that closely resemble
current management policies.

The CalSim Il model network includes many hundreds of links and nodes representing individual
reservoirs, pumping and generation facilities, river and canal reaches, groundwater pumping
and infiltration locations, water sources and sinks, inflows, outflows, demand areas, and other
notable facilities throughout the state. It is a mass-balance model, strictly concerned with the
movement of water to satisfy priority-based operations, and does not explicitly model
hydrologic or hydraulic phenomenon. To analyze the effects of various hydrologic, hydraulic,
and social conditions, the model is run with different parameters, boundary conditions, and
operating rules. CalSim Il is a complex model that tends to requires several hours of run time to
produce flow results for each link in the network.

1.3.2. GEI/Navigant Water-Energy Model

A separate embedded energy in water study is currently being conducted by GEI Consultants
and Navigant Consulting for the California Public Utilities Commission (CPUC). This study
analyzes recent water delivery and energy use data to empirically estimate energy intensity at
selected California pumping and generation facilities. When available, detailed facility-level
operations data were consulted to estimate energy intensities. Based on findings regarding the
energy currently embodied in wholesale water deliveries, the study makes broad projections for
water and energy use in 2020 and 2030.

The GEI/Navigant team is developing a custom water-energy spreadsheet model to accompany
their study. This model has a user-friendly web interface and covers a broad segment of
California’s interconnected water delivery system, including water-delivery and energy use
representations of nine water wholesalers (including the state, federal, and many local projects),
groundwater pumping, local surface-water supplies, recycled water, and desalination sources
(GEI 2010). Their water supply model operates at a broad spatial scale, representing statewide
demands as aggregated into ten point-source hydrologic regions. Because the data and
relationships are aggregated into simple equation-based relationships, the spreadsheet model
produces results instantaneously and does not use either a simulation or optimization engine to
allocate flows on a per-time-step basis. Given this simplicity, the GEI/Navigant spreadsheet
model can quickly be adjusted to simulate changes in supply, demand, and infrastructure, and
includes easy-to-use text boxes and buttons to fine-tune these values.

1.3.3. CALVIN Water Management Model

The California Value Integrated Network (CALVIN) is a statewide water management model
developed by researchers at the University of California — Davis that implicitly models energy
use through cost-based economic-engineering analysis of California water deliveries. Like
CalSim Il, CALVIN is a highly detailed and geographically extensive water model with several
hundred links and nodes representing individual facilities throughout the state. The CALVIN
network includes a variety of local water projects, municipalities, agricultural demands, and
water sources in California’s interconnected water system, in addition to the state and federal
water projects. CALVIN is currently the most detailed and extensive water-delivery model for



California, covering approximately 92 percent of the total population and 88 percent of the all
irrigated land in the state (Draper et al. 2003). CALVIN has been widely applied for many climate
change, water market, Delta management, dam removal, conjunctive use, and water
conservation applications (e.g. Tanaka et al. 2006; Connell 2009; Lund et al. 2010; Medellin-
Azuara et al. 2008; Ragatz 2010; Zhu et al. 2005; Tanaka and Lund 2003; Null and Lund 2006;
Lund et al. 2003; Jenkins et al. 2007).

While the scope of the CALVIN network is similar to that of CalSim Il, CALVIN takes a unique
approach towards allocating water to satisfy demands. While water allocations in comparable
models are governed by operational and contractual rules, CALVIN water allocations are
governed by economic functions and an optimization engine that seek to minimize the total cost
of shortage and water operations, statewide. Energy use is implicitly modeled in CALVIN though
complex cost functions that account for the cost of pumping, the benefit hydropower, and the
cost of other factors associated with water conveyance throughout the state (Draper et al.
2003).

2. Energy Use Estimation
2.1. Estimation Methods

The amount of energy used to pump water or produced through hydroelectric generation is
estimated from fundamental facility properties and records of water delivery. In this analysis,
flow refers to the volume of water passing through a pumping or generating facility in a fixed
period of time. Flow is measured from source to destination and is always considered a positive
quantity. Typical units of flow are cubic-feet (cf), acre-feet (AF), and thousand acre-feet (KAF or
TAF) per unit of time. (An acre-foot is the volume of water needed to flood an acre of land to a
depth of one foot). For this study, flow is analyzed in units of KAF/month.

Energy intensity is a facility property that refers to the amount of energy required to pass a fixed
volume of water through a facility. Facilities with higher energy intensities use more energy to
pass the same volume of water than do facilities with lower energy intensities. Energy intensity
is positive for pumping facilities, indicating energy use, and negative for generating facilities,
indicating energy production. Energy intensities can be either observed or calculated, and are
generally fairly constant for a given facility, over time. Small variations in energy intensity arise
from differences in pump efficiencies at different levels of flow, fluctuations in pumping head,
and differences in seasonal water operations. For most facilities included in this study, energy
intensity is represented as a constant average value, though facilities subject to greater
variations in energy intensity are represented through functions of the water level in associated
reservoirs. In general, energy intensity could also be represented as a function of time, flow, or
any other measure.

The energy used at a facility is estimated by multiplying flow by energy intensity (Equation 1). In
this analysis, pumping facilities have positive energy use and generating facilities have negative
energy use. In most cases, the energy calculated at each facility is expected to be less than the
total energy needed at, or more than the total energy delivered to, the nearest substation on
the electrical grid, due to losses in electricity transmission. Typical units for energy, at the scale
examined in this analysis, are kilowatt-hours (kWh), megawatt-hours (MWh), and gigawatt-
hours (GWh).



energy-use = flow x energy intensity (1)

2.2. General Energy Post-Processor

A main purpose of this project is to create a simple, versatile, thorough, and extensible tool for
calculating the energy impacts of water operations. Wherever possible, the post-processor
design is generic, to allow for types of facilities and uses not currently known or not included by
default. While default data are supplied, they are currently limited to energy consumption by
pumping facilities and energy production at recovery generation facilities. However, the
structure of the post-processor is flexible-enough to accommodate other sources of energy use
(e.g. water and wastewater treatment, desalination, groundwater pumping, water recycling
etc.). Flexibility is also available regarding the associated water models. While currently linked
to the CALVIN and CalSim Il networks by default, network information for other models can be
added in columns designated for this purpose. Several post-processing options allow for
customization of the energy calculations. A few clicks can differentiate the resulting analysis
based on chosen water project, facility type, water model network, or energy-intensity data
source.

The post-processor is developed in Microsoft Excel to make the calculations and underlying logic
transparent to the user, using Visual Basic code used to guide the calculations. The post-
processor is divided into several topical sheets for input, internal data (“default data”), and
results. On the introductory sheet, the user is presented with a series of textboxes outlining the
purpose of the tool, the technical steps required to calculate energy results, and a series of
options to guide the calculations. A time-stamped version number identifies any updates to the
post-processor that may be forthcoming. A list of network-link pathnames aids in retrieving
relevant DSS flow results from the water models.

The calculation options on the introductory page significantly expand the usefulness of this tool,
and the option-boxes are entirely flexible. Default option text is supplied with the post-
processor to match the known data, but can be modified by the user at any time. The Visual
Basic code and macros that guide these calculations are generic and search the internal data for
all energy intensities, network links, water project names, or facility types that contain the text
in the option boxes. In some cases (i.e. selecting energy-intensity data source), a preferential
order can be established with a comma separated list. Instead of skipping facilities that do not
have data from the preferred source, alternate sources can be listed (if no alternate sources are
listed, only facilities from the chosen source will be included in the results). This makes the
post-processor nearly infinitely extendable, with the potential to be useful for settings far
removed from the original energy analysis. A copy of the General Energy Post-Processor can be
freely obtained from the author or the chair of this thesis committee.

2.3. Energy Intensity Data for California Pumping and Generation Facilities

The scope of facilities included with the General Energy Post-Processor and used in this study is
limited to pumping and recovery generation facilities directly tied to water deliveries.
Hydropower facilities upstream of the Delta are generally not affected by the parameters
altered in the eight water-supply scenarios of this study (e.g. urban water conservation, reduced



Delta exports) and are thus excluded. Energy intensity data (Table2) come from pumping and
recovery generation facilities included in the LongTermGen and SWP_Power post-processors, as
supplied by Brian Van Lienden in November, 2009 (Brian Van Lienden, Engineer, CH2M Hill, pers.
comm.) and included in the draft GEI/Navigant embedded energy in water study released by the
Public Utilities Commission in May, 2010 (GEI 2010).

The energy intensities in LongTermGen and SWP_Power lack suitable documentation but appear
to come from both empirical data and analytically calculations based on pump/turbine design
and water lift/head. CVP energy intensities for LongTermGen were originally provided by the
Western Area Power Authority, and SWP energy intensities for SWP_Power were originally
provided by the State Operations Control Office (CH2M Hill 2009). Though dates of
development, people involved, and the underlying data are unavailable, these tools will likely
remain relevant due to their regular use for planning and analysis by the State of California.

The undocumented and somewhat-analytical approach of SWP_Power and LongTermGen can
be contrasted with the purely empirical and well-documented approach of the GEl/Navigant
study. By comparing historical monthly water deliveries with historical monthly energy
generation and consumption, this study empirically calculates the average energy intensity of
each represented facility. Their data come predominantly from existing public documents and
utility records provided by system operators. The quality of all source data has been checked,
and only reasonable data are included in their average energy intensities. Though not used in
this analysis, an error range and minimum and maximum values also are listed for most
facilities.

Due to gaps in overlap between the two data sources, direct comparisons of approach are
limited to just half of the total facilities included in the General Energy Post-Processor. In total,
the GEI/Navigant study contains data for one generation and nine pumping facilities not
included by DWR, most of which are on the south coast or in Southern California. DWR contains
data for eights pumping stations not included by GEIl, most of which are in Northern or Central
California. Between the two sources, data are available for a total of forty-one facilities
(Table2).

All available energy-intensity data from LongTermGen, SWP_Power, and the GEI/Navigant study
are included with the General Energy Post Processor and available for analysis. Data from each
of these sources can be used exclusively, combined with other data sources in a preferential
order, or combined on a case-by-case basis.

For each facility, a single energy-intensity is selected as the “default datum” in the General
Energy Post Processor. These selections follow the author’s best judgment of the most accurate
energy intensities for each facility, and vary by source. Where energy intensity is available from
only one source, that source is used for the default datum. When two data sources are
available, GEl/Navigant data are generally preferred for their empirical and verifiable nature. An
exception is made for facilities modeled by LongTermGen and SWP_Power with functions
instead of as values. Energy-intensity functions are necessary for facilities that experience wide
fluctuations in head based on changing water levels in an associated reservoir. For example,
energy intensity at the William R. Gianelli pumping/generation plant, which is extremely variable
and which has a GEl error range of up to forty-five percent, is modeled by DWR as a function of
the storage level in San Luis Reservoir, reducing a major source of uncertainty. Wherever
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available, energy intensity functions from the DWR post-processors are preferred (CH2M Hill
2009; GEI 2010).

In most cases, the included energy intensities correspond to physical facilities on a one-to-one
basis. Notable exceptions are the aggregated pumping facilities in the Colorado River Aqueduct
(CRA) and the aggregated recovery generation facilities belonging to the Metropolitan Water
District of Southern California (MWD). These groups of facilities are combined out of necessity,
due to a lack of detail in energy intensity measurements and/or model representation. The
Colorado River Aqueduct has five pumping stations: Whitsett, Gene, Iron Mountain, Eagle
Mountain, and Julian Hinds, all of which GEI aggregates to a single energy-intensity of 1,976.1
kWh/AF. This is not anticipated to affect the general accuracy of the results, as all water
traversing the aqueduct must pass through each of the five facilities (GEI 2010).

The Metropolitan Water District of Southern California has sixteen recovery hydropower
facilities which are aggregated in this study. Each of these facilities receives water from the
CRA, the SWP, or from combined SWP+CRA sources. GEI (2010) aggregates these facilities with
three energy intensities, grouped by water source. Due to CALVIN’s lack of a detailed network
representation within Central MWD and due to the scattered locations of these facilities, the
three aggregated GEl intensities have been further combined to produce a single energy
intensity for all MWD deliveries. As annual MWD deliveries from the SWP and CRA are of
approximately equal magnitude (481,000 — 1,502,00 AF/year vs. 720,100 — 1,299,200
AF/year, respectively), an arithmetic mean, weighted by nameplate capacity, is employed
for this final aggregation (Table 1; GEI 2010; MWD 2010).

Table 1. Individual MWD hydropower facilities, aggregated by weighted average for application to the
CALVIN water model network used in this study (nameplate capacity from MWD 2010; energy intensity
from GEI 2010).

Nameplate Water Energy Intensity

MWD Generation Facility Capacity (MWh) Source (KWh/AF)
Foothill Feeder -9.0 SWP -216
Greg Avenue -1.0 SWP -216
San Dimas -9.9 SWP -216
Etiwanda -23.9 SWP -216
Sepulveda Canyon -8.5 SWP -216
Venice -10.1 SWP -216
Perris -7.9 SWP -216
Yorba Linda -5.1 SWP+CRA -39
Rio Hondo -1.9 SWP+CRA -39
Valley View -4.1 SWP+CRA -39
Coyote Creek -3.1 SWP+CRA -39
Diamond Valley Lake (Wadsworth) -29.7 SWP+CRA -39
Red Mountain, San Diego pipeline #5 -5.9 SWP+CRA -39
Lake Mathews -4.9 CRA -56
Corona -2.9 CRA -56
Temescal -2.9 CRA -56
Capacity-Weighted Arithmetic Mean -135.5
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2.4. Post-Processor Application to Water Management Models

To be useful for analysis, the energy-intensity data in the General Energy Post-Processor must
be associated with the network links of water models producing relevant flow results. Prior
water-energy studies in this domain have used either the GEI/Navigant water-energy model (i.e.
GEI 2010) or the LongTermGen and SWP_Power energy post-processors for CalSim Il (e.g. DWR
2010a, USBR 2009, HDR 2007, Jones & Stokes 2003, and EDWPA 2008). The GEI/Navigant model
does not produce detailed flow results and is not very extensible, and thus is suitable for
incorporation in the General Energy Post-Processor as a source of energy data, but not as a
water model. Instead, network link data for CalSim Il and CALVIN are included.

Correlating energy-intensity with network links is straightforward between LongTermGen and
SWP_Power and CalSim Il. These post-processors have been used with CalSim Il previously and
already contain all relevant network information. Matching these facilities to CALVIN involves
referencing the CALVIN schematic and database and general inquiries about facility location. In
most cases this is straightforward, but the final matches presented in the General Energy Post-
Processor (Table2) still rely on the author’s best judgment. A similar approach is used to match
the GEI/Navigant energy data to the model networks of both CALVIN and CalSim Il

The General Energy Post-Processor extends water-energy analysis to CALVIN. Like both CalSim I
and the GEIl/Navigant model, CALVIN is a large-scale model operating on long time steps at the
statewide level. Like CalSim II, but unlike the GEl/Navigant model, CALVIN can support long-
range policy and planning efforts, and has been used in studies projecting results over the
course of the next century. Like CalSim I, CALVIN flow results are separate from the energy
post-processing and require extra effort to export/import data and change scenarios, unlike the
GEI/Navigant model which processes both water and energy data in the same system. Also like
CalSim 1l, CALVIN takes significant training to fully understand and requires a considerable
amount of run-time to produce flow results in each scenario; California’s water system is
complex, after all. The GEI/Navigant model takes no special training to run and can quickly shift
between a fixed number of pre-formulated scenarios.

CALVIN is unique in California as a statewide optimization water-management model. With the
goal of minimizing the total statewide costs of water shortages and operations, CALVIN
incorporates a portfolio of integrated water management activities to explore scenarios that are
physically possible and which would be optimal if the business-as-usual water delivery rules
could be relaxed. As an optimization model, it shows the most economically efficient allocation
and operation of water, considering all the costs associated with water delivery and shortage —
costs which are neglected by the GEI/Navigant and CalSim |l models seeking to mimic existing
operating rules. While energy costs are implicit in CALVIN solutions and not easily separable for
water-energy analysis, they do dictate the flow of water through the network. As such, CALVIN
seems especially appropriate to use for the energy post-processing of flow results.
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Table2. Pumping and generation facilities included in the General Energy Post-Processor (negative
energy intensities represent energy generation; default data sources represent the author’s estimate of
best data available; DWR energy intensities and most CalSim Il links courtesy of Brian Van Lienden,
Engineer, CH2M Hill; GEl energy intensities from GEI 2010; CALVIN links from database version 003105
and schematic version 05/20/2009; additional CalSim Il links from schematic version 7/23/2009).

DWR GEI ol
Facility Water Energy Energy DS;:t CALVIN CalSim Il
Name Project | Intensity | Intensity | o; ce | LINK(S) Link(s)
(kWh/AF) | (kWh/AF)
1 D77-C11 + D171 +
Red Bluff CvP 12.0 -- DWR HSU2D77-C62 C1712
Corning CvP 190.0 -- DWR HSU2D77-C6 D171
Tehama- . CvP 43.2 - DWR D77-C11 C171
Colusa Relift
Folsom®* CVP | (function) - DWR - D8
Folsom VP - - N/A | SR-8 s8
Storage
Barker Slough | SWP - 184.5 GEIl D55-C22 C402B
Cordelia SWP -- 368.7 GEl C22-T14NAPA C402B
Contra Costa CvP 164.8 -- DWR CC1 PMP-C70 D408
South Bay SWP 797.0 843.2 GEl SoBayPMP-D891 D801
Del Valle SWP 72.0 73.3 GEl DVallePMP-SR-15 D811
SWP D419 SWP
Banks VP 297.0 284.7 GEl Banks PMP-D801 D419_CVP
Jones CvpP 237.5 232.7 GEl Tracy PMP-D701 D418
DMC Intertie* CvP 42.3 -- DWR -- C700A
O’Neill CvP 59.2 59.5 GEl ONeillPMP-D814 C7022_
C705
O’Neill CvP -35.0 -32.2 GEl ONeillPWP-D712 C7052_
C702
o5
Gianelli® (function) | 338.1 DWR | GianPMP-SR-12
CVP D703 -
c11’
Swp -217.1 %35_2
Gianell® (-function) DWR | GianelPWP-D816
cvpP -233.8 cii-
' D703’
San Luis S11+
Storage CvpP -- -- N/A SR-12 S12 +
8 5132
San Felipe’ CvpP (function) 240.0 DWR | SR-12-D714 D11
San Luis Relift CvP 93.5 -- DWR D816-D818 C8322+
C808
Delta CVP 0.5 - DWR | D712-D722 €705




Mendota
Relift
SWP C825
Dos Amigos CVP 137.9 135.6 GEl DAmigoPMP-D744 | C834 +
D419_cvc?
. LPerilPMP-

Las Perillas SWP 77.0 77.0 GEl BadgerPMP D850
Badger Hill SWP 200.0 198.8 GEl BadgerPMP-D847 C866
Devil’s Den SWP -- 723.2 GEl D847-D848 C867
Bluestone SWP -- 737.0 GEl D847-D848 Cc867
Polonia Pass SWP -- 715.7 GEl D847-D848 Cc867
Buena Vista SWP 242.0 244.8 GEl BuenaPMP-D860 C860
Teerink SWP 295.0 267.8 GEl WheelrPMP-D862A | C862
Chrisman SWP 639.0 623.8 GEl ChrismPMP-D862B | C864
Edmonston SWP 2,236.0 2,280.8 GEl EdmonsPMP-C103 C865
Alamo SWP -105 -116.6 GEl Alamo PWP-D868 C876
Oso SWP 280.0 273.0 GEl 0SO PMP-D884 C890
Warne SWP -573.0 -584.1 GEl Warne PWP-SR-28 C892
Castaic® SWP | (-function) -963.2 DWR | Cast PWP-D887 C893
PyramidLake | - g\yp - - N/A | SR-28 528
Storage
Castaiclake | gyp - - N/A | SR-29 529
Storage

Pearblossom SWP 703.0 682.9 GEl PB PMP-C124 C880
Miojave SWp | -95.0 774 | GEl | Mojave PWP-SR-25 | C882
Siphon

Devil’s .

SWP -1,113.0 -1,210.9 GEl Devils PWP-C129 C25

Canyon
Greenspot SWP -- 556.1 GEl C129-C138 --
Crafton Hills SWP -- 594.1 GEl C129-C138 --
Cherry Valley SWP -- 378.8 GEl C129-C138 --
Colorado

River Local -- 1,976.10 GEl JuliaH PMP-C136 --
Aqueduct’

Central D876-Cl161 +

MWD’ Local -- -135.3 GEl D888-C161 + --

C139-C161°

1. Pumping only necessary September — May.

2. A combination of links is required to accurately represent this facility on this network.

3. Energy intensity is a function of Folsom Reservoir storage levels.

5. Facility not represented by CALVIN and not included in subsequent analysis.

6. Energy intensity is a function of San Luis Reservoir storage levels.

7. Energy intensity is a function of Pyramid Lake and Castaic Lake storage levels.

8. Energy intensity aggregated from several facilities.
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3. Future Water Supply Scenarios for California

This analysis compares the energy impacts of eight future water-supply scenarios for California.
These scenarios assume year 2050 levels of development (population, land use, etc.) and cover
a range of conditions exploring historical and altered climates, zero and thirty percent urban
water conservation, and zero, fifty, and one-hundred percent reductions in water exports
through the Delta. Flow results for each scenario are estimated with CALVIN, and energy use is
assessed with the new UC Davis General Energy Post-Processor, with energy-intensity data from
LongTermGen, SWP_Power, and the GEI/Navigant study.

3.1. Year 2050 Levels of Development and Urban Water Demands

Year 2050 levels of development (Table 3) are derived in the California Urban Water Demands
for Year 2050 report to the Public Interest Energy Research program of the California Energy
Commission (Jenkins et al. 2007). This report anticipates year 2050 CALVIN urban water
demands, as related to previous CALVIN studies and based on relevant per-capita water use and
population projections from recent studies by the Department of Water Resources (1998) and
Landis and Reilly (2002).

In this high-growth scenario, 2050 levels of development assume a California population of 65.1
million people, with the greatest changes anticipated in the Central Valley and areas of Southern
California (Landis and Reilly 2002). Year 2050 per-capita water use of 221 gallons per day is
based DWR (1998) projections of 2020 per-capita water use and assumed insignificant changes
in overall population density (Landis and Reilly 2002). Total 2050 urban water demands are
estimated by multiplying the 2050 projected population by 2050 projected per-capita water use.
This leads to total urban water demand of 13.3 million acre-feet per year for the fraction of the
population living in communities represented by CALVIN (54.0 of 65.1 million people; Jenkins et
al. 2007).

Urban populations in CALVIN are represented in forty-one extended municipal areas. Thirty of
these municipal areas have economically represented urban water demands, with value
functions that allow for tradeoffs between scarcity cost and water deliveries. The remaining
eleven municipal areas are small communities in the Central Valley with fixed water use
quantities, not allowing for scarcity trade-offs. These community populations and water
demands are small enough that all water is considered unavailable for economically-driven
reallocation. Based on population and per-capita water-use projections and estimates of
monthly water use patterns, residential price elasticities, current retail water prices, sector-
specific (e.g. residential, commercial, industrial) water use breakdowns, industrial water
production values, and total-cost-of-shortage functions (“penalty functions”) are developed by
Jenkins et al. (2007) following Jenkins et al. (2001, Appendices B-1 and B-2; 2003) and Lund et al.
(2003, Appendix B), for each municipal area.

Along with population growth and changes in levels of demand, scientific advancement is
expected to favor new technologies. The year-2050 cost of desalination in CALVIN has been
revised from the previous value of $1,400 per acre-foot in 1995 dollars (Tanaka et al. 2008; Fryer
2010) to $1,100 per-acre foot in 1995 dollars, assuming improved desalination technology. The
cost of water reuse has been left at $1,000 per acre-foot in 1995 dollars (Tanaka et al. 2008).
Adjusting for inflation with the Engineering News-Record twenty-city-average construction-cost



index, a multiplier of 1.59 is used to convert to old and new desalination values of $2,226 and
$1,750, respectively, and a wastewater reuse value of $1,590, in 2010 dollars (Grogan 2010).

Table 3. Year-2050 projections for statewide populations and levels of development, costs in year 2010
dollars (Jenkins et al. 2007; Tanaka et al. 2008; Grogan 2010)

2050 Projections
Population of California 65,106,855
Population in CALVIN 54,040,726
CALVIN Water Demands (MAF/yr) 13.346
Average Per-Capita Use (GPD) 221
Cost of desalination ($2010/AF) $1,750
Cost of water reuse ($2010/AF) $1,590

3.2. Historical and Altered Climates

Two climate change scenarios are presented for the year 2050: a base case scenario derived
from the historical climate record and warm-dry scenario based on the Intergovernmental Panel
on Climate Change (IPPC) A2 emissions scenario for high population growth and fragmented
technological advancement (Nakicenovic et al. 2000), often considered as a worse-case of the
frequently modeled scenarios for climate change (e.g. Maurer 2007). The hydrologic inflows in
the historical climate have been vetted in previous CALVIN studies (e.g. Tanaka et al. 2006; Null
and Lund 2006; Medellin et al 2008), and the warm-dry scenario inflows were recently
translated for CALVIN input by Connell (2009). Connell also developed a warm-wet CALVIN
hydrology, based on warm-dry scenario temperatures and hydrologic timing coupled with
historical hydrologic precipitation and runoff volumes. This scenario is not included in the
present analysis as the flow results and total scarcity costs were shown to be only marginally
greater than those expected under the historical scenario (Connell 2009). The two scenarios
presented for analysis in this study bracket high and low values in the range of climates likely to
be observed in California by the year 2050 (Connell 2009; Ragatz 2010).

The historical climate hydrology is based on 72 years of recent hydrologic record (October 1921
— September 1993), and includes time-series of values for stream inflows, groundwater inflows
and reservoir evaporation, which are used to derive urban and agricultural return flows and
groundwater-surface water interactions. These records come from established surface- and
groundwater models for California and cover the vast majority of water traversing the state
(Draper et al. 2003; Jenkins et al. 2001; Zhu et al. 2005; Medellin et al. 2008).

The warm-dry climate hydrology is developed from the results of the National Oceanic and
Atmospheric Administration (NOAA) Global Fluid Dynamics Laboratory (GFDL) climate model
CM2.1. GFDL CM2.1 simulates long-term climate-change effects and seasonal fluctuations in
atmospheric and oceanic conditions for the IPPC A2 emissions scenario for a thirty-year period
centered about the year 2085 (Delworth et al. 2006). These results were downscaled for
California to generate local projections of streamflow and groundwater fluxes over the
simulation period (Maurer 2007; Maurer and Duffy 2005) using bias correction and spatial
downscaling methods (Maurer and Hidalgo 2008). The downscaled results for California show
an ultimate 4.5°C increase in temperature and variable decreases in precipitation across the
state (Cayan et al. 2008B).
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3.3. Urban Water Conservation

Two scenarios are presented for the level of urban water conservation expected by the year

2050: a base-case scenario that continues current water-demand trends and an aggressive

scenario that cuts urban water demands by 30 percent. These two scenarios probably bracket

the low and high values of water conservation likely by the year 2050, the latter of which

represents a shift in policy beyond current goals. Industrial water use is considered generally

efficient not subjected to additional water conservation in these scenarios.

In the CALVIN network, urban water conservation is applied to 41 nodes representing residential

and commercial municipal areas, 30 of which have economically-represented demands and 11

of which have fixed demands (Table 4; Jenkins et al. 2007). Where large cities have a separate

node for industrial water-use (14, in total), no additional water conservation is applied. In

addition, several links were added to connect local inflows with regional outflows and sinks, to

dispose of the excess water introduced in some water conservation scenarios. For additional

details related to water conservation in CALVIN, see Ragatz (2010).

Table 4. Municipal areas with 2050 urban water conservation (Jenkins et al. 2007; Jenkins et al. 2001;

Howitt et al. 2001; Ragatz 2010)

Municipal Areas Included in Category

Urban areas with economically
represented residential and
commercial water demands
(with 30% water conservation)

Redding, Oroville and Yuba City, Greater Sacramento, Napa
and Solano Counties, Contra Costa Water District, Galt,
Stockton, East Bay Cities, Greater San Francisco, Santa Clara
Valley and Alameda Country, Modesto and Manteca, San
Luis Obispo and Santa Barbara, Fresno and Clovis, Turlock
and Ceres, Madera and Merced, Sanger, Selma, Reedley,
Dinuba, Visalia and Tulare, Delano and Wasco, Bakersfield,
Blythe and Needles, Mohave and Surrounding Areas,
Antelope Valley Area, Castaic Lake Water Agency Cities,
Ventura County, Los Angeles and Orange Counties, San
Bernardino Valley, Riverside County, Coachella Valley, San
Diego County, El Centro and Surrounding Areas

Urban areas with fixed
residential and commercial
water demands

(with 30% water conservation)

Small agricultural communities referenced in the Central
Valley Production Model (CVPM) and Statewide Agricultural
Production Model (SWAP) Regions 2, 3,4, 5, 6, 9, 10, 14, 15,
19, and 21

Urban areas with economically
represented industrial water
demands

( no new water conservation)

Greater Sacramento, Contra Costa Water District, Napa and
Solano Counties, Santa Clara Valley and Alameda Country,
Stockton, Greater San Francisco, Ventura County, Fresno and
Clovis, Bakersfield, Los Angeles and Orange Counties,
Riverside County, San Bernardino Valley, San Diego County
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Residential and commercial economically-represented demand reductions are implemented to
effectively shrink each area’s total-cost-of-shortage function (penalty function) without
changing its overall shape. Demand reductions, for these nodes, are achieved through a thirty-
percent cut in the volume of water demanded and a corresponding thirty-percent cut of the
most expensive uses contributing to the total cost of shortage. This approach optimistically sets
a high bound for urban water conservation by year 2050. Fixed urban demand nodes with no
economic representation, usually smaller communities in the Central Valley, have their volume
of water demanded cut by a flat thirty percent (Ragatz 2010).

3.4. Reductions in Through-Delta Pumping

The Delta is a major hub of California water and contains some of the most important pumping
infrastructure in the state. From here, Northern California water is diverted to urban and
agricultural users in the San Francisco Bay Area, Central Valley, Coastal Regions, and Southern
California. These water exports have contributed to the significant alteration of the ecology of
the estuary (Nichols et al. 1986), and have recently been increasingly targeted by environmental
groups and public figures seeking to restore native fish populations. It is widely acknowledged
that ecosystems in the Delta are deteriorating to federally-actionable levels and that politically-
feasible solutions are scarce (Lund et al. 2010; Zetland 2010). The particular decline in delta
smelt populations recently led Federal District Court Judge Oliver W. Wanger to rule against
continued Delta pumping, in December 2007, citing the Endangered Species Act’s protection of
the endangered fish. The effects of Wanger-decision reductions are estimated at twenty-two to
thirty percent, for the average water year (DWR 2007), and the availability of future pumping for
Delta exports is has become less certain (Lund et al. 2010).

The effects of climate change are expected to further complicate management of the Delta.
With anticipated increases in sea level over the coming century (e.g. Cayan et al. 2008a;
Heberger et al. 2009), the relationship between water operations and tidal mixing in the Delta
will continue to change. The results are likely to create a more saline environment less suitable
for beneficial use (Fleenor et al. 2008). Farmers and water agencies that currently operate Delta
pumps to minimize costs will reduce or end water extractions when salinity levels are high and
treatment more expensive. If salinity levels permanently increase, the amount of time when
useful and cost-effective water is available for Delta exports will be limited.

With dozens of islands supported by poorly-founded levees, and subsided below mean sea level,
the risk of future flooding is high (Suddeth et al. 2010). As the sea level rises, the hydraulic
pressure gradient acting against the levees of subsided Delta islands will grow greater and
greater (URS 2009b; Mount and Twiss 2005). With an expected shift in the magnitude and
timing of hydrologic events, bringing more variable meteorology and less precipitation retained
as snowpack, the risk of flooding from storm events is also expected to increase (URS 2009b;
Anderson et al. 2008; Miller et al. 2003; Hayhoe et al. 2004). Lastly, as more time elapses
without a major earthquake, the risk of a high-magnitude seismic event — with widespread levee
failure — becomes exceedingly likely in the future (Mount and Twiss 2005; URS 2009b). Working
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together, these forces contribute to substantially increased risks of widespread Delta flooding
by the year 2050 (URS 2009a, 2009b, Mount and Twiss 2005, Suddeth et al. 2010).

The relevant danger in each of these cases is that catastrophic island failure could render the
Delta unusable for water operations for several months or years at a time. Depending on
conditions when islands flood, large quantities of sea water may be pulled into the upper
estuary to fill these newly flooded volumes. Even if the carefully maintained North-South and
East-West water conveyance and pumping facilities remain physically intact, the increased
salinity from the tremendous influx of sea water could dramatically reduce or eliminate export
capability (Fleenor et al. 2008; URS 2009a; Mount and Twiss 2005). Future water supply
scenarios must be prepared to deal with a statewide water-supply system that cannot reliably
sustain historical levels of Delta pumping.

Three scenarios are considered that adjust the physical capacity for through-Delta pumping: a
base-case scenario with the full (pre-Wanger decision) capacity for Delta export pumping, a
moderately-impaired-Delta scenario limiting available exports to 50% of full capacity, and a no-
exports scenario that removes Delta pumping altogether (Table 5).

These restricted-pumping scenarios are implemented in CALVIN through changes to the various
network links exporting water from the Delta, following Tanaka et al. (2008; 2006) and Tanaka
and Lund (2003). Manipulated CALVIN links for Delta pumping facilities include the Banks,
Tracy, Old River, Mallard Slough, and Contra Costa pumping plants, which deliver urban and
agricultural water to the Bay Area, Central Valley, South Coast, and Southern California, from
the Delta. The urban communities in CVPM region 14, which were previously modeled as
relying exclusively on surface water from the CVP California Aqueduct, were switched to
groundwater sources for the no-exports case. Various seepage and evaporation flows were
eliminated as they related to flows in the California Aqueduct and SWP Delta Mendota Canal,
when water was not available in these canals in the no-exports case (Ragatz 2010).

Table 5. CALVIN pumping facilities adjusted to simulate restricted Delta exports (following Tanaka et al.
2008; Ragatz 2010).

Pumping Facility Name | Calvin Link Base-Case Capacity | Export Destination
Banks Pumping Plant D59-Banks PMP 8500 cubic ft/sec State Water Project:
Central Valley, Bay Area,
South Coast, Southern

California
Jones Pumping Plant D59-Tracy PMP 4600 cubic ft/sec Central Valley Project:
Bay Area, Central Valley
Old River Pumping Plant | C309-Old R PMP 250 cubic ft/sec Contra Costa Water
District: Bay Area
Mallard Slough Pumping | D528-MallSL PMP | 50 cubic ft/sec Contra Costa Water
Plant District: Bay Area
Rock Slough Pumping D550-CC1 PMP 300 cubic ft/sec Contra Costa Water

Plant District: Bay Area




3.5. Summary of Future Water Supply Scenarios for California

In total, eight scenarios for California’s water supply in the year 2050 are developed for energy
analysis. These scenarios incorporate various permutations of the effects of 2050 levels of
development, climate change, urban water conservation, and reductions of through-Delta

pumping (Table 6). Four scenarios are given for the historical and the warm-dry climates, each.

Of these, one case is a base-case scenario with 2050 levels of development and without water
conservation or Delta pumping restrictions. The remaining cases, for each climate scenario, all
assume a 30% reduction in urban water use due to water conservation and model 100%, 50%,
and 0% capacities for through-Delta pumping. The flow results of these eight modeled CALVIN
scenarios form the basis for energy-use analysis for major California water conveyance.

Table 6. Eight CALVIN scenarios give the scope of expected future water-supply patterns (Ragatz 2010).

Scenario | Climate Through-Delta | Urban Water Level of CALVIN
Number Pumping Conservation Development | Study Name
Reductions
1 Historical | Full exports No conservation Year 2050 003107
2 Historical | Full exports 30% conservation Year 2050 P0O8I08
3 Historical | Half exports 30% conservation Year 2050 PO8I11
4 Historical | No exports 30% conservation Year 2050 P0O8I09
5 Warm-Dry | Full exports No conservation Year 2050 023I121
6 Warm-Dry | Full exports 30% conservation Year 2050 P28109
7 Warm-Dry | Half exports 30% conservation Year 2050 P23I11
8 Warm-Dry | No exports 30% conservation Year 2050 P28I10

4., Results and Discussion

Energy-use results are presented in two different categories. Energy-use results for water

supply scenarios highlight the magnitude and differences in energy-use expected among the

eight scenarios identified for year 2050. For each scenario, expected energy-use is calculated

using the default data supplied with the post-processor (as identified in Table2). Secondly,

calculations are undertaken to assess the sensitivity of energy-use results to alternative data

sources and water-project selections. For all data-source and water-project alternatives

explored, results are calculated under the status-quo scenario (year 2050 levels of development,

historical climate, full exports, and current levels of water conservation), with varying lists of

included facilities and energy-intensities.

4.1. Energy Use Results for Water-Supply Scenarios

Results show significant differences in the expected net energy use for future California water

operations between some water-delivery scenarios, and little difference between others. More

than a threefold difference exists between the lowest and highest results, while the closest
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results are within one percent of each other. Average expected net-energy use ranges from
3,810 to 13,896 GWh/year, depending on climate and levels of Delta exports and urban water
conservation. Energy use is highest in scenarios with full Delta exports and no water
conservation, and lowest in scenarios with no Delta exports and thirty-percent conservation
(Table 7). However, these calculations for major California water conveyance do not include the
relevant energy use by desalination, water recycling, groundwater pumping and other water
and wastewater treatment facilities. Nor do they include the energy consumed by end-users of
water, the largest contributors to water-related energy consumption.

Calculated net energy-use includes the energy expenditures for pumping operations and the
energy gains from in-conduit recovery hydropower generation. The magnitude of energy used
for major conveyance pumping ranges from an average of 3,958 to 16,672 GWh/year, across
scenarios. Average in-conduit recovery generation ranges from 148 to 2,776 GWh/year, across
scenarios, and varies from four to seventeen percent as a fraction of pumping. Recovery
generation experiences more fluctuation between scenarios than does pumping, having an
almost twentyfold difference between its lowest and highest projections, as opposed to
pumping’s fourfold difference.



Table 7. Major conveyance energy use results for eight CALVIN scenarios of anticipated year-2050 water-supply patterns. Pumping, Generation, and Net
Energy Use are annual averages in GWh. Standard Deviation, Minimum, and Maximum are monthly net use values in GWh. Peak-Use Months and Peak-Use
Locations are in descending order from highest use. Non-Use Months refer to the average annual number of months with no pumping or generation for the

average facility. Key results highlighted in grey.

Historical,
Full Exports,
No
Conservation

Historical,
Full Exports,
30%
Conservation

Historical,
Half Exports,
30%
Conservation

Historical,
No Exports,
30%
Conservation

WarmDry,
Full Exports,
No
Conservation

WarmDry,
Full Exports,
30%
Conservation

WarmDry,
Half Exports,
30%
Conservation

WarmDry,
No Exports,
30%
Conservation

Pumping 16,278 9,060 8,994 5,062 16,672 9,138 8,601 3,958
Generation -2,665 -1,242 -1,209 -432 -2,776 -827 -775 -148
Net Use 13,613 7,818 7,785 4,629 13,896 8,311 7,826 3,810
Standard 117 233 222 88 145 297 194 56
Deviation
Minimum 778 89 216 270 816 292 342 247
Maximum 1,384 1,183 1,204 861 1,624 1,484 1,222 766
Non-Use 46 48 4.9 8.7 4.4 5.1 5.2 8.7
Months
Peak-Use Dec, Aug, Dec, Oct, Dec, Oct, Dec, Jan, | Dec, Jan, Jul, Jan, Dec, Jan, Feb, May, Jan,
Months Mar, Jul, May | Nov, Jan, Feb | Nov, Jan, Feb | Feb, Nov, Oct Aug, Mar | Nov, Feb, Oct | Dec, Oct, Nov | Jun, Jul, Mar
Edmonston, Edmonston, Edmonston, CRA, Edmonston, CRA, CRA, CRA,
CRA, CRA, CRA, Edmonston, CRA, Edmonston, Edmonston, Edmonston,
Peak-Use . . i .
Locations Chrisman, Banks, Banks, Chrisman, Chrisman, Banks, Banks, Chrisman,
! Banks, Chrisman, Chrisman, | Pearblossom, | Pearblossom, Chrisman, Chrisman, | Pearblossom,
Pearblossom | Pearblossom Pearblossom Teerink Banks| Pearblossom Pearblossom Teerink

Negative numbers signify energy production, CRA = Colorado River Aqueduct

T¢
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In general, net energy use is expected to be less in scenarios featuring reduced exports and/or
thirty-percent water conservation than in the year-2050 base case (Figure 1). The only
exception is under a warm-dry climate, where net energy use is expected to significantly
decrease from the base case with no exports, but slightly increase from the base case with full
or half exports. A slight shift in peak-energy-use location is also predicted, favoring the Colorado
River Aqueduct over the State Water Project in scenarios with a warm-dry climate or no Delta
exports (Table 7), with a maximum decrease of over 4,500 GWh/year in net energy use at the
Edmonston pumping plant and full use of the Colorado River Aqueduct, in the worst-case
scenario. This corresponds well with the reductions to SWP export capacity for the A2 scenario
modeled by Anderson et al. (2008).

= 16,000
= [0 Historical Climate
o 14,000 -
e O Warm-Dry Climate
w 12,000
o]
>
&0 10,000
e
S 8,000
S 6,000
£
< 4,000
)
& 2,000 |
S
)
g’o 0 T T T 1
<
Full Exports Full Exports Half Exports No Exports
No Conservation 30% Conservation 30% Conservation 30% Conservation
Scenario

Figure 1. Water-delivery-energy-use results for year 2050, organized by climate scenario.

Comparison of results that differ by only one criterion (Table 8) gives insights into how
additional information on each criterion might reduce uncertainties in estimated future energy
use. Agreement is best between scenarios of different climate types but identical Delta export
and urban water conservation levels, with an average difference of just two percent. Scenarios
with different levels of urban water conservation but identical climate and export levels show
more variability, with an average difference in major conveyance energy use of forty-one
percent. Scenarios of the same climate and water conservation types but differing export levels
show an average difference of forty-seven percent between low and high major conveyance
energy-use values, though the difference between full and half Delta exports, with year 2050
levels of development and 30-percent urban water conservation, is small.
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Table 8. Relative differences in annual net energy use between scenarios that differ on only one
criterion, averaged across all scenarios sharing that difference. Key results highlighted in grey.

Historical -> Warm | Zero ->30% New Full -> Half Half -> No Full -> No
Dry Climate Conservation Delta Exports Delta Exports Delta Exports

4% increase with full
or half exports

18% decrease with

41% decrease 3% decrease 46% decrease 47% decrease
no exports

(2% overall
average decrease)

4.2. Sensitivity of Energy-Use Results to Data Source and Water Project

Five scenarios are explored comparing the effects of data source on calculated energy-use. The
base case in this comparison is the year-2050 projection with a historical climate, full Delta
exports, and no additional urban water conservation, as calculated with the General Energy
Post-Processor default data (the author’s interpretation of the best data for each facility). The
four additional comparisons explore the same water-use scenario (i.e. using the same CALVIN
flow results), but calculate energy-use using: DWR data as a first preference and GEI data when
unavailable, GEI data when as a first preference and DWR data unavailable, DWR data
exclusively and omitting all other facilities, and GEI data exclusively and omitting all other
facilities.

The results of this comparison show a high degree of uniformity among scenarios calculated
with the three combined data sources (Default data, DWR first, and GEl first), which include the
same forty-one facilities and range from 13,613 to 13,886 GWh/year (Table 10). Somewhat
surprisingly, both DWR-first and GEI-first calculations produce slightly higher energy-use
estimates than their combined default-data estimate. Estimates using only DWR data (covering
thirty-one facilities) and GEl-only data (covering thirty-three facilities) are lower than in the base
case, though not to the same degree. In absolute terms, DWR-only results are twenty-three
percent lower than in the base case while GEl-only results are just one percent lower than in the
base case. When scaled to the fraction of facilities included, the DWR-only results are just two
percent higher than the base case and the GEl-only results are twenty-two percent higher than
the base case (Table 9). This difference is attributed to the DWR data having a mix of facilities
similar to those in the default data and to the GEI data being more heavily weighted towards the
large, energy-intensive facilities of the Coastal Branch of the SWP, East Branch Extension of the
SWP and Colorado River Aqueduct, and excluding facilities with relatively low energy intensities.
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Table 9. Percent differences from the default-data base case, by data source. Key results highlighted in

grey.

DWR first

GEl first

DWR only

GEl only

Difference from
base case

2% increase

1% increase

23% decrease

1% decrease

Number of Facilities
Included*

41

41

31

33

Difference from
base case when
scaled to fraction of
facilities included

2% increase

22% increase

1. Pumping and generation counted separately.



Table 10. Sensitivity of energy-use results to data source and project scope. Results are calculated based on identical input data (CALVIN flow results for
the historical climate, full Delta exports, no new urban water conservation scenario) using different combinations of energy-intensity data. Scenarios to the
left of the break vary data sources but calculate energy use for all included facilities, scenarios to the right of the break all use the default data but vary
included facilities by water project. Pumping, Generation, and Net Energy Use are annual averages in GWh. Standard Deviation, Minimum, and Maximum
are monthly net use values in GWh. Peak-Use Months and Peak-Use Locations are in descending order from highest use. Non-Use Months refer to the

average annual number of months with no pumping or generation for the average facility. Key results highlighted in grey.

Default Data DWR first GEl first DWR only GEl only SWP only CVP only

Pumping 16,278 16,394 16,549 12,791 16,123 12,547 2,598

Generation -2,665 -2,507 -2,749 -2,316 -2,710 -2,455 -19

Net Use 13,613 13,886 13,800 10,475 13,413 10,093 2,580

No. ?f 41 41 41 31 33 27 16
facilities

Stan'da_rd 117 119 107 105 100 84 77
Deviation

Minimum 778 790 788 590 782 587 28

Maximum 1,384 1,407 1,476 1,107 1,448 1,099 369
Non-Use

Months 5 5 5 3 4 3 1

Peak-Use Dec, Aug, Dec, Aug, | Dec, Aug, Jul, Dec, Mar, | Dec, Aug, Jul, Dec, Aug, | Aug, Mar, Jul,

Months Mar, Jul, May | Mar, Jul, May Mar, May | Aug, Jul, Jun Mar, May | Oct, Jul, Mar Jun, May

Edmonston, Edmonston, Edmonston, Edmonston Edmonston, Edmonston Banks, Dos

Colorado River | Colorado River | Colorado River Chrisman, Colorado River Chrisman, Amigos (CVP),

Peak-Use Aqueduct, Aqueduct, Aqueduct, ' Aqueduct, ' San Luis

R . . . Banks, . Banks, .
Locations Chrisman, Chrisman, Chrisman, Chrisman, Relift, Jones,
Pearblossom, Pearblossom,
Banks, Banks, Banks, Teerink Banks, Teerink Tehama-
Pearblossom | Pearblossom| Pearblossom Pearblossom Colusa Relift

S¢
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The results can also be looked at for differences in energy use between individual water
projects. For this analysis, base case results are calculated with default data from the year-2050
historical climate, full Delta exports, and no new urban conservation scenario, for all facilities for
which the General Energy Post Processor has data in the CVP, SWP, and Local water projects.
Two additional results are calculated with the same input scenario and energy-intensity data,
but limited to facilities in only the CVP and in only the SWP (Table 10). Due to their lesser role in
major California water conveyance, local facilities are not included in this comparison.
Comparisons show that both the CVP and SWP significantly underestimate base-case energy
use, both in absolute terms and as a fraction of included facilities (Table 11). This is attributed
to the higher-than-average energy intensity of the omitted Colorado River Aqueduct, which
singlehandedly raises energy use estimates by an average 2,575 GWh/year in the base case, and
to the CVP and SWP both having a mix of facilities dissimilar to those in the default data.

Table 11. Percent differences from the default-data base case, by water project.

SWP only CVP only

Difference from
base case

Number of Facilities
Included*

Difference from
base case when
scaled to fraction of
facilities included

1. Pumping and generation counted separately; some facilities used jointly by
both SWP and CVP.

26% decrease | 81% decrease

27 16

13% increase |51% decrease

4.3. Discussion and Comparision of the General Energy Post-Processor vs.
Existing Water-Energy Analysis Software

The UC Davis General Energy Post-Processor introduced in this thesis combines useful elements
from several previous works, including the recent GEI/Navigant model and study and the
LongTermGen and SWP_Power energy post-processors for CalSim Il. It is generic and modular in
form, promotes many types of analyses, and is easily adaptable for future studies. With
separate databases for energy intensity, water-model network, and facility-level data, each
linked through runtime parameter selection and user-defined keywords, the scope of water-
energy modeling and analysis is broadened to many additional models and scenarios.

By default, model-network data are included in the General Energy Post-Processor for the
CALVIN and CalSim Il water models. Like LongTermGen and SWP_Power, the General Energy
Post-Processor is envisioned to be most useful for energy analysis with large, detailed water
management models. Regardless, networks links for other water models (e.g. local models, the
GEI/Navigant model) can easily be added. An option, populated from a customizable list, is
presented for the user to select which water-model network or networks to employ in
calculating energy-use results. The ability to switch between networks and to incorporate flow
from multiple networks and models is not available in any alternative energy post-processors for
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California water models. The CalSim Il energy post-processors are expected to require a
moderate degree of adjustment to be useful with other model networks (including the
anticipated CALSIM Il1), and the GEI/Navigant model is not anticipated to be useful with any
network beyond its own coarse system representation.

One strength of the GEI/Navigant model is its empirical and traceable approach towards energy-
intensity. These empirical data are generally expected to produce the most accurate energy-use
results, especially for flow patterns that are reasonably similar to the recent operations from
which these data were derived. This approach is contrasted with the more opaque and
somewhat analytical approach of LongTermGen and SWP_Power. The UC Davis energy post-
processor incorporates data each of these sources and is poised to incorporate additional data
that becomes available in the future. An option exists to select facility energy intensities on a
case-by-case basis, through general source preferences, or from one exclusive data source. This
ability is unavailable in prior California water-energy tools and enables a new type of sensitivity
analysis, where the energy impacts of flow results can be compared between energy-intensity
data sources. Both the GEl and DWR tools include a several additional energy intensities and
facilities that are beyond the wholesale-water-supply scope of this study (e.g. local deliveries,
upstream hydropower).

The GEI/Navigant model is relatively well documented, with a brief user’s manual and an
accompanying report with appendices detailing energy-intensity development and general
model design. The UC Davis energy post-processor is also well documented, containing
comments and notes for each represented energy intensity, facility, and network link, often
detailing source documents, areas for further investigation, contact people, revision notes, and
geo-referenced data. The relative lack of documentation in the CalSim Il post-processors is
understandable given their history as internal tools for WAPA, DWR, and other public agencies,
and has not proved to be a barrier to their use by external parties (e.g. USBR 2009; HDR 2007;
Jones & Stokes 2003; EDWPA 2008).

As with existing energy post-processors, runtime is negligible for the UC Davis post-processor.
The total analysis time is predominantly a function of water model selection and the amount of
time necessary to prepare and run each scenario. Total analysis time will be longer with the
General Energy Post-Processor, LongTermGen, and SWP_Power than with the GEI/Navigant
tool, which couples water modeling with energy post-processing and requires no export/import
of flow results. Total analysis time is expected to be slightly shorter with the General Energy
Post-Processor than with LongTermGen and SWP_Power, which require input data to be
imported in a very specific format. These differences imply that the GEI/Navigant model is
easiest to use, but least flexible, that the UC Davis and CalSim |l post-processors have similar
ease of use, and that the UC Davis post-processor has the greatest flexibility.

LongTermGen and SWP_Power model several physical facility characteristics than are not
included with the GEI/Navigant or UC Davis post-processors, including information on the
number of units at each facility, facility capacities, expected transmission losses to the nearest
substation, percent of on-peak and off-peak operation, etc. This makes these tools especially
relevant for studies interested in the facility-level details of expected energy use and deliveries,
whereas the other post-processors are most useful to assess the comparative differences
between scenarios. The CalSim Il post-processors also explicitly include a flow capacity check,
which the GEI/Navigant disregards and UC Davis tools assumes is dealt with by the associated
water model (e.g. directly in CALVIN or CalSim Il).
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One major strength of the CalSim Il post-processors is their flexibility in representing energy-
intensity at each facility. In these tools, energy intensity is most often represented as a fixed
average annual value, but is occasionally represented as a fixed monthly value or as an algebraic
function of other parameters. This is useful for capturing nuances in time-dependent energy-
intensity fluctuations (e.g. at the Red Bluff Research Pumping Plant) or when energy intensity is
associated with variable head (e.g. at the San Luis-Gianelli plant), and is represented in pre-
defined Visual Basic functions hidden from the user. The UC Davis energy post-processor
includes these energy intensity functions with native Excel equations, though Visual Basic
functions can also be easily added. This is not available in the GEI/Navigant model. Depending
on the application, each of the tools compared in this analysis has relative advantages and
disadvantages (Table 12).

Table 12. Comparison of the relative strengths and weaknesses of each of the water-energy analysis
tools mentioned in this study. Best tool(s) in each category highlighted in grey.

. LongTermGen UC Davis
GEl/Navigant and General Energy
model SWP_Power |Post-Processor
Overall description: chk.& 'easy, Detfanlec:l,.but Moder:?\te and
but limited unintuitive flexible
Ease of use 1% 3" 2"
Level of facility detail 3™ 1%t 2"
Flexibility within current scope 3 2 1
Extensibility to different scopes and 3 ond 15t
new types of analysis
Level of documentation 1% 3 2"
Ease of incorporating new data 2 3 1%
Transparency of calculations to the 15t ond 15t
end user
Total time required for analysis 1% 3 2"
Strong history of prior use - 1%t -
Can rapidly switch between 15t 3rd ond
scenarios and/or options
Automatically graphs results 1%t 2 -
Ease of expansion to new model 31 ond 15t
networks (e.g. CalSim IlI)
Can combine flow results from _ . 15t
multiple water models
Number of facilities re_Ieva_mt to 33 31 a1
wholesale water deliveries
Number of additional facilities not
relevant to wholesale water 3! 11 0
deliveries
Number of facilities with energy 0 0 23
intensities from multiple sources
Number of energy intensity
functions [total / relevant] 0/0 16/5 5/5

1. Facilities mentioned without energy intensities not included.
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5. Limitations

Several important limitations should be kept in mind with the water-energy analysis undertaken
in this study. As with any modeling project, the flow scenarios modeled with CALVIN are subject
to boundary conditions and limiting assumptions, as discussed in detail in Jenkins et al. (2001;
2004). The quality of the energy analysis of these flow results is also limited by the energy-
intensity data available for each facility, as described in GEI (2010) and somewhat described in
CH2M-Hill (2009). Unfortunately, documentation for the energy-intensity data in the
LongTermGen and SWP_Power is somewhat sparse and scattered (for example, some data
comments are available only from within the Visual Basic code, others are missing altogether),
though detailed energy-intensity functions are included where prudent. For GEl data, only
average energy intensities are reported, with an accompanying error range and low/high values.
Though more detailed historical operations data was collected by the GEI/Navigant team to
produce these average intensities, this data has not be released and no apparent attempt was
made to convert it to energy-intensity functions for facilities with significant variability.

In terms of project scope, this analysis has been limited to pumping and recovery-generation
facilities associated with California wholesale water deliveries. Though present, this scope does
not include the energy benefits of hydropower facilities upstream of the Delta or the additional
energy use associated with local-scale water treatment, deliveries, end use, and disposal. The
scope is also limited to surface-water energy use, as detailed energy-intensity data are generally
unavailable for groundwater pumping.

Some degree of accuracy is necessarily also lost in mapping known energy intensities to
modeled network links. With large-scale models like CALVIN and CalSim Il, the best available
link for a given facility may not include the effects of minor upstream diversions and local
inflows. For cases where the water model reasonably covers the location of an included facility,
identifying the proper link can still be difficult if the facility is not noted on the model schematic
(as was often found in both CALVIN and CalSim 1), if the model network logically splits flows that
occupy the same physical pipeline (e.g. CalSim Il flows through the Gianelli facility are split into
separate links for the CVP, SWP, and Environmental Water Account), or if the actual facility
location is difficult to correlate with any particular model link (e.g. various re-lift pumping may
or may not be located before or after some aggregated diversion in the model). Moreover, not
all facilities can be mapped to the model network at all. For example, links for the relatively
small Folsom pumping plant and proposed DMC Intertie cannot be found in the CALVIN
schematic, and links for the relatively large facilities of the SWP East Branch Extension, Colorado
River Aqueduct, and Central MWD cannot be found in the traditional schematic for CalSim Il. In
cases with lingering uncertainties, detailed notes have been included for that facility in the
General Energy Post-Processor, and the most reasonable match is made based on the author’s
best judgment.
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6. Extensions

Several improvements remain to be made in future versions of the UC Davis General Energy
Post-Processor to better the quality of the user’s experience and to improve the general
usefulness of the tool (for example, to automatically summarize and graph results).

The post-processor currently incorporates energy intensities as point values or as functions of
other time series. Though the underlying flow/energy-use data (e.g. from GEI 2009) have not
been made available, more precise definitions of energy intensity can be specified through
piecewise-linear curves of values/functions specified through time or for different levels of flow.
Examples where this would be useful include the Red Bluff Research pumping plant, which has a
fixed energy intensity but only operate for part of the year, or facilities like the Banks and Tracy
pumping plants that have significant operational overheads that affect plant efficiency as a
function of flow.

The post-processor currently relies on flow and energy input data being verified by the user to
be in compatible units. In this analysis, energy intensity is specified in kWh/AF and flow in
KAF/month, producing energy-use results in MWh/month which are converted to GWh/month
for graphical and tabular display. The post-processor could be made more useful by including
functions to convert between units of flow and energy and by applying these functions
automatically to the input data and results.

The default data included with the post-processor are limited to the pumping and recovery
generation facilities within the scope of the present study. To be made more widely useful, data
for additional hydropower and energy-use facilities can also be added.

The post-processor currently includes network data for CALVIN, CalSim Il, and a blank space for
one additional network. To support analysis with many different networks without needing to
constantly switch between spreadsheets, additional spaces can be added. Once available,
network links should also be added for CalSim III.

A compromise must be made between a tool’s extensibility/generality and the intricate depth to
which it can be applied to specific problems. The General Energy Post-Processor is a highly
extensible and general tool that can easily be applied to many types of problems and which
contains data sufficient to perform a variety of comparative analyses. It does not, however,
mimic the level of detail found in LongTermGen and SWP_Power. For analyses that include
transmission losses, number of pumping/generating units, unit capacities, facility capacities, on-
and off-peak percentages of energy use, and which are useful for operational planning,
additional default data will need to be compiled and tradeoffs will need to be made as routines
added that limit the scope of the tool but streamline special-purpose calculations.
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7. Conclusions

The above analysis leads to several conclusions, some relevant for policy and planning purposes,
and some highlighting the salience and role different data/sources have for future modeling
efforts. The results are organized accordingly, below.

Implications for water and energy planning and policy:

We may not need to worry much about the impacts of climate change on water-delivery
energy use when planning for the net energy use associated with major water conveyance in
California’s water network (assuming the system is allowed to operate as freely as in CALVIN).
Some scenarios show a slight increase in expected energy use with a warm-dry climate, but
never of more than six percent. One scenario even shows a decrease in net energy use under a
warm-dry vs. historical climate.

With thirty-percent water conservation, the loss of fully half of current Delta exports bears
little effect on net conveyance energy use. This is perhaps the most salient conclusion that can
be drawn from the energy-use projections for the future water supply scenarios shown in Figure
1. This also implies that water conservation could be discussed as one response to anticipated
levee failure and pumping restrictions in the Delta.

We can be almost assured to have sufficient energy supplies to continue delivering water in
the future, even in the face of climate change, reduced Delta exports, and/or increased urban
water conservation. Results for only one of the seven perturbed scenarios predict energy-use
higher than in the year-2050 base case, by only two percent. Planning energy investment solely
around anticipated population growth (i.e. by continuing current per-capita investment trends)
will likely be sufficient to ensure energy availability for major water conveyance in the future.

Reducing our uncertainty regarding future scenarios can have big payoffs. Model results show
energy-use scenarios that differ by over 350%. Pinpointing which groups of scenarios are most
likely can focus our assessment of future water and energy needs, boost our confidence in
future water and energy investment, and potentially realize substantial cost savings over year-
2050 base case projections.

The value of additional information seems greatest for urban water conservation, next
important for Delta export levels, and least important for climate change. This conclusion is
based on greater percent differences in net energy use between scenarios differing in each of
these dimensions, respectively (Table 8). This is promising because reducing uncertainty
regarding future water conservation can largely be accomplished through political processes
(e.g. by analyzing past conservation goals, by legislating penalties for not meeting future goals,
by rewarding early adoption, etc), and reducing uncertainty for Delta export levels can be
partially accomplished by political processes (e.g. by clarifying the scope of the Endangered
Species Act, by constructing isolated conveyance channels) that do not contain the level raw
physical uncertainty that surrounds climate change.



32

If thirty-percent urban-water conservation can be implemented, a conveyance energy savings
of over forty percent can be realized. This may be a promising way to free-up energy resources
without increasing water shortages.

With a shift in peak-use facilities towards the Colorado River Aqueduct with climate change or
a total loss of Delta exports, in-conduit generation there will likely remain cost effective in the
future. This conclusion, based results in Table 7, also implies that in-conduit generation in the
SWP may become less cost effective in the future but that hydropower facilities in Central MWD
will also likely hold their value.

Choosing between data sources for modeling and decision making:

It does not matter whether energy-use calculations predominantly use GEl or DWR data. Total
energy use is similar in all cases modeling the full forty-one represented facilities, regardless of
whether the energy-use estimates always prefer DWR over GEl data, always prefer GEl over
DWR data, or use some rational decision process to prefer a combination of the two. This result
does not hold for cases using only DWR or only GEI data to model a subset of the forty-one
facilities. Even though energy intensities for individual facilities can be quite different between
data sources, the overall average differences are quite small.

Using GEl-only data can provide a good approximation of total base-case energy use, but using
DWR-only data can provide a good approximation of average base-case per-facility energy
use. These conclusions hold true even though nearly % of the total number of facilities are
missing from each of these sources. Regardless, using combined DWR-GEI energy-intensity data
is preferred to include more facilities in the analysis without skewing either total or average net
energy use.

Neither CVP-only nor SWP-only results are a good approximation for the operations of the
system as a whole. This is true both in absolute terms or when scaled to the fraction of
facilities included.

The General Energy Post-Processor is a useful tool for the energy post-processing of flow
results. It currently contains water-energy data for CALVIN and CalSim Il, and can easily be
extended to CalSim Il and other water models. Energy intensities can also be added for water
treatment, desalination, groundwater pumping, water recycling and other energy costs
associated with modeled flow though specific network links.
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