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Executive Summary

This Final Technical Report is a summary of the activities and outcome of the
Department of Energy (DOE) Assistance Agreement DE-EE0005414 with the
Sacramento Municipal Utility District (SMUD). The Assistance Agreement was created
in 2012 to support investigations into the lowa Hill Pumped-storage Project (Project), a
new development that would add an additional 400 MW of capacity to SMUD’s existing
688MW Upper American River Hydroelectric Project (UARP) in the Sierra Nevada
mountains east of Sacramento, California.

SMUD is a community-owned electric utility governed by a seven-member Board of
Directors that stands among the nation’s leaders in promoting a sustainable electric
power supply. It was within this context that SMUD applied to FERC in 2005 for a new
UARP license that would authorize the addition of an underground pumped-storage
plant moving water between an existing lower reservoir and a planned new upper
reservoir atop lowa Hill. In 2005, the Project was seen as a key investment that would
facilitate the inclusion of the expected high penetrations of solar and wind energy in the
SMUD resource portfolio. At that time, the growth in power demand in SMUD'’s service
territory was roughly two percent per year. It was expected that utilities across the
United States would soon be importing significant quantities of natural gas, with prices
and volatility expected to increase over time. High gas prices typically drive electricity
prices higher, and higher prices make pumped-storage more profitable and provide a
shield from price volatility.

The Project was also expected to provide several different value streams to SMUD,
including operating flexibility, reliable capacity and support and integration of intermittent
renewable generation assets such as wind and solar projects. The DOE Assistance
Agreement commenced in February 2012. The overarching objectives of the
investigation supported by DOE funding were to: (1) reduce uncertainty associated with
underground geotechnical conditions at the Project site, and (2) model value streams
that could be expected from operation of the Project.

On February 3, 2016, roughly four years into the Agreement, SMUD informed the DOE
that the SMUD Board of Directors had determined it was in the best interests of SMUD
to cancel plans to construct the Project. This decision ended a 15-year investigation

into the opportunities and constraints associated with the construction and operation of

iv
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the Project. In this document, SMUD reports on the work performed under the

Assistance Agreement, significant findings, and the rationale underlying the decision to
cancel the Project.

Geotechnical Investigations

The Assistance Agreement Statement of Project Objectives (SOPO) consisted of two
primary tasks focused on the above objectives: Task 1 (Geotechnical Investigation) and
Task 2 (Value Stream Model Analysis). The primary thrust of Task 1 was a series of
rock coring and tunneling studies focused on the underground conditions along the
proposed water conveyance alignments as well as in the area of the powerhouse
cavern. Each of five subtasks was completed prior to SMUD’s canceling the Project
except Subtask 1.6 (Geotechnical Test Drift) and Subtask 1.7 (Rock Coring —
Powerhouse Cavern). The work performed under the three completed subtasks
consisted of the following:

e Dirilling, logging, and sampling two subhorizontal and two vertical rock-core
borings totaling about 6,500 feet in length.

e Installing vibrating wire piezometers to measure water levels at three different
depths in each of the two vertical coreholes.

e Performing in situ testing and geophysical exploration in all boreholes.

e In situ testing and geophysical exploration in selected boreholes, including
packer permeability testing, hydrojack testing, and optical televiewer and
acoustic logging.

e Performing laboratory tests of the core extractions to assess rock quality and
strength.

The results of all geotechnical surveys clearly reveal the underlying rock at the Project
site to be competent — capable of supporting the underground construction of water
conveyance systems and pumping/generation equipment. SMUD also performed other
geotechnical studies outside of the scope of the Assistance Agreement, including an
extensive groundwater monitoring program at eight monitoring wells and a seismic
refraction survey of the proposed upper reservoir site.

Subtask 1.1 of the Assistance Agreement focused on the environmental permitting
necessary to perform the geotechnical investigations. Due in part to the complexity of
the Project, securing the appropriate permits to perform the geotechnical investigation
became a very challenging process. The permitting process was an outgrowth of an
already complicated, multiyear regulatory process that began in 2001 with the release of
the Initial Information Package for the UARP relicensing program. This initial action
marked the beginning of a complicated process of applying for and receiving a series of
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regulatory licenses, permits, and authorizations necessary to evaluate, construct and
operate the Project. One of the complicating permitting issues associated with the
Project was the 5-year delay (from 2008 to 2013) in receiving the Clean Water Act
Section 401 Water Quality Certification for the issuance of the UARP license. This
delay pushed back the release of the new UARP license authorizing SMUD to construct

the Project, with issuance eventually occurring in 2014, a full two years after the 2012
award of the Assistance Agreement.

During the wait for water quality certification, the SMUD Board made the decision in
March 2013 to move forward with evaluating the feasibility of the Project. The first step
was to secure a Special Use Permit (SUP) from the USFS to perform the geotechnical
studies on National Forest System Lands. This allowed SMUD to perform initial
geotechnical investigations under the Assistance Agreement. However, once the UARP
license was issued in July 2014, the USFS insisted on a blanket Special Use
Authorization (separate and distinct from the SUP) to continue performing geotechnical
investigations. At this point, Project progress was slowed by the fact that SMUD was
obligated to submit yearly work plans for review and approval under the Special Use
Authorization (SUA) prior to performing the Assistance Agreement subtasks. Approval
under the SUA to perform the Geotechnical Test Drift (Subtask 1.6) was further slowed
by unexpectedly robust requirements of the USFS and SWRCB for development of a
groundwater monitoring plan for the area underlying lowa Hill, which ultimately involved
installing eight groundwater wells near the upper reservoir, and the need to complete
baseline monitoring (potentially for years) prior to starting to excavate the drift. Based
on the plain language in the FERC license, SMUD had anticipated and planned for all
groundwater monitoring activities to commence only after construction of the Project.

Despite delays in receiving the 401 Water Quality Certification, and despite the
challenges working with the USFS and SWRCB, SMUD was successful in securing
several additional required permits from other Federal and California agencies, El
Dorado County, and working with the public to develop plans in the resource areas of
transportation management, fire prevention, noise, and visual resources.

Value Stream Model Analysis

The work performed on the Value Stream Model Analysis task consisted of a detailed
mathematical modeling study investigating Project value in meeting energy and ancillary
services requirements under a number of possible future energy scenarios and cases.
Because the value of pumped-storage depends on the level of penetration of variable
generation (20, 33 or 50%) within the Balancing Authority of Northern California
(BANC), of which SMUD is the largest Member, as well as within the much larger
Western Interconnection (WI) area, the modeling exercise examined a discrete set of

Vi
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combinations of level of penetration and geographic scope. These combinations, or
modeling scenarios, borrowed heavily from scenarios developed by the National
Renewable Energy Laboratory (NREL). Value streams were modeled for each scenario
using the Plexos® model under a set of cases prescribed by the Task 2 subtasks. The
examined cases included with and without the Project, with and without an alternative
technology for meeting peak load (e.g., reciprocating engines), with and without trading

of Ancillary Services (AS) between balancing authorities within the WI, and with
variable-speed turbines vs. fixed-speed turbines.

The primary value streams included: (1) Ancillary Service (AS) value, (2) production
cost savings, and (3) avoided generation and transmission capacity investments. The
value of production cost savings and AS provision for BANC and sales to AS markets
from the Project varied significantly under the different renewable penetration scenarios.
In general, as variable renewable resource penetration increases the need for AS
increases which increases AS value. Value of the Project was greatest in cases with
high renewable penetrations of 50%.

Modeling results demonstrated that avoided capacity investments, primarily supply
capacity, had an inverse relationship with renewable penetration levels. In the 50%
penetration scenarios, avoided capacity investments represented roughly 30% of the
Project value, while under 33% penetration it represented 60% to 70% of the Project
value. This level reflects the fact that much of the existing installed conventional power
plants, such as gas-fired plants, were expected to be repurposed for balancing reserve
rather than retired, as in the 50% penetration scenarios. Although the plant output is
repurposed, it also serves as supply reserve, and hence the higher renewable
penetration cases are also characterized by local and regional supply capacity
surpluses.

What was clear from the model simulations was that increasing penetration of
renewable energy sources increases the value of lowa Hill to the BANC. This was true
even more so as the levels of penetration increase within the entire Western
Interconnection. The analysis also shows that increasing levels of wind penetration
result in significantly more value from the Project than increasing levels of solar due to
higher AS requirements for wind.

From the work performed under the Assistance Agreement, SMUD gained significant
insight into the feasibility of constructing and operating the Project. Fieldwork and
modeling studies advanced SMUD’s understanding of the geologic conditions in the
area of the underground facilities proposed for the Project, as well as a better
understanding of the potential energy management benefits provided by the Project.

Vii
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Project Cost and Financial Risk

The primary drivers behind SMUD’s decision to cancel the Project are cost and financial
risks. Despite the results of the value stream modeling and the extensive environmental
and geotechnical studies, construction impact assessments, and permitting work,
SMUD concluded that the project would be too risky from a financial standpoint. This
decision was based to a large degree on the estimated cost to construct the Project.

Throughout the years of Project planning, and at different stages of Project design,
SMUD has developed estimates of the cost to construct the Project. The cost to SMUD
of building the Project is the sum of a variety of individual costs, including direct and
indirect construction cost, construction management, SMUD staff time, and the cost of
financing. The estimated cost to construct the Project was estimated at between
$1.37B and $1.45B in 2015 dollars.

Estimated Cost to SMUD to Construct the lowa Hill Pumped-
storage Project

Cost Estimate Components 2015 Cost
(millions)

Direct Costs 743
Indirect Costs 206
Construction Management 28
SMUD Labor 32
Contingency (21.5%) 201
Financing Costs, i.e., Allowance for Funds 162 — 243

Used During Construction (AFUDC)

Total 1,372-1,453

In addition to the high construction costs, a number of changes in the energy
marketplace and customer behavior influenced the decision to cancel the Project.
Primary among these is the change in the price of natural gas. As stated above, in
2005, SMUD expected natural gas prices to increase going forward, but more recent
price projections are lower than the 2005 projections. As a result, the anticipated value
from peak-power energy production and other energy services from a pumped-storage
system were less.

viii
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Another change from 2005 has occurred in customer demand within the SMUD service
territory. The 2% per year growth that existed for the ten years prior to applying for the
UARP license, which argued in favor of the Project, has reversed to the point where
peak loads have actually diminished over the past ten years. Energy efficiency and
rooftop solar have reduced customer usage, and peak demand is expected to be further
reduced when SMUD imposes residential time-of-use rates in 2018. These trends have
greatly reduced near-term capacity and storage needs, stretching the timeline by over a
decade before SMUD would realize the full potential of the planned facility.

On top of these trends, competing technologies such as battery storage have come
down in cost much faster than expected. Battery storage, while higher in cost, can be
scaled to exactly what is needed, so it is less costly and poses a reduced financial risk
compared to a 400 MW pumped-storage facility.

Finally, the rate of technological change has quickened for the electric utility

business. SMUD currently has ambitious plans to invest in new customer technologies
such as battery storage systems, upgrade the grid and enable the system to integrate
more distributed technologies. That will require a lot of new capital, which would not
likely be available if SMUD took on significant debt service associated with the
construction of the Project.
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1 Introduction

This Final Technical Report is a summary of the activities and outcome of the
Department of Energy (DOE) Assistance Agreement DE-EE0005414 with the
Sacramento Municipal Utility District (SMUD). The Assistance Agreement, which
commenced on February 2012, was created to support investigations into the lowa Hill
Pumped-storage Project (Project), a new facility that would enhance operational
flexibility and add 400 MW of capacity to SMUD’s existing 688MW Upper American
River Hydroelectric Project in the Sierra Nevada mountains east of Sacramento,
California.

On February 3, 2016, the SMUD informed the DOE that the Board of Directors had
determined it was in the best interests of SMUD to cancel plans to construct the
Project. This decision ended a 16-year investigation of the opportunities and
constraints associated with the construction and operation of the Project. In the
following sections, SMUD presents the initial rationale behind the project, the extensive
and time-consuming permitting efforts, work performed under the Assistance
Agreement prior to the Project cancellation, and the eventual assessment of financial
risks that led to the decision to cancel the Project.

1.1 SMUD and the UARP

Formed in 1923, SMUD is a political subdivision of the state of California formed
pursuant to the Municipal Utility District Act. SMUD is a customer-owned electric utility,
overseen by a seven-member, publically-elected Board of Directors. The utility
generates and purchases electric power that it distributes to its customers within
Sacramento County and portions of nearby Placer County. SMUD is the sixth largest
publicly-owned electric utility in the United States in terms of customers served, which
currently totals about 1.5 million residents in a 900 square mile service area. As a not-
for-profit utility with no shareholders, SMUD transfers all benefits to the customers in the
form of lower rates and value to the community.

On August 28, 1957, the Federal Power Commission issued a license to SMUD for
construction of the multi-development UARP. The UARP is a hydroelectric project
owned and operated by SMUD. It is the only hydroelectric project owned by SMUD.
SMUD began construction in 1957 and completed construction in 1985. For more than
45 years, the UARP has played a major role for SMUD in meeting the growing electrical
demand of its customers. The UARP is located in the Silver Creek, Rubicon River, and
South Fork American River basins, on the west slope of the Sierra Nevada Mountain
Range, in El Dorado and Sacramento counties. The project comprises seven
developments (Loon Lake, Robbs Peak, Jones Fork, Union Valley, Jaybird, Camino,

Page 1 July 2016
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and Slab Creek/White Rock). Together, the existing developments include 11
reservoirs that can store up to 425,000 acre-feet of water, eight powerhouses that have
generated an average of 1,730 gigawatt hours of power annually since 1990, 11
transmission lines with a combined length of about 177.2 miles, about 28 miles of power
tunnels/penstocks, and one canal 1.9-miles long. Nearly all of the land surrounding the
project reservoirs within the FERC Project Boundary is owned by the United States and
administered by the Forest Service as part of the Eldorado National Forest (ENF).
A key feature of the Project was its integration into the existing UARP facilities.
Perceived benefits of integration included minimization of environmental impacts,
reduction in costs, and a shortened construction period. The existing 13,100 acre-foot
Slab Creek Reservoir was selected to serve as the lower reservoir. A new 6,300 acre-
foot, rock-filled embankment reservoir constructed on top of the mountain adjacent to
Slab Creek Reservoir would serve as the upper reservoir. The Project was also located
within 2.5 miles of the existing UARP 230 kV transmission line. A summary of the major
engineering components of the Project, as developed independently by SMUD outside
the Assistance Agreement, and accompanying map, are provided in Section 3.0.

The UARP generates enough electricity, on average, to meet about 18 percent of the
customer load. To meet the customers’ overall power requirement, SMUD has
developed an integrated generation portfolio that includes renewable energy sources
such as hydro, photovoltaic, and wind, as well as natural gas-fired cogeneration. In a
typical year, this portfolio provides about one-half of the power demand of SMUD’s
customers. Other power is provided for through long- and short-term power contracts.

1.2 The Balancing Authority of Northern California

SMUD is a member of the Balancing Authority of Northern California (BANC). BANC is
a Joint Powers Authority consisting of SMUD, Modesto Irrigation District, Roseville
Electric, Redding Electric Utility, Trinity Public Utility District, and the City of Shasta
Lake. BANC is the third largest Balancing Authority in California and the 16th largest
Balancing Authority within the WECC area. The Central Valley Project (CVP), owned by
the Bureau of Reclamation, and Western Area Power Administration's transmission
facilities along with the 500 kV California Oregon Transmission Project, are included
among other resources within the BANC footprint. BANC assumed the Balancing
Authority responsibilities in 2011 from SMUD, which include the matching of generation
to load and coordinating system operations with neighboring Balancing Authorities.

Creation of BANC as a partnership between public and government entities provides for
an alternative platform to other Balancing Authorities like the California Independent
System Operator (CAISO). BANC provides reliable grid operation consistent with
standards developed and enforced by the Federal Energy Regulatory Commission
(FERC), the North American Electric Reliability Corporation (NERC) and the Western

Page 2 July 2016
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Electricity Coordinating Council (WECC). The BANC contracts with SMUD for
operations of the balancing authority.

BANC also provides its members an ownership voice in all balancing authority decisions
consistent with the principle of maximizing consumer value. It also provides members a
unified voice and representation in topics pertaining to balancing area matters. The
structure provides flexibility to expand, offers potential cost-saving opportunities by
sharing future facility costs, and clarifies roles and responsibilities of the members
regarding reliability standard compliance.

1.3 Initial Rationale for lowa Hill Pumped-Storage Project

The decision to investigate a pumped-storage facility is a natural product of SMUD’s
role among the nation’s leaders in promoting a sustainable electric power supply. In
2008, for example, the SMUD Board adopted the most aggressive long-term carbon
reduction goal of any utility in California, committing to reduce greenhouse gas
emissions levels to 10 percent of levels experienced in 1990 by the year 2050. In this
vein, SMUD has aggressively pursued renewable energy projects since the 1980s, with
a current goal of attaining a renewable portfolio standard of 50 percent by 2030. As
stated in Section 1.2 SMUD also manages BANC, and as such is responsible for
ensuring real-time system operations and engineering that support the reliable, safe,
and cost-effective operation of the bulk electric system generation and transmission
assets consistent with reliability standards established and administered by the WECC,
NERC, and FERC. It was within this context that SMUD applied to FERC in 2005 for a
new Upper American River Project (FERC No. 2101) license that would authorize the
addition of a 400 MW pumped-storage facility.

In 2005, the Project was seen as a key investment that would facilitate the inclusion of
the expected high penetrations of solar and wind energy in the SMUD resource
portfolio. At that time, the growth in power demand in SMUD'’s service territory was
roughly 2% per year. It was expected that the United States would soon be importing
natural gas, with prices and volatility expected to increase over time. High gas prices
typically drive electricity prices higher, and higher prices make pumped-storage more
profitable and provide a shield from price volatility. The Project was also expected to
provide several other important value streams to SMUD, including operating flexibility,
reliable capacity and support and integration of variable renewable generation assets
such as wind and solar. Nevertheless, as stated in the SMUD 2011 assistance
application, the overall economic feasibility of the Project was uncertain, but known to
be highly dependent on two key factors — construction cost and value streams. Hence,
the overarching objective of the investigation was to reduce uncertainty associated with:
(1) geotechnical conditions at the Project, which influence construction costs; and (2)

Page 3 July 2016
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value streams that can be expected from operation of the Project. More specifically,
sub-objectives, as written in the Assistance Agreement application, included:

Geotechnical Investigations

¢ |dentify geotechnical defects in the subsurface that could result in costly remedial
measures.

e Determine depth of the weathered zone, landslides, and toppled rock in
construction area.

e Develop detailed information through the powerhouse gallery, tunnels, and shafts
on minimum in situ stresses to inform the degree of steel lining needed.

e Develop detailed information through the powerhouse gallery, tunnels, and shafts
on geologic structures, contacts, and shears.

e Evaluate extent and impact of water-bearing geologic structures.

Value Stream Modeling Investigations

e Determine ancillary service requirements to balance increased variable
renewable generation.

e Examine value from pumped storage relative to conventional gas generation for
providing on-peak energy and ancillary services in the Balancing Authority of
Northern California, as part of the greater California region.

e Define and quantify the value streams of lowa Hill relative to conventional gas
units with future anticipated higher levels of variable renewable generation.

e Analyze the net benefits of variable speed versus fixed speed for pumped-
storage technology.

2 Work Performed Under the Assistance Agreement

All technical work performed under the Assistance Agreement fell within two primary
tasks: Task 1 — Geotechnical Investigations and Task 2 — Value Stream Model Analysis.
Each task was divided into several subtasks, as outlined in the Statement of Project
Objectives (SOPO) provided in Appendix A. The following sections describe the work
that was performed under each of the technical tasks and subtasks of the SOPO.

2.1 Task 1 - Geotechnical Investigation

All subtasks under this under Task 1 were accomplished prior to SMUD’s decision to
cancel the Project, except Subtask 1.6 (Geotechnical Test Drift) and Subtask 1.7 (Rock
Coring — Powerhouse Cavern). The geotechnical field and laboratory exploration
program was designed to generate data and information that would allow SMUD to
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assess the geological and groundwater conditions, and engineering properties of

subsurface materials in the vicinity of the powerhouse cavern and water conveyance
alignments. The boring locations, orientations, and lengths were selected to explore the

geologic units in the vicinity of the underground structures. The actual boring locations
were strongly influenced by accessibility, permitting, and safety issues.

The results of all geotechnical surveys are summarized in the technical report entitled
Interim lowa Hill Geologic/Geotechnical Data Report (Appendix B). The geotechnical
information played an important role in the design and location of underground facilities,
which was instrumental in generating the Opinion of Probable Construction Cost
(OPCC), discussed in Section 4.

SMUD also performed other geotechnical studies outside of the scope of the Assistance
Agreement, including an extensive groundwater monitoring program and a seismic
refraction survey at the proposed Upper Reservoir site.

2.1.1 Subtask 1.1 — Environmental Permitting

The purpose of this subtask was to secure necessary environmental permits to perform
the geotechnical investigations. While the subtask focused on the geotechnical
investigation phase of the project development, the permitting and licensing work was
part of a larger regulatory process leading up to the construction of the Project. This
process extended over approximately 15 years, beginning with the 2001 release of the
Initial Information Package within SMUD’s UARP relicensing program. This preliminary
action marked the beginning of a complicated process of applying for and receiving a
series of regulatory licenses, permits, and authorizations necessary to evaluate,
construct and operate the Project. After conducting an initial series of engineering and
environmental studies in 2002-2004, SMUD submitted a UARP relicensing application
in 2005 that included a request of FERC to authorize SMUD to construct and operate
the Project as a new component of the UARP. This was followed by the FERC
environmental review process under the National Environmental Protection Act and the
SMUD environmental review process under the California Environmental Quality Act,
both of which concluded in 2008.

From 2008 through 2014, FERC's release of the Order Issuing a New UARP License
was delayed by the length of time it took the California State Water Resources Control
Board (SWRCB) to issue a Section 401 Water Quality Certification under the Clean
Water Act. Within this waiting period, and in anticipation of a pending new license,
SMUD applied for and received the DOE Assistance Agreement, which initially spanned
the period February 2012 through March 2014.
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In March 2013, the SMUD Board made the decision to move forward with the
geotechnical investigation despite the fact that neither the Section 401 Water Quality
Certification document nor the new UARP license had been issued. This decision was
made to ensure SMUD remained on the project schedule defined in Modification 3 of
the Assistance Agreement. As a result, SMUD released a Request-for-Proposal (RFP)
for Owner’s Engineer services in April of 2013. The Owner’s Engineer was hired to
oversee the geotechnical investigation defined under Task 1 of the SOPO. When the
Section 401 Water Quality Certification was issued in October 2013, the UARP license
was still pending. Nevertheless, work on the geotechnical investigation commenced in
December 2013, under a Special Use Permit (SUP) issued by the U.S. Forest Service
(USFS). This included SOPO Subtasks 1.3 (Rock Coring — Tunnel Alignments) and 1.4
(Rock Coring — Pressure shaft/Tunnel). Value stream model development and analysis
(Task 2, discussed in Section 2.2), performed by subcontractors Electric Power
Research Institute (EPRI) and Energy Exemplar, commenced in late 2013.

A major milestone of the Project permitting process occurred in July 2014, when FERC
issued a new 50-year license for the UARP. This event served as the catalyst for the
USFS to begin work on reviewing SMUD'’s request for a blanket, multiyear Special Use
Authorization (SUA). The SUA was viewed by the USFS as a separate and distinct
authorization from the SUP. It wasn’t until March 2015 that SMUD was successful in
securing the 10-year SUA from the USFS for pre-construction and construction activities
associated with the Project, subject to USFS approval of a series of annual Work Plans.
In April 2015, the USFS approved SMUD's first Work Plan under the SUA to perform
geotechnical investigations under Subtask 1.8 (Rock Coring — Vertical Shatft).

Project progress was set back when the USFS, backed by the SWRCB, informed
SMUD they would not approve a work plan for Subtasks 1.6 and 1.7 until after SMUD
developed a groundwater monitoring plan, install eight groundwater wells near the
upper reservoir, and complete one or more years of baseline monitoring of groundwater
conditions under different water year types prior to excavating the test drift. This
decision required that SMUD prepare, and the USFS approve, a separate Work Plan to
install six of the eight groundwater monitoring wells on National Forest System Lands to
examine the effect of excavating the drift on groundwater resources. The effect of this
decision essentially pushed back implementation of the two uncompleted SOPO
subtasks until late 2016 at the earliest. Based on the plain language in the FERC
license, SMUD had anticipated and planned for all groundwater monitoring activities to
commence only after construction of the Project.

Despite the slowdowns associated with delayed certification and Work Plan approvals
under the SUA, SMUD was successful in acquiring all other necessary permits and
plans to perform Subtasks 1.6 through 1.9 by the end of 2014, including the following:
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e Limited Threat Wastewater Discharge Permit from the Central Valley Regional
Water Quality Control Board
e Low Threat Wastewater Discharge Permit from the Central Valley Regional
Water Quality Control Board
e Storm Water Pollution Prevention Plan
e Drill and Blast Permit El Dorado County Sheriff's Office
e Grading Permit from El Dorado County for Spoils Pile
e Well Permit from El Dorado County
e Groundwater Monitoring and Mitigation Plan
e Geotechnical Surveys Noise Management Plan
e Geotechnical Surveys Transportation Management Plan
e Geotechnical Surveys Fire Prevention Plan
e Geotechnical Surveys Visual Resources Protection Plan

It was while SMUD was developing the baseline groundwater database required of the
resource agencies that SMUD management announced in July 2015 a decision to delay
all geotechnical investigations at the Project one year to thoroughly re-evaluate the
costs, benefits, and risk associated with the Project before committing to the next phase
of work.

2.1.2 Subtask 1.2 — Field Mapping, Access, and Spoils Pile Stabilization

The primary purpose of this subtask was to investigate qualitative and quantitative
information of the surface morphology and geology at the Project site, including such
features as weathering, landslide material, toppled rock, and geologic contacts and
shears. The geologic field mapping was focused on existing cuts along prominent
roads and other natural exposures within the project area. During the reconnaissance,
loose rock and orientations of surface rock orientations were mapped. Light Detection
and Ranging (LIDAR) methods were used to generate a morphological map of the
Project site (Figure 1).

Geologic field reconnaissance was performed on various dates in spring of 2014. The
reconnaissance focused on existing cuts along Chute Camp Road and the “Boat Ramp
Road,” and other natural exposures within the Project limits. During the reconnaissance,
bedding/foliation and joint orientations were mapped and measured using a Brunton
compass.

Bedrock discontinuities at the Project site were found to consist predominantly of
bedding planes, foliation, and joints. Bedding was observed in the rock core typically as
thin (1- to 4-inch-thick) interbeds between alternating rock units throughout the borings.
Bedding was generally found to be planar, but in some cases was wavy and convoluted,
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possibly due to soft-sediment deformation or disturbance when the beds were originally

deposited. Foliation is sheet-like planar units of rock resulting from regional shearing
during metamorphism and the associated segregation and reorientation of minerals.

Access planning for drilling rigs along existing roads was also performed under this
subtask as well as site preparation and spoils pile stabilization (i.e., Best Management
Practices under the Grading Permit) for the expected 15,000 cubic yards of material that
would have been generated during construction of the test drift (Subtask 1.6).

2.1.3 Subtask 1.3 — Rock Coring — Tunnel Alignments

Two horizontal rock coring operations were performed from an existing road near the
shoreline of Slab Creek Reservoir. The coring operations were successful in crossing
all major geological lineaments through which underground project features would exist
between the existing Slab Creek Reservoir and the proposed underground generation
and pumping facilities.

The first boring (CH-1) was drilled and sampled from December 2013 through January
2014. The boring was inclined slightly downward, at an angle of approximately 9° from
horizontal. The borehole was advanced through variably weathered and fractured
metamorphic bedrock to a depth of 2,010 feet from the ground surface. Groundwater
was encountered at a depth of approximately 240 feet. Packer and hydrojacking tests
were conducted at numerous locations along the coring alignment. Throughout the
drilling operations groundwater inflows into the corehole ranged from 5-15 gallons per
minute and water pressures ranged from 10 to 15 pounds per square inch.

The second boring (CH-2) was drilled and sampled from February through March 2014.
Similar to CH-1, the boring direction was slightly downward, inclined at an angle of
approximately 8° from horizontal. The borehole was advanced through variably
weathered and fractured metamorphic bedrock to a depth of 1,473 ft. below from the
ground surface. Packer and hydrojacking tests were conducted at numerous locations
along the coring alignment. Groundwater was first encountered at a depth of
approximately 140 ft. and was packered and measured throughout the drilling
operations with flows ranging from 5 to 33 gpm and pressures ranging from 10 to 25 psi.
In situ testing and geophysical exploration in the borehole also included optical
televiewer and acoustic logging.

Core samples generated from Subtask 1.3 were transmitted to a laboratory for further
analysis under Subtask 1.9.
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2.1.4 Subtask 1.4 — Rock Coring — Pressure Shaft/Tunnel at lowa Hill

The purpose for rock coring along the pressure shaft and tunnel was to improve the
understanding of the rock structure and groundwater along the line of the vertical power
shaft between which water would transit from the upper reservoir to the underground
generating/pumping facilities. Accordingly, Corehole 3 (CH-3) was drilled and sampled
from December 2013 into February 2014, and three vibrating-wire piezometers were
installed (Figure 2). The boring was inclined 90° downward from horizontal or essentially
vertical. The borehole was advanced through variably weathered and fractured
metamorphic bedrock to a depth of 1,487 feet below ground surface. Groundwater was
measured in the hole throughout the drilling operations at depths ranging from 90 to 110
feet below ground surface. Packer tests were performed at depths throughout the
coring, and hydrojacking tests were performed at four separate locations. In situ testing
and geophysical exploration in the borehole, also included optical televiewer and
acoustic logging. The core samples were transmitted to a laboratory for further analysis
under Subtask 1.9.

2.1.5 Subtask 1.5 — Risk Workshop

A Risk Workshop and Go/No-Go Meeting was convened in March 2014, during which
SMUD and DOE reviewed draft geotechnical and value stream modeling reports and

jointly determined the Assistance Agreement work should proceed with subtasks 1.6

through 1.8.

2.1.6 Subtask 1.6 — Geotechnical Test Drift

Work on this subtask had not commenced by the time SMUD canceled the Project.
This subtask would have included excavation by drill and shoot methods of a single,
horizontal test drift, 10 foot by 10 foot horseshoe shaped tunnel approximately 1,000
feet into the mountain in the area of the powerhouse cavern. This test drift was
designed to allow for direct observations of geologic features and groundwater inflow
rates that are difficult to interpret or measure from core borings and in situ testing alone.

2.1.7 Subtask 1.7 — Rock Coring — Powerhouse Cavern

Work on this subtask had not commenced by the time SMUD canceled the Project. The
geotechnical test drift (Subtask 1.6) was planned to be sized to accommodate a small
portable rock coring machine, which would allow for coring to the end of the drift tunnel.
The work was to consist of drilling up to six coreholes into and through the proposed
powerhouse cavern, which would generate information on rock structure, contacts, and
shears in the area of the powerhouse cavern.
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2.1.8 Subtask 1.8 — Rock Coring — Vertical Shaft

The purpose of the rock coring along the vertical, or utility, shaft was to generate
information related to the depth of the weathered and toppled zones as well as geologic
contacts and shear zones along this alignment. The vertical shaft would provide
passage for the high voltage cables from the generating facilities to the earth surface,
as well as ventilation and stairs for emergency egress and inspection. Communications
(voice/data), auxiliary power cables, and lighting would also be provided in the utility
shaft.

Accordingly, a single rock core boring (CH-4) was drilled and sampled from April 21,
2015 to May 11, 2015, and three VW piezometers were installed in the borehole on May
15 and 16, 2015. The boring was inclined - 90° (downward from horizontal). The
borehole was advanced through variably weathered and fractured metamorphic bedrock
to a depth of 1,458 feet below ground surface. Groundwater was first encountered in the
hole at a depth of approximately 188 feet below ground surface. The three vibrating-
wire piezometers were installed at depths of 811 feet, 1,101 feet, and 1,341 feet below
the ground surface. Packer tests were performed at depths throughout the coring, and
hydrojacking tests were performed at four separate locations. In situ testing and
geophysical exploration in the borehole also included optical televiewer and acoustic
logging. The core samples were transmitted to a laboratory for further analysis under
Subtask 1.9.

2.1.9 Subtask 1.9 — Laboratory and Field Testing

Borehole packer injection tests were conducted in all borings to assess the hydraulic
conductivity of the rock mass. These tests involved isolating a section of the borehole
with a single packer and injecting water into the test interval either under falling head,
constant pressure, or constant flow rate conditions. The tests generally were performed
on 10-ft-long test intervals as the boreholes were being advanced. Test intervals were
selected based on the rock conditions encountered in the borings. Multiple (stepped)
pressure tests were performed in all boreholes, where each pressure step was held
constant for 5 minutes and water intake is recorded in 60 second intervals.

Hydrojacking tests were performed in borings CH-1, CH-3, and CH-4 to assess the
minimum in situ stress in the rock. Hydrojacking tests measure the pressure required to
open existing fractures by increasing the pressure in the test section in a series of
constant-pressure steps, until either hydraulic jacking occurs or the pressure reaches
the limits of the equipment.
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Laboratory tests were performed on selected core samples obtained from the
boreholes. The laboratory tests measured index properties (such as density) and
engineering properties (such as unconfined compressive strength, point load index, and
elastic modulus).

In addition to these tests, some samples were selected for petrographic (thin section)
analysis. Core samples from each of the sites boring sites were tested for the following
characteristics:

e Unit weight

e Unconfined compressive strength
e Direct shear strength

e Brazilian indirect tension

e Cerchar abrasivity

e Point load index

Additional details of the laboratory testing program are provided in the Interim
Geologic/Geotechnical Data Report, provided in Appendix B.

2.1.10 Geotechnical Investigation Findings

Bedrock at the Project site was mapped as Paleozoic-age Shoo Fly Complex, which
typically consists of variably metamorphosed marine sedimentary rocks with minor
volcanic rocks. Previous explorations at the site identified the primary bedrock
lithologies as phyllite and metasandstone (greywacke) or quartzite. Based on the rock
core encountered in the corehole borings and the results of petrographic analyses on
selected core samples, bedrock at the site can be subdivided into five major rock units
as shown in Figure 3. A summary of findings is presented below:

e In general, the rocks are not highly fractured, with the vast majority of the core
samples exhibiting a fracture frequency of less than 1 fracture per foot. In all four
borings, less than 10% of the core had more than 2 fractures per foot.

e Based on the results of the unconfined compression strength tests and point load
index tests the rocks encountered in the exploratory borings generally can be
classified as medium strong to very strong.

e The results of packer and hydrojacking tests indicate the rocks exhibit low
hydraulic conductivity, ranging from about 10-6 to 10-7 centimeters per second.

e During drilling, boreholes CH-1 and CH-2 encountered localized fracture zones of
sufficient conductivity that artesian groundwater backpressure and flow
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developed. Based on observations of the core, the high conductivity zones
appear to contain high angle, open fractures.

e There are no faults mapped in the Project area

e Field mapping results derived from the LIDAR data revealed numerous landslides
on the canyon slopes in the vicinity of the Project. The slides are as much as
600 feet wide (across the slope) and 900 feet long (parallel to the slope), with
several extending from the canyon rim down to Chute Camp Road along the
shoreline of Slab Creek Reservoir.

e Overall, the underlying rock was found to be competent — capable of supporting
the underground construction of water conveyance systems and
pumping/generation equipment contemplated for the Project.

2.2 Task 2 —Value Stream Model Analysis

All subtasks of the SOPO Task 2 (Value Stream Model Analysis) were completed in
2014. A formal report describing the results of the modeling effort is provided in
Appendix C. For the lowa Hill Pumped-storage Project analysis, SMUD used Energy
Exemplar’s Plexos® simulation software, version 6.301 R03. Work performed under
Task 2 was performed by SMUD staff in partnership with the Electric Power Research
Institute (EPRI) and Energy Exemplar.

The performance criteria required of the Plexos® computer simulation model stemmed
from the need of the overall analysis to evaluate the economic benefits of the Project by
co-optimizing the energy and ancillary service benefits of all power generation
resources in the SMUD system, including pumped-storage, while simultaneously
ensuring full compliance of all requirements of the UARP license. The model
incorporates the pumped-storage operation logic into its mixed integer programming
problem formulation, which allows it to co-optimize the value of pumped-storage with
cost variables including energy, ancillary services, and power flow. The Plexos® model
also has the capability of modeling complex cascaded hydroelectric systems such as
the UARP, where water passes in a linear fashion through a series of reservoirs from
high to low elevation.

The model is widely used for a number of energy-related simulations. Electric utilities,
transmission system operators, electricity market operators, and energy regulators use
the Plexos® model to evaluate various aspects of electricity systems, including bulk
power system studies, power resource valuations, integrated resource planning,
regulatory studies, and market design studies.

Prior to the Project-specific study, SMUD had used the Plexos® model for integrated
resource planning and had performed benchmark tests to ensure reasonable resource
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commitment and dispatch results. For the Project-specific application, SMUD inserted
the pumped-storage facility into this earlier version of the Plexos® model. Benchmark
tests of the lowa Hill unit commitment and dispatch in the revised model consisted of
matching model results with historic operating data for the UARP, checking model

results with the results of other simulation models, and checking model results with
separately-developed unit commitment and dispatch spreadsheet models.

The Plexos® model Security Constrained Unit Commitment algorithm consists of two
main parts, including unit commitment using mixed integer programming and network
applications, as depicted below.

| |Resource Schedules
in 24 hours
or DA, HA simulations,
or in 5-min
for RT simulations

Violated Transmission
Constraints

The unit commitment and economic dispatch (UC/ED) logic performs the energy-
ancillary service co-optimization using mixed integer programming enforcing all
resource and operation constraints. The UC/ED logic commits and dispatches
resources to balance the system energy demand and meet the system reserve
requirements. Plexos® then passes the resource schedules from the UC/ED to the
network applications logic. The network applications logic solves the direct current-
optimal power flow (DC-OPF) to enforce the power flow limits and nomograms. Should
the network applications logic find any transmission violations, Plexos® passes the
violations back to the UC/ED logic for re-analysis. Plexos® continues the iterative
UCD/ED and DC-OPF processes until Plexos® resolves all transmission violations.
Many ISOs use this same UCD/ED algorithm in their market scheduling software but
use the alternating current OPF (instead of DC-OPF) in the network applications logic.
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2.2.1 Subtask 2.1 — Resource Mix Scenario Development

The resource mix evaluated in this task was based on the expectation that pumped-
storage value is dependent to a large degree on the penetration variable renewable
generation resources, such as wind and solar, on the interconnected grids of the
western United States. As such, different scenarios were examined with different
renewable penetrations in the BANC and in the much larger Western Interconnection
(WI). The resource mix scenarios developed under this subtask were adaptations of
scenarios used in the National Renewable Energy Laboratory (NREL) Western Wind
and Solar Integration Study (WWSIS) phase 2 study. Those scenarios used high
penetrations of wind and solar to achieve 33% total variable generation penetration in
the main study scenarios.

The initial scenarios were developed using NREL'’s Regional Energy Deployment
System capacity planning tool. This tool was used to site wind and solar energy
requirements within the WI based on constraints supplied by the study team. Those
requirements were then used to manually site wind from the NREL WWSIS-1 wind
dataset and to locate solar resources based on a number of criteria. Three types of
solar resources were considered:

e Distributed PV — Primarily modeled as rooftop PV in population centers. Siting
was done based on population density.

e Utility Scale PV — Larger PV installations 33% of which were located near
population centers and the other 67% located based on best available resources.

e Concentrated Solar Power with storage — Located based on best available solar
resources.

Six resource mix scenarios were eventually developed, which included a combination of
varying levels of wind and solar penetration within different regions. Three different
renewable mixes were based on WECC TEPPC and from the NREL WWSIS Phase 2
study. Two other renewable mixes included a mix with 33% based on a high wind but
relatively low solar, and a mix with high solar but less wind. The last mix of 50% was
based on combining the two. The six resource mix scenarios created were:

e TEPPC: This case was close to the WECC TEPPC 2022 case, with some
movement of variable generation plants. This was viewed as a bookend for low
variable generation penetration in the California (CA) and WI.
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e High Wind: This case was similar to the NREL WWSIS-2 study case with some
changes as to ensuring 33% penetration in the BANC. This was to examine the
case where the entire US portion of the Western Interconnection realized
significant amounts of wind.

e High Solar: This case was similar to the WWSIS-2 high solar case which had a
33% total variable generation target for the WI with a 25% solar target and 8%
wind target. Some adjustments were made in the original WWSIS-2 scenario to
achieve approximately 33% penetration in the BANC.

e CA High Wind, WI TEPPC: This case examined the case where California, with
more aggressive renewable targets, had a high wind penetration, but the rest of
the WI did not.

e CA High Mix, WI TEPPC: This case assumed California had as much wind as in
the previous two cases. Solar was added so that the RPS was closer to 50%,
while the rest of WI still had lower renewables close to the TEPPC case.

e CA High Mix, WI High Wind: This case examined a situation where the entire
WI had 33% of energy from renewables, much of it wind, with additional solar
added for 50% RPS in California.

More detail on the development of the scenarios is provided in the value stream model
analysis technical report provided in Appendix C (see section 2 of the report).

2.2.2 Subtask 2.2 — Determination of Ancillary Services Requirements

The purpose of this subtask was to ensure that the model met the functional
requirements to calculate the value streams of a pumped-storage system. Model
functional requirements included the ability to capture energy arbitrage and AS value
streams through co-optimization of AS and energy, and enforcement of FERC license
constraints on overall UARP operations and SMUD’s energy requirements. Energy
arbitrage optimization included the ability of the pumped storage system to generate
during high-priced hours and pump during low-priced hours to maximize net energy
value. AS value optimization included the ability to provide AS services when the most
economic choice.

Prior to the Project-specific study, SMUD had used Plexos® Version 6.2 for its
integrated resource planning and had performed benchmark tests on Plexos® to ensure
reasonable resource commitment/dispatch and ancillary service provision results.
Benchmark tests included matching model results with historic operating data, checking
the results with other simulation model results, and further checking results with unit
commitment and dispatch spreadsheet models. Thus, for the Project-specific study,
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SMUD began with the version 6.2 of the model, expanded it to include pumped-storage,
additional constraints, and new Flex reserve ancillary services requirements thereby
creating a new model — Version 6.3 This new version was subjected to the same
validation process as the Version 6.2 before it. Accordingly, SMUD checked resource
portfolio, lowa Hill unit commitment and dispatch, and AS provision results with results
generated by predictive spreadsheet models developed by SMUD staff. SMUD also

checked the enforcement of UARP water and generation constraints with and without
lowa Hill as predicted by Version 6.3 with spreadsheet models.

2.2.3 Subtask 2.3 — Model Expansions and Verification

A major focus of the model analysis expansion was energy reserves. The procedures
used to calculate reserves were based on methods developed by the NREL. These
methods examined the historical behavior of the variability wind and solar resources
generation statistical information used to predict reserve needs at various timeframes.
For the Project-specific study, the time frames of interest were day-ahead, four hour-
ahead, and real-time. Each of these time frames had an associated planning or
operations function associated with it. The definition of the time frames were:

e Day-ahead — Day-ahead unit commitment that used best forecasts of load and
variable generation to create a schedule for the next day.

e Four hour-ahead — A second, faster unit commitment cycle that can recommit
fast starting resources. The day-ahead commitment for longer starting resources
was honored in this stage.

e Real-time — This was the operational timeframe where economic dispatch of the
committed system was performed to meet load on a second-to-second basis.
Adjustments to generation in this timeframe were made automatically.

Reserves requirements were calculated for each timeframe, where the reserve
requirements were specific to a given set of variable generation resources. Factors that
influence the magnitude of the reserves beyond the capacity are geographic diversity,
mix of variable generation technologies, and size of the region that reserves were
aggregated over. The types of calculated reserves included:

e Regulation Reserve — Resources that are spinning, synchronized capacity
available for deployment in seconds to minutes timeframe, up to the re-dispatch
interval of the system. These resources must be on Automatic Generation
Control (AGC) since it is assumed that there is no other mechanism to command
generation changes in this timeframe.
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e Flex Reserves — Resources that are held to cover larger unpredicted changes in
net load outside the regulation timeframe. These movements are primarily due to
uncertainty in forecasts of wind and solar. Load uncertainty may be included in
flex reserves. The time frame for these reserves is from the system re-dispatch
interval to when replacement reserves can be activated and on-line. A portion of
these reserves may be made up from spinning and synchronized units if the
reserve amounts necessary require starting up longer-start units (units with two
to 6 hour start times).

e Reliability Unit Commitment (RUC) Capacity — Resources capacity that is offline
or has a longer-start in planning timeframe. RUC is needed to ensure that the
system has sufficient capacity to handle a prescribed portion of possible forecast
errors. For instance, day-ahead RUC capacity is dependent upon the day-ahead
forecast errors that one can expect based on experience.

In addition to these reserves, the system must maintain all contingency reserves that
are available to mitigate an unexpected system change like the sudden, unexpected
loss of generation, load or transmission. These reserves are not affected in any way by
the calculation of regulation, flex and RUC capacity reserves and are completely
independent.

2.2.4 Subtask 2.4 — Production Cost Simulations

SMUD performed multiple simulations of the BANC and WI with different resource
mixes, ancillary service requirements, and different balancing alternatives using lowa
Hill and gas power plants. Forecasts of energy and ancillary service values for storage
resources were developed for these different alternatives. Results also included cases
with ancillary service trading allowed between the BANC and the rest of study area, and
cases where this is not possible.

Range of system values from the proposed Iowa Hill project included:

e Reduction of production costs in both the BANC and the study area (the BANC
sees approximately 75% of total cost reduction).

e Improvement of ability to meet reserves (fewer shortages)

e Improved ability to trade ancillary services with the rest of the study region

e Reduction of wind and solar curtailment, especially at high penetrations, by up to
50%

e Reduction of cycling by more than 50% (costs and number of starts).

From these production cost simulations, it was clear that results varied significantly
across scenarios, and so care should be given to ensuring that the scenarios are well
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understood and the most realistic are paid most attention. For example, lowa Hill does
not seem to provide as much value with high solar cases. In addition, the value of
deferring generation and transmission investments are another value of the Project. For
more details see Section 6 and 7 of the DOE report.

2.2.5 Subtask 2.5 - Pumped Storage Value Analysis

The primary value streams evaluated in the analysis included: (1) ancillary services
value; (2) production cost savings; and (3) avoided generation and transmission
capacity investments. The following table highlights the primary results of the analysis
for each of the five modeled scenarios.

Simulated Value of lowa Hill Pumped-storage Project ($-Millions).

Scenarios Wholesale Revenue
Net Ancillary Energy Resource UARP
Production Adequacy | Efficiency?®
Cost Services
Savings® Capacity
Value?

TEPPC 12 7 14 20-64 0.1-0.35
CA High 12 9 -2 20-64 0.1-2.7
Wwind, WI

TEPPC
CA High 19 10 -4 20-64 0.1-2.3

Mix, WI

TEPPC
CA & WiI 43 5 -6 20-64 0.1-2.0

High Wind
CA High 52 10 -12 20-64 0.1-1.9
Mix, WI

High Wind

High Solar 14 2 -2 20-64 0.1-2.2

1. Total production plus import cost minus wholesale revenues from ancillary services and energy
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2. Resource adequacy (RA) is based on range depending on whether avoiding new peaking capacity or
allowing for forward looking fixed cost recovery of existing plant.

3. UARP efficiency is based on average production costs and water savings for a range of water years (wet to
medium to dry).

As seen in the table, many of the value stream values are a function of the modeled
scenarios. The values shown for the net production cost savings are for cases where
AS trading is allowed, which was deemed the most likely situation in the long term. For
Resource Adequacy costs, the range varies depending on whether the Project would
avoid the construction of new generation plants (high value) or whether it would support
forward-looking fixed costs for other surplus generation to stay available (low value).
The range of values predicted for UARP efficiency reflects the difference in water year
types with the boundaries of the range representing low water years and high water
years — normal years would fall somewhere in between values shown in the table. The
values are deduced by multiplying the gigawatt-hours increase in UARP output by
average production cost.

The production cost savings and AS value are interrelated and increase with higher AS
requirements to balance variable renewable resources such as wind and solar

energy. Hence, the value of production cost savings and AS provisioned from the
Project varies significantly under different energy resource development scenarios (e.g.,
high wind with 50% renewable portfolio standard and is driven primarily by penetration
levels of variable renewable resources in BANC and surrounding balancing authorities.

The value of production cost savings and AS is roughly 70% of the Project value in the
50% RPS cases represented by high levels of wind and solar energy. In the nearer-
term, represented by a 33% renewable energy, the value of AS and production cost
savings was in the 30% to 40% range.

Avoided capacity investments, primarily supply capacity, had an inverse relationship
with renewable penetration levels. In the 50% RPS cases, avoided capacity
investments represented roughly 30% of the project value, while the 33% RPS cases it
represented 60% to 70% of the project value. This level reflects the fact that many of
the existing installed conventional power plants are repurposed as balancing reserve
rather than retired in the higher RPS cases. Although the plant output is repurposed, it
also services as supply reserve, and hence the higher renewable penetration cases are
also characterized by local and regional supply capacity surpluses.

What is clear is that increasing penetration of renewables increases the value of lowa
Hill to the BANC. This is true even more so as the entire WI starts to see high
penetration levels, showing how important the remainder of the system is to value of the
Project.
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It was also found that avoided curtailment of renewable resources increases as
penetration increases, as does avoided reserve shortfalls. It should be noted that

reserve shortfalls are all for flexibility down reserve, which are reserves carried to cover
unexpected increases in wind and/or solar output or unexpected decreases in load.

The analysis also shows that increasing levels of wind penetration result in significantly
more value than increasing levels of solar, likely due to the shape of the solar energy
providing more energy at or close to peak demand. This result demonstrates that the
Project is less valuable in the high solar scenario than a scenario of high mixed
resources or high wind penetration. Across most scenarios, energy revenue from the
rest of California actually decreases for SMUD under Project operation, but this is offset
by an increase in ancillary services value and a reduction in production costs within
BANC, thus always ensuring a reduction in net production costs.

Based on other scenarios examined, other factors driving Project value include whether
the pumped-storage turbines are fixed or variable speed. In general, variable speed
turbines demonstrated at least one third additional value, but could be as much as
double.

3 Preliminary Function Design

As discussed in Section 1.1, the Project was to be located adjacent to and directly east
of Slab Creek Reservoir, on the South Fork American River (SFAR). The proposed
Project area encompasses part of Slab Creek Reservoir and the adjacent canyon wall
and rim of the SFAR. The topography of the upper Project area, where the upper
reservoir was to be located, consists of numerous dissected and gently rounded peaks
and ridges, with elevations ranging from about 3,100 to 2,800 feet. From the top of the
canyon rim, the steep canyon wall of the SFAR descends for over 1,000 feet down to
the waters of Slab Creek Reservoir.

At this location, the Project was conceived as a 400 MW development that incorporated
a number of advanced concepts and new technologies, including:

e Use of existing facilities, such as Slab Creek Reservoir to minimize
environmental impacts, reduce overall costs, and shorten construction times.

e A new 6,300 acre-foot upper reservoir created by an embankment with advanced
lining technology to minimize leakage and improve efficiency, built on top of the
mountain adjacent to Slab Creek Reservoir.

e Three 133 MW variable-speed pump-generators, housed in an underground
complex approximately 1,200 feet below the upper reservoir.
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e An underwater inlet/outlet structure in Slab Creek Reservoir designed and
operated to reduce fish entrainment, minimize turbidity, and preserve recreational
opportunities in the reservoir.

The design features of the Project were informed by the results of the geotechnical
investigations under the Assistance Agreement, though preliminary functional design
work was not included in the Agreement. Using these results, SMUD’s Owner’s
Engineer, Jacobs Associates, developed a Preliminary Functional Design Report,
highlighting major project components. This report is provided in Appendix D. The
project design features contained in this report served as input to the Opinion of
Probable Construction Cost (OPCC), discussed in Section 4.0.

As originally planned, within the preliminary function design, the lowa Hill plant
consisted of three 133 MW variable speed generator/motor units with a design capacity
of 400 MW. The maximum design flow of the plant in the generation mode was 4,789
cfs while the design flow in the pumping model was 4,549 cfs. In operation, the
maximum gross head would be 1,258, and the minimum gross head would be 1,095
feet.

The major project components developed in the preliminary functional design are
outlined below. The locations of many of the project components described below are
shown in the Project General Arrangement diagram (Figure 4).

Summary of major components of the lowa Hill Pumped-storage Project, as
developed in the preliminary Function Design.

Component Description

Slab Creek (Lower) | Reinforced concrete structure equipped with trash racks,

Reservoir isolation gates, a tunnel fill system, a tunnel drain vent, and
Inlet/Outlet equipment access into the tailrace tunnel.

Structure

Upper Dam and Embankment dam consisting of impermeable lining, emergency
Reservoir spillway, leakage monitoring system, and emergency low-level

outlet with trash rack and water control gate. Also includes a
power inlet/outlet (below), and access road along dam crest.
Total reservoir capacity: Approximately 6,700 acre-feet.
Active reservoir capacity: Approximately 6,300 acre-feet.
Maximum depth: 142 feet.
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Surface area: 71 acres at maximum normal operation water
surface elevation.

Instrumentation: Water level indication, geotechnical, and leak
detection.

Security: Vinyl coated chain linked fence with barbed wire, public
safety signage, and video cameras.

Upper Reservoir
Inlet/Outlet
Structure

A vertical, reinforced concrete hooded structure equipped with a
trash rack. This inlet/outlet is not gated.

Power Shaft

Concrete lined shaft, 19 feet nominal internal diameter,
approximately 1,200 feet deep.

Headrace (High
Pressure) Tunnel

Concrete lined tunnel, approximately 900 feet long, 19 feet
nominal internal diameter with a 19-foot-diameter manifold
transition.

Headrace Tunnel
Manifold

Concrete lined tunnel, approximately 200 feet long, 14 feet
nominal diameter.

Penstock Manifold

Three penstocks, approximately 470 to 520 feet long, 9 feet
nominal internal diameter. Approximately 250 feet of steel lining
in each penstock extending from grout curtain to the isolation
valves to prevent hydro jacking and water exfiltration. Concrete
lined outside of steel lined section.

Draft Tube
Extensions and
Draft Tube Manifold

Three Draft Tube Tunnels approximately 260 to 300 feet long, 12
feet nominal diameter. Partially steel lined to prevent
hydrojacking and water exfiltration.

Tailrace (Low
Pressure) Tunnel

Concrete lined tunnel, approximately 1,700 feet long, 26 foot
nominal internal diameter with a 19-foot-diameter manifold
transition.

Powerhouse Access
Tunnel (PHAT) &
Portal

Lined tunnel, approximately 2,950 feet long, 25 feet wide nominal
internal width and 25 feet tall, horseshoe shaped. Serves as the
primary vehicular access route for operations and maintenance.

Underground
Powerhouse

Approximately 66 feet wide by 370 feet long by 135 feet tall,
located approximately 1,300 feet below the ground surface.
Permanent support for crown and walls will be rock
reinforcement with shotcrete-lining.

Equipped with three fast-responding variable-speed pump-
turbine generator/motors, power electronics, electrical and
mechanical auxiliary equipment, switch-gear, protection, control
equipment, and an overhead crane.

Pump-Turbine

Three single-stage Francis-type units; each unit’'s nameplate
capacity rated at approximately 133.3 MW nominal.

Motor-Generator

Three direct-coupled 16.5 (or 18) kV fast responding variable
speed motor-generators, each rated at approximately 150 MVA.
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Bus Tunnels

Three tunnels, approximately 26 feet wide by 100 feet long by
50 feet tall, located at the main deck elevation. Same support
and groundwater control strategy as used for the underground
powerhouse.

Draft
Tube/Transformer
Cavern:

Approximately 47 feet wide by 345 feet long by 45 feet tall,
located approximately 1,300 feet below the ground surface.
Same support and groundwater control strategy as used for the
underground powerhouse.

Equipped with 16.5 (or 18 kV) / 230 kV step-up transformers
rated at 175 MVA, overhead raceway, and high voltage cables.
Includes independent smoke control system and blast panels.

Utility Shaft

Vertical shaft with rock reinforcement, approximately 19 feet
nominal diameter by 1,400 feet deep. Lined or unlined, to be
developed based on infiltration limits that will be determined
with the groundwater monitoring program and USFS
agreement.

Provides passage for the high voltage cables to the surface,
and ventilation and stairs for emergency egress and inspection.
Communications (voice/data), auxiliary power cables, and
lighting will also be provided in the utility shaft.

Utility Shaft Building

Building on top of the utility shaft to secure the utility shaft and
house the ventilation fans, communication equipment, and
backup battery banks, and also provide emergency egress from
the underground powerhouse. A stationary backup generator will
be located outside the utility shaft building.

Switchyard

Switchyard will be a breaker-and-half configuration and located
on the surface adjacent to the Upper Reservoir to accommodate
230 kV and Station Service equipment.

There will be three 230 kV circuits connecting the switchyard to
the Powerhouse, one circuit for each motor-generator

Generation-Tie

There will be three 230 kV circuits connecting the switchyard to
SMUD’s existing transmission lines. The generation-tie (gen-
tie) transmission line will connect the switchyard and the
existing transmission lines. The gen-tie will be approximately
1.8 miles long, crossing through private property, U.S. Forest
Service lands, and connected with existing SMUD 230 kV
circuits. The gen-tie transmission towers will be brown-tinted
galvanized steel mono-pole type.

Telecommunications

Communications, voice, and radio communications will be
provided by digital microwave and fiber optic cables. A
microwave tower will be constructed near the switchyard and
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switchyard control module and integrated with SMUD’s
telecommunication system. A new microwave tower will be
constructed at Slate Mountain. Fiber optic cables will be carried
on the 230 kV transmission towers via OPGW and integrated
with SMUD’s telecommunication system.

Access Roads The following access roads will be constructed or improved:

(1) Slab Creek Reservoir Road will be improved and
maintained to provide project access to the site.

(2) Boat Ramp Road will be improved to an 18-foot travel width
over a length of 5,000 feet with an all-weather surface
consisting of 8 inches of compacted Class 2 Aggregate Base
Rock. Boat Ramp Road includes 3,600 feet along Chute Camp
Road and an additional 1,400 feet from Chute Camp Road to
Slab Creek Reservoir. The improvements are per agreement
with the USFS and are to support the Design-Build
Contractor’s approved construction work plan and to improve
recreation access to the Slab Creek boat ramp.

(3) Long Canyon Access Road will be constructed as a 14-foot
travel width over a length of 8,800 feet with an all-weather
surface consisting of 8 inches of compacted Class 2 Aggregate
Base Rock. Long Canyon Access Road will be constructed
from Boat Ramp Road (Chute Camp Road) up to the existing
Cable Point Road. The new road will provide construction and
O&M access to the Upper Reservoir from Slab Creek
Reservoir Road.

4 Cost and Financial Risk

The primary drivers behind SMUD'’s decision to cancel the Project are cost and financial
risk. Despite the results of the value stream modeling analysis and the extensive
environmental and geotechnical studies, construction impact assessments, and
permitting work, SMUD concluded that the project would be too risky from a financial
standpoint. This decision was based to a large degree on the estimated cost to
construct the Project.

Throughout the years of Project planning, and at different stages of Project design,
SMUD has developed estimates of the cost to construct the Project. The cost to SMUD
of building the Project is the sum of a variety of individual costs, including direct and
indirect construction cost, construction management, SMUD staff time, and the cost of
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financing the Project. As shown in the following table, the estimated cost to construct
the Project was estimated at between $1.37B and $1.45B in 2015 dollars.

Estimated Cost to SMUD to Construct the lowa Hill Pumped-

storage Project.

Cost Estimate Components 2015 Cost

(millions)

Direct Costs 743
Indirect Costs 206
Construction Management 28
SMUD Labor 32
Contingency (21.5%) 201
Financing Costs, i.e., Allowance for Funds 162 - 243

Used During Construction (AFUDC)

Total 1,372-1,453

The estimated overall construction cost contingency of 21.5% reflects a blending of
component-specific cost contingencies, each individually determined on the basis of
uncertainty. Contingency values ranged from 10% for access roads and SF-6
transformers to 25% for underground civil construction, and as high as 35% for
construction of the lower reservoir inlet/outlet structure. Allowance for funds used
during construction (AFUDC) is a standard component of utility capital projects and
represents the estimated costs of debt and equity financings required by SMUD to
finance the construction of a regulated asset such as the lowa Hill Pumped-storage
Project.

In 2010, one year prior to applying for the DOE Assistance Agreement, SMUD
developed an Opinion of Probable Construction Cost (OPCC) that included direct and
indirect costs. With limited data on the underground geological conditions and based on
a conceptual design, the 2010 OPCC was $611M. Using the geotechnical information
generated from the Assistance Agreement, coupled with preliminary discussions with
FERC staff and the California Department of Water Resources, Division of Safety of
Dams, SMUD developed a more refined functional design and new OPCC in 2015.

The 2015 direct and indirect OPCC was $949M. This value was $253M higher than the
2010 OPCC, after it was escalated from 2010 to 2015 dollars, essentially to a value of
$696M. The difference between the two OPCC values is explained by increases in
direct costs for certain components of the Project, as well as the addition of direct costs
for components that were not included in the 2010 OPCC, as described in this table:

Page 25 July 2016



/*\] g DOE Assistance Agreement DE-EE005414
Q’ S M U D lowa Hill Pumped Storage Project Investigations

Summary of increases in direct costs between the 2010 and

2015 OPCC estimates.

Direct Cost Increases from 2010 OPCC 2015 Cost

(millions)

Upper Reservoir Civil 41
Upper and Lower Reservoirs Inlet/Outlet 2
Underground Civil 28
Powerhouse Mechanical/Electrical 32
Variable Speed Motor/Generator 8

Direct Costs not Included in 2010 OPCC
SF-6 Transformers 15
Transmission and Switchyard Upgrades 88
Access Roads 20

Total 240

In addition to the high construction costs, a number of changes in the energy
marketplace and customer behavior influenced the decision to cancel the Project.
Primary among these is the change in the price of natural gas. As stated Section 1.3, in
2005, SMUD expected natural gas prices to increase going forward. Since then,
“fracking” technologies have unlocked abundant natural gas resources. Natural gas
prices have dropped, and nationally focus on natural gas has shifted from imports to
exports. As a result, the likelihood of high and volatile energy prices over the next 30
years has gone down significantly, which means the peak-power energy production and
other energy services from a pumped-storage system would be less valuable.

Another change from 2005 has occurred in customer demand within the SMUD service
territory. The 2% per year growth that existed for the ten years prior to applying for the
UARP license, which argued in favor of the Project, has reversed to the point where
peak loads have actually diminished over the past ten years. Energy efficiency and
rooftop solar have reduced customer usage, and peak demand is expected to be further
reduced when SMUD imposes residential time-of-use rates in 2018. Lower and slower
growth means SMUD needs fewer new resources to manage intermittency and balance
system needs.

On top of these trends, competing technologies such as battery storage have come
down in cost much faster than expected. Although the cost of batteries is not fully
competitive with pumped-storage, battery systems can be a less risky investment for
SMUD even if they are at a higher cost per kilowatt of capacity. The reason is
scalability. The Project is a full 400 MW commitment, while SMUD’s current studies
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indicate that only need 50 MW of its capacity is needed in the near term. The other 350
MW would have to be sold into the market. This scenario creates a risk, however,
because if SMUD cannot cover the Project's debt service due to insufficient market
revenues, the shortfall would add to the cost of the 50 MW SMUD uses, and ultimately
SMUD customers would be required to make up the market shortfall in the form of

increased rates. By comparison, battery storage, while higher in cost, can be scaled to
exactly what is needed, so it is less costly and poses a reduced financial risk.

Finally, the rate of technological change has quickened for the electric utility

business. SMUD currently has ambitious plans to invest in new customer technologies,
upgrade the grid and enable the system to integrate more distributed technologies.

That will require a lot of new capital, which would not likely be available if SMUD took on
significant debt service associated with the construction of the Project.

These concerns were echoed in a Credit Outlook from Moody’s Investor Service, which
in response to SMUD’s decision to cancel the Project stated, “The decision is credit
positive for SMUD because the debt issuance to construct lowa Hill would have
significantly increased SMUD's financial risks and debt leverage. Advancements in
storage technology over the next decade look promising in resolving power balancing
issues. For example, California’s Imperial Irrigation District recently began work on a 30-
megawatt, 20-megawatt-hour battery storage system that we expect will provide for
better utility management of renewable energy sources.”

As discussed above, the decision by SMUD not to construct the lowa Hill Pumped-
storage Project was driven largely by cost and financial risk considerations that
emerged within the 10-year period from 2005 and 2015. Nevertheless, certain aspects
of the proposed Project had a direct effect on the overall success of the process. These
aspects, while project-specific, can nevertheless serve to inform future developmental
plans of similar projects. One feature of the Project was the integration of existing
facilities into the design, such as the UARP Slab Creek Reservoir and transmission line.
The effect of using existing facilities was to lower costs of both construction and
environmental mitigation. The geotechnical investigations performed under the
Assistance Agreement also provided valuable information that substantially improved
SMUD'’s understanding of the underground conditions. This informed the evolving
Project conceptual design, which in turn, contributed to increases as well as decreases
in construction cost. Compared to 2010 estimates, costs associated with constructing
the water conveyance tunnels decreased as a result while the powerhouse construction
costs increased. Overall, the geotechnical investigations played a significant role in
reducing the construction cost contingency from 35% in 2010 to a blended value of
21.5% in 2015.
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Other factors influenced Project schedule, particularly in the area of permitting and
licensing delays. Primary among these factors was ownership of the land upon which
the geotechnical studies were performed. The schedule delays discussed in Section
2.1.1 would have been lessened if SMUD, rather than the USFS, had owned the land.
Another important factor that had the potential to delay the project was opposition from
the local community. While the preferred circumstance is to locate a project some
distance from populated areas, the lowa Hill Project was located near a rural area
dominated by agricultural interests such as vineyards and apple orchards. Anticipating
the concerns of the local community, SMUD proactively engaged the local community
early and often to lessen the potential impact on project cost and schedule. A third
factor that affected project progress centered around the level of specificity in regulatory
requirements prepared by resource agencies. Based on the plain language in the
USFS 4(e) Conditions, which were ultimately included in the FERC UARP license,
SMUD had anticipated and planned for all groundwater monitoring activities to
commence only after construction of the Project. However, the USFS required SMUD
to prepare a groundwater monitoring plan, install groundwater monitoring wells, and
monitoring groundwater dynamics two or more years prior to implementing Subtasks 1.6
and 1.7 of the Assistance Agreement SOPO. Had SMUD worked more closely with the
USFS at the time they were preparing the condition to require a groundwater monitoring
plan, the delay in implementing these subtasks would have been lessened or
eliminated.
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Figure 1. Morphological map of lowa Hill Pumped-storage Project area,
showing surface and underground project features relative to core drilling
locations.
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Figure 4. lowa Hill Pumped-storage Project Arrangement Diagram.
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A. PROJECT OBJECTIVES

The objectives of the lowa Hill Pumped-storage Project (lowa Hill) investigations are
twofold: (1) reduce geotechnical uncertainty and (2) model energy and services value
streams under a variety of energy scenarios.

Technical uncertainty of the subsurface geotechnical conditions in the locale of the
underground facilities planned for lowa Hill presents challenges for securing project
financing and partners that would enable lowa Hill to move into the final design,
procurement and construction phases. The investigation has the following objectives:

e |dentify geotechnical defects in subsurface that may result in delays and costly
remedial measures.

e Determine depth of weathered zone, landslides, and toppled rock in project area.

e Develop detailed information through the powerhouse cavern, tunnels, and shafts on
minimum in-situ stresses to inform the degree of steel lining needed that will result.

e Develop detailed information through the powerhouse cavern, tunnels, and shafts on
geologic structures, contacts, and shears that will ultimately help in the design of
underground openings.

e Evaluate extent and impact of water bearing geologic structures.

lowa Hill is expected to provide several different value streams to its beneficiaries.
These include operating flexibility, reliable capacity and environmental advantages. The
overall purpose of the value stream modeling is to highlight the potential value of
pumped storage to meet ancillary service requirements and address variability for
increasing renewable generation.

The value stream modeling will determine the value of pumped storage flexibility with
the overall generation resource portfolio. Also, the contribution to load-serving capacity
during severe summer heat storms and peak demands will be considered.
Environmental benefits are considered based on deferring transmission projects and
lowering the carbon footprint by replacing fossil-based peaking generation with lower
emission off-peak generation. The objectives of this part of the project investigations
are:

e Determine ancillary service requirements to balance variable renewable generation.

e Examine value of pumped-storage relative to conventional gas generation in
providing on-peak energy and ancillary services in the SMUD BA and California.

e Define and quantify value streams of lowa Hill relative to conventional gas units with
future anticipated higher levels of variable renewable generation.

e Analyze net benefits of variable speed versus fixed speed turbines.



B. PROJECT SCOPE

The 400-MW lowa Hill Pumped-storage Project investigations will be funded under
Department of Energy’s Wind and Water Power Program, Topic Area 2 (Sustainable
Pumped Storage Hydropower, Sub-topic 2.1 (Pumped Storage Hydropower Project
Development Support). Pumped-storage is re-emerging from decades of quiescence in
the U.S. in response to a new set of energy needs, including load following, regulation,
renewable resource integration, capacity services, system reliability, grid stability, and
voltage control. This requires current pumped-storage projects to embody innovations
that advance the technology and design components while simultaneously satisfying the
more stringent environmental protection needs of today. Examples from the lowa Hill
include:

e Variable-speed pump generators for use in regulating and efficiently integrating
variable renewable energy, providing ancillary services to the grid and supporting
Smart Grid technologies.

e Fully lined reservoir technology to minimize leakage.

e Mid-reservoir, underwater, multi-port intake structures to reduce fish entrainment,
minimize turbidity in existing reservoirs, and preserve recreational opportunities.

e Use of existing facilities to minimize environmental impacts, reduce overall costs,
and shorten construction times.

e Demonstrate advanced underground tunneling methods including improved drill and
blast techniques and the use of road headers in hard rock.

e Use of electricity in construction to reduce noise of fossil fuel generators, increase
use of electric vehicles and equipment and provide for other construction needs.

e Advanced plant control system to provide ancillary services to the grid to allow high
penetration levels of renewable generation on to the grid and to provide support for
the range of Smart Grid improvements including metering, peak shaving, and
potential reductions of fossil fueled generation for peaking.

e Advanced technology for high capacity — high temperature ceramic core
transmission line conductors to get more power to customers on existing
transmission structures.

C. TASKS TO BE PERFORMED

TASK 1.0 Geotechnical Investigation

Subtask 1.1 Environmental Permitting: Secure necessary environmental permits to
perform the geotechnical investigations.

Subtask 1.2 Field Mapping, Access, and Spoil Pile Stabilization: Collect qualitative
information at the project site related to weathering, landslide material, toppled rock,



and geologic contacts and shears. Access planning for drilling rigs along existing roads
will be performed as well as site preparation for and spoils pile stabilization/BMPs will
be performed for the expected 15,000 cubic yards of material that will be generated
during the test drift task.

Subtask 1.3 Rock Coring — Tunnel Alignments:  Two horizontal cores will be
performed at existing roads near Slab Creek Reservoir with an estimated maximum
total drilling length of 2,500 feet, with core hole orientations crossing all major
lineaments potentially intersecting project features. This coring will provide basic
information on rock structure and groundwater that will confirm the location of access
tunnel and cavern locations.

Subtask 1.4 Rock Coring — Pressure Shaft/Tunnel at lowa Hill: A single vertical
core will be performed from the location of the upper reservoir, with an estimated
maximum total length of 1,300 feet. This coring will provide information on rock structure
and groundwater that will confirm the location of the proposed shaft site.

Subtask 1.5 Risk Workshop: This will constitute the beginning of the second phase
of the investigations. The meeting will focus on the design of the test drift to further infill
information at the proposed locations of the Main Access Tunnel, Concrete-lined Low-
pressure Tunnel, Emergency Tunnel, Powerhouse, and Intake/Outlet Structure.

Subtask 1.6 Geotechnical Test Drift: A single test drift will be constructed that is
approximately 1,000 feet long through the tunnel area and into the powerhouse cavern.
Information derived from the surface rock coring program would be used to confirm the
cavern location and test drift alignment. Approximately 2,000 feet of horizontal and
vertical coring would commence from the end wall of the drift and extend through the
cavern area to confirm rock quality, and for rock and hydraulic jacking/fracture testing.

Subtask 1.7 Rock Coring — Powerhouse Cavern: The geotechnical test drift will be
sized to accommodate a small portable rock coring machine, currently assumed to be a
8 foot by 8 foot tunnel. Using the 1000 foot long geotechnical test drift as point of
access, perform an inclined and vertical core drilling of the rock into and through the
proposed powerhouse cavern location to verify rock quality and strength needed to
accommodate the large cavern required for the proposed equipment. A minimum of six
core holes will be performed from the end of the drift with approximately 3,000 feet of
core drilling total. This will generate information through the powerhouse cavern on
structure, contacts, and shears. It will also provide information in the cavern on
minimum in-situ stresses to evaluate steel lining requirments.

Subtask 1.8 Rock Coring — Vertical Shaft: A vertical core will be performed through
the area of the powerhouse vent shaft to generate information related to the depth of
the weathered and toppled zones as well as geologic contacts and shear zones.
Information on in-situ stress along the core will provide an indication of the length of
steel lining required in the shatft.



Subtask 1.9 Laboratory and Field Testing: The testing program may include:
Packer Tests; Determination of Rock Hardness by Rebound Hammer Method; Rock
anchor Proof Tests; Cerchar Abrasiveness Test; Unconfined Compressive Strength of
Intact Rock Core Specimens; Splitting Tensile Strength of Intact Rock Core Specimens;
(7) Point Load Strength Index of Rock; and (8) Direct Shear Strength Tests of Rock
Specimens Under Constant Normal Force.

TASK 2: Value Stream Model Analysis

Subtask 2.1 Resource Mix Scenario Development: ldentify various resource mix
scenarios including various renewable generation mixes to meet state goals and other
unit additions as needed to maintain required reserve margins for reliability to be
simulated in subsequent tasks for future generation plant mix in both 2020 and 2025.
Different scenarios will be based on different build-out plans for wind and solar to meet
the 33% renewables target in California. Include total penetration, share between
technologies and location of resources. As an input to the production cost modeling,
various hydro run-off assumptions will be examined based on SMUD’s hydro system
modeling.

Subtask 2.2 Determination of Ancillary Services Requirements: Gather and
analyze data to develop day ahead and real-time variability in loads, renewable
production and other key data. Based on this, compute ancillary service (A/S)
requirements for SMUD, the Balancing Authority Northern California (BANC) and the
major neighboring BAs including CAISO, PacifiCorp and BPA, ensuring in each case
the BA maintains CPS2 reliability requirements as mandated by NERC. With increased
variability and uncertainty, the need for dynamic response time A/S will increase, as this
is crucial to variable generation which can be managed by pumped-storage. Thus, the
determination of A/S (regulation and spinning reserve in particular) requirements will
significantly impact the value of storage.

Subtask 2.3 Model Expansions and Verification: The purpose of this task is to
ensure the model represents what is needed to calculate the value streams and make
any adoptions necessary. The production model to be used must be able to capture
arbitrage and A/S value streams through co-optimization of A/S and energy. The
balancing of variable generation and load forecast errors as performed by the model will
be verified to build confidence in the modeling approach. The model will capture
different scenarios of lowa Hill providing balancing for BANC only or selling balancing
for BANC and selling surplus balancing services to outside regions. This task results in
a model that accurately represents the effect of variable generation on A/S, volatility in
energy prices and captures the operation of storage accurately.

Subtask 2.4 Production Cost Simulations: Develop a forecast of A/S and energy
value for storage and use it to analyze the value of storage for multiple scenarios for



resource mix, in 2020 and 2025. The system will be simulated with lowa Hill, and a gas
plant alternative, providing balancing services to examine the added value lowa Hill
provides related to A/S provision and energy arbitrage. In this task, two different
analyses will take place for identifying the value streams of lowa Hill for each of the
resource mix scenarios:

A. Simulate the value of lowa Hill and SMUD’s portfolio providing A/S in the region
(i.e. neighboring BAs). This will run the production cost simulation with BANC
being able to trade A/S needs and resources to meet the neighboring BAs as well
as SMUD’s and BANCs needs. WECC will also be modeled to ensure flows to and
from other WECC regions are well represented.

B. Here, the production cost simulations will be run where lowa Hill and other A/S
resources in the BANC would be available to provide A/S in SMUD/WAPA only,
and no opportunity to sell A/S or purchase A/S needs from neighboring BAs. This
will show the value of pumped-storage to the SMUD/WAPA region.

C. Rapid dynamic response capacity and time requirements identified in section 2.2
will be specified and modeled in the production cost simulations as a requirement
to be maintained in daily operations to assess the value of pumped storage for
provisioning these requirements. In addition, modeling production 5 minute
interval time steps for selected time periods will demonstrate the value of higher
pumped storage response rates in volatile 5 minute balancing markets.

Analysis performed in A and B above will evaluate unit commitment costs needed to
meet forecasted load and A/S requirements followed by dispatching against realized
values.

Subtask 2.5 Pumped-storage Value Analysis: Based on model results used to
establish the A/S, (including load following) values for each scenario, establish value
streams to lowa Hill as contributing to A/S, either in SMUD/WAPA alone or in the entire
CAISO region. Model results over the broad range of scenarios will provide a good
picture of the value of storage at lowa Hill. The values will be identified in terms of
production cost changes, price impacts, revenue or value streams for lowa Hill,
performance of SMUD’s generation fleet, and other metrics

TASK 3: Project Management And Reporting

Subtask 3.1 Kick-off Meeting: SMUD will meet with DOE representatives to establish
lines of communication and procedures for performing the scope of work.

Subtask 3.2 Quarterly Progress Reports: All reports and other deliverables will be
provided in accordance with the Federal Assistance Reporting Checklist following the
instructions included therein. Each quarterly report will summarize activities performed
during the reporting period, identify activities for the next reporting period, identify issues



that may affect project performance, and form the basis for determining whether
invoices are consistent with work performed.

Subtask 3.3 Final Report(s): SMUD will produce a draft report, detailing results of the
geotechnical investigation and the value stream analysis. The report will also describe
the value these two investigations contributed to the progress of lowa Hill. Upon review
and comment by the DOE, SMUD will produce a final report for submittal to DOE. In
concert with production of the final report, the SMUD will discuss with DOE potential
avenues of technology transfer, i.e., sharing the results from the work with the industry
at large. This may include presentations at conferences, workshops, or other public
venues.
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Powering forward. Together.

@® SMUD

DPG 16-061
March 11, 2016

Mr. Bradley Ring

Mr. Eric Mauer

U.S. Department of Energy

15013 Denver West Parkway, MS RSF/C250-3
Golden, CO 80401

IOWA HILL PUMPED STORAGE GEOTECHNICAL REPORT
Dear Eric and Brad,

As the Principal Investigator for Assistance Agreement DE-EE-00005414, | am submitting
SMUD's final geotechnical report for the lowa Hill Pumped-storage Project. This report includes
all information completed under the Assistance Agreement identified as Subtasks 1.1 through
Subtask 1.4 and Subtask 1.8-Subtask 1.9. As previously reported to you in my email of
February 3, 2016, the SMUD Board of Directors has determined it is in the best interests of
SMUD to cancel plans to construct the lowa Hill Pumped-storage Development. Given this
decision, SMUD will not implement two subtasks in the Statement of Project Objectives of the
Agreement (Subtask 1.6 - Geotechnical Test Drift and Subtask 1.7 - Rock Coring Powerhouse
Cavern), which is reflected in their omission from this final geotechnical submission.

The report is an update of the initial Interim Geologic/Geotechnical Data Report, submitted by
SMUD in April 2014 in support of the Subtask 1.5 — Risk Workshop. This update has been
prepared to SMUD by our engineering subcontractor, and contains the results of geotechnical
studies performed to date under their contract with SMUD, which includes work described in the
DOE SOPO as well as additional geotechnical work we requested of them. It is an interim
report, prepared in September 2015 following the completion of coring and laboratory testing at
Corehole 4 (CH-4).

To ease DOE review of the report, | provide a table below of cross references between
subsections of the report and SOPO Subtasks. Also, references in the report to Tasks 1A and
1B correspond to tasks contained in the contract between SMUD and the engineering
contractor, where Task 1A included SOPO Subtasks 1.2, 1.3, and 1.4, while Task 1B included
SOPO Subtask 1.8. As stated above, while Subtasks 1.6 and 1.7 were included in the
contractor Task 1B, they do not appear in the report as these elements of the SOPO will not
proceed given the SMUD Board of Directors decision.

SMUD HQ 62016 Street  P.O. Box 15830 Sacramento, CA 95852-0830 | 1.888.742.7683 @ smud.org



Subsection of 2.0 Field Investigation and Corresponding DOE SOPO Subtask

Laboratory Testing
2.2 Field Investigations 1.2 Field Mapping, Access, Spoil Pile Stabilization
2.3 Rock-Core Borings 1.3 Rock Coring Tunnel Alignments (CH-1, CH-2)

1.4 Rock Coring Pressure Shaft (CH-3)
1.8 Rock Coring Vertical Shaft (CH-4)

2.4 Geologic Field Reconnaissance 1.2 Field Mapping. Access, Spoil Pile Stabilization

2.5 Downhole In Situ Testing & Geophysics | 1.9 Laboratory and Field Testing

2.6 Groundwater Sampling and Monitoring Not part of SOPO

2.7 Laboratory Testing 1.9 Laboratory and Field Testing

2.8 Surface Geophysical Surveys Not part of SOPO

If you have any questions, please don't hesitate to contact me at (916) 732-6174.

Respectfully,
/
- /
.r\-rﬂ“-f‘ .}.'f-'/
Scott Flake

Principal Investigator
Senior Director, Project Development
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lowa Hill Pumped-Storage Development Project Updated Interim Geologic/Geotechnical Data Report

1 Introduction

This Updated Geologic/Geotechnical Data Report (GDR) presents data and information obtained from the
Task 1A, Task 1B, and Task 1C geotechnical investigations conducted by the Jacobs Associates (JA)
Owner’s Engineer (OE) Team for the Sacramento Municipal Utility District’s (SMUD) lowa Hill
Pumped-Storage Development Project (Project). The geologic and geotechnical data and information
presented in this report will be used to support the assessment of the geologic risks of the Project,
including conceptual layouts and associated construction approaches, and the overall Project feasibility.
Upon the Project moving forward, this GDR will be updated with data and information obtained from
subsequent geotechnical investigations and may ultimately serve as a contract document to provide
information on the studies performed for the Project.

1.1  Project Description

The Project is adjacent to and directly south of Slab Creek Reservoir, on the South Fork American River,
about 6 miles (mi) northeast of Placerville (Figure 1-1). This area is referred to as lowa Hill, named for a
small peak on a ridge top overlooking lowa Canyon and the South Fork American River canyon, as
depicted on the USGS Slate Mountain 7.5-minute quadrangle (see Figure 1). The Project area
encompasses part of Slab Creek Reservoir and the adjacent canyon wall and rim of the South Fork
American River. The higher topography of the Project area consists of numerous dissected and gently
rounded peaks and ridges, with elevations ranging from about 3,040 feet (ft) to 2,800 ft (NGVD 29).
From the top of the canyon rim, the steep canyon wall of the South Fork American River descends for
over 1,000 ft down to Slab Creek Reservoir. A small, intermittent, west-flowing drainage flows through
the Project area and down the canyon wall to the South Fork American River. Numerous other gullies
occur on the steep canyon slopes.

As currently proposed, the major elements of the Project include a new dam-impounded Upper Reservoir
with a morning glory-type inlet/outlet structure, a concrete-lined vertical shaft extending approximately
1,200 ft down from the bottom of the Upper Reservoir, a high-pressure concrete-lined headrace tunnel
about 1,700 ft long, a powerhouse cavern with three variable-speed generating units, and a low-pressure
concrete-lined tailrace tunnel about 1,000 ft long, and an inlet/outlet structure within Slab Creek
Reservoir (the Lower Reservoir). Appurtenant facilities include a powerhouse access tunnel, a vertical
cable and ventilation shaft, a 230kV switchyard proximal to the upper reservoir, a double-circuit 230kV
transmission line, and access road improvements. The current Project layout is shown on Figure 1-2.

1.2 Purpose and Scope

The Task 1A field and laboratory exploration programs were carried out to assess the geological and
groundwater conditions and engineering properties of subsurface materials in the vicinity of the
powerhouse cavern and water conveyance alignments. These exploration programs were done between
December 2013 and April 2014. The scope of work for the Task 1A investigations consisted of the
following general tasks:
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e Reviewing and compiling existing geologic and geotechnical information,

o Dirilling, logging, and sampling three exploratory rock-core borings and sampling groundwater,
e Performing in situ testing and geophysical exploration in all boreholes,

e Installation of vibrating wire piezometers in one borehole,

e Developing and coordinating a laboratory testing program, and

e Reporting field exploration and laboratory test results.

The Task 1B field and laboratory exploration programs were carried out to assess the subsurface
conditions in the vicinity of the cable shaft and in the Upper Reservoir area. These exploration programs
were done between April 2015 and June 2015 and consisted of the following general tasks:

e Dirilling, logging, and sampling one exploratory rock-core boring,

e Performing in situ testing and geophysical exploration in the borehole,
e Installation of vibrating wire piezometers,

¢ Developing and coordinating a laboratory testing program, and

e Reporting field exploration and laboratory test results.

The Task 1C investigations included a seismic refraction survey at the Upper Reservoir site. This work
was performed by NORCAL Geophysical Consultants, Inc. (NORCAL) between May 13, 2015 and June
2, 2015.

1.3  Project Authorization

The work described in this GDR was authorized through Task Order 1A and Task Order 1B issued to JA
in accordance with their September 29, 2004 Consulting Agreement with SMUD.

1.4 Acknowledgments

The Task 1A, 1B, and 1C studies performed by the OE Team were coordinated with the following key
individuals:

SMUD
Mr. Scott Flake, P.E., Project Director
Mr. Clint Schelbert, P.E., Superintendent of Engineering

Jacobs Associates

Dr. Michael McRae, P.E., OE Project Director
Mr. Blake Rothfuss, P.E., OE Project Manager
Mr. Mark Havekost, P.E., Principal

Ms. Rachel Martin, P.E., Associate

Ms. Susan Bednarz, C.E.G., Senior Associate
Mr. John Waggoner, C.E.G., Senior Associate
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Carlton Engineering

Mr. David Jermstad, C.E.G., Vice President

Mr. Alan Carlton, P.E., President

Mr. Christopher Trumbull, P.E., Senior Engineer
Mr. Kyle Jermstad, Staff E.I.T Il

GEI Consultants
Mr. Alberto Pujol, P.E., Vice President
Mr. Todd Crampton, C.E.G., Senior Geologist

AMEC Environment & Infrastructure
Mr. Christopher Slack, P.G., Project Geologist
Mr. Shaun Cordes, Staff Geologist
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2  Field Investigation and Laboratory Testing

Field investigation and laboratory testing programs were developed by SMUD and the OE Team. The
completed Task 1A and Task 1B exploration program included a review of available geologic and
geotechnical information, geologic field reconnaissance, drilling four (4) rock-core borings, performing in
situ testing and downhole geophysical surveys in the boreholes, performing a variety of laboratory tests
on materials recovered from rock-core borings, and performing a seismic refraction survey at the site of
the Upper Reservoir. The activities completed are discussed below and in the various appendices to this
GDR.

2.1 Previous Studies

A review and compilation of existing information was conducted to supplement the field investigations
carried out for the Project. The review of available information included a variety of published and
unpublished documents. The most relevant information was obtained from the following two reports:

e MWH, 2004, Sacramento Municipal Utility District Upper American River Project (FERC No.
2101), lowa Hill Pumped Storage Development, Phase 1l Subsurface Exploration, Geotechnical
Investigation Technical Report, August 2004

e Bechtel, 1972, Sacramento Municipal Utility District, lowa Hill Pumped Storage Project,
Preliminary Study, February, 1972

2.2  Field Investigations

The Task 1A field exploration and laboratory testing programs were conducted between December 2013
and June 2014. The field exploration program included the following:

e Drilling, logging, and sampling two (2) subhorizontal rock-core borings totaling about 3,500 ft;

o Drilling, logging, and sampling one (1) vertical rock-core boring totaling about 1,500 ft;

¢ Installation of 3 vibrating wire piezometers in the vertical borehole;

e Insitu testing and geophysical exploration in selected boreholes, including packer permeability
testing, hydrojacking testing, and optical televiewer (OPTV) and acoustic (BHTV) logging; and

e Geologic field reconnaissance.

The Task 1B field exploration and laboratory testing programs were conducted between April 2015 and
June 2015. The field exploration program included the following:

e Drilling, logging, and sampling one (1) vertical rock-core boring totaling about 1,500 ft;

¢ Installation of 3 vibrating wire piezometers in the borehole; and

e Insitu testing and geophysical exploration in the borehole, including packer permeability testing,
hydrojacking testing, and optical televiewer (OPTV) and acoustic (BHTV) logging.
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The Task 1C investigations included a surface geophysical survey at the Upper Reservoir site, carried out
between May 13, 2015 and June 2, 2015.

An overview of the field exploration and in situ testing programs is described below.
2.3 Rock-Core Borings

The rock core borings were drilled at the locations shown on Figure 2-1. The borings and their lengths
included:

e  One subhorizontal boring (CH-1) drilled for about 2,000 ft from Chute Camp Road, oriented
N49°E to intersect the powerhouse cavern and the strike of the regional rock structure;

e  One subhorizontal boring (CH-2) oriented N83°E and drilled for about 1,500 ft along the
approximate alignment of the tailrace tunnel from the vicinity of the existing boat ramp for Slab
Creek Reservoir;

e One vertical boring (CH-3) drilled for about 1,500 ft from the Upper Reservoir area in the
vicinity of the intake shaft, and

o One vertical boring (CH-4) drilled for about 1,500 ft from the downstream toe of the western
embankment section of the Upper Reservoir area in the vicinity of the cable shaft.

The boring locations, orientations, and lengths were selected to explore the geologic units in the vicinity
of the underground structures. The boring locations were strongly influenced by accessibility, permitting,
and safety issues. Some road improvements were required to access the CH-3 drill site.

All boring locations and elevations were surveyed by Carlton upon completion of the drilling. The
horizontal coordinates are based on the California State Plane, Zone 2 projection (North American
Datum, 1927) and the elevations are based on the North American Vertical Datum (NAVD) of 1929.
Table 2-1 summarizes key details of the exploratory borings, including the surveyed coordinates (eastings
and northings) and elevations. Additional details of the field exploration and logs of the borings are
included in Appendix A of this report. Photographs of the recovered rock core are included in Appendix
B.
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Table 2-1 — Summary of Rock Core Borings

Designation Collar Coordinates | Inclination | Azimuth | Length/ Date Date

Elevation Depth Started Finished
(ft) (ft)

Northing:
406334.30

CH-1 1962.80 ~10° N 49°E 2010 12/5/2013 1/30/2014

Easting:
2373722.57

Northing:
407329.46

CH-2 1864.09 ~9° N 83°E 1473 2/12/2014 3/16/2014

Easting:
2373680.32

Northing:
407098.12

CH-3 3056.57 ~80°-90° N/A 1487 12/31/2013 2/16/2014

Easting:
2377099.99

Northing:
407570.20

CH-4 2945.09 ~80°-90° N/A 1458 4/21/2015 5/11/2015

Easting:
2375720.85

2.3.1 Drilling Equipment

All borings were drilled by Crux Subsurface, Inc. (Crux), of Spokane Valley, Washington. The vertical
borings (CH-3 and CH-4) were drilled using a Burly 6500 drill rig equipped with rotary wash and
wireline core retrieval systems. Drilling of Ch-3 and CH-4 was initiated using a 31.5 inch (in) tri-cone bit
through colluvium and weathered rock to depths of about 20 ft below ground surface (bgs) and 25 ft bgs,
respectively. Below these depths, a triple-barrel HQ (2.4 in) core barrel was used. Boring CH-3 was cased
to a depth of about 110 ft bgs to prevent severely weathered and fractured rock in the upper part of the
hole from collapsing into the borehole and impeding drill circulation.

The subhorizontal borings (CH-1 and CH-2) were drilled using a Burly HTD 10K stationary geotechnical
drill rig equipped with rotary wash and wireline core retrieval systems. Drilling was performed using
triple-barrel HQ equipment. CH-1 was inclined -9° (downward from horizontal) and CH-2 was inclined -
8°. These boreholes were not cased.

2.3.2 Borehole Sampling and Logging
With the exception of the upper 20 ft of CH-3 and the upper 25 ft of CH-4, all of the borings were
continuously cored using triple-barrel HQ equipment. The rotating outer HQ barrel with diamond-

impregnated bits at its end produces a borehole size of about 3.8 in and a core diameter of about 2.4 in.
With the wireline retrieval system, a retriever is lowered by wireline (or pushed with water pressure)
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through the drill rod to release a locking mechanism in the inner barrel head. The inner barrel containing
the core is then lifted with the wireline to the surface, the core is removed, and inner barrel returned to the
bottom. Drilling fluid was used to cool the drill bit, to flush the cuttings from the hole, and to provide
lateral support to the borehole wall. Core runs of 5 ft or 10 ft were generally made, but the actual length
of core runs varied as a function of rock characteristics such as fracturing and weathering. Standard
Penetration Test (SPT) drive samples were obtained in CH-3 at depths of about 8.5 ft and 18.5 ft bgs.

Rock logging generally conformed to the Project-specific Subsurface Investigation Manual. In general,
the recovered core was logged (i.e., recovery, RQD, weathering, fracturing, strength, hardness, lithologic
description, and discontinuity description were recorded on field logs), and stored in sturdy wooden core
boxes. The rock core was later photographed (in the core boxes) in Carlton’s laboratory. For additional
details of the field procedures, refer to the Subsurface Investigation Manual.

2.3.3 Rock Quality Designation

The rock quality designation (RQD) of the recovered core is evaluated by determining the percentage of
intact, “competent” core pieces within a run that have lengths greater than 4 inches. This determination
can be somewhat subjective, because the “competency” of the recovered core is often based on
experience and judgment. Severely weathered and/or intensely fractured rock is not considered in the
determination of RQD. In general, rock core that does not easily break apart during handling by the
geologist in the field is considered competent. Mechanical breaks are not considered in the determination
of intact core pieces. In other words, a 2-ft-long piece of core that is broken into numerous smaller pieces
by mechanical breaks would be treated as an intact, 2-ft long piece of core. RQD is summarized as a
percentage on the boring logs in Appendix A.

2.3.4 Borehole Deviation Surveys

Downhole (deviation) surveys were performed approximately every 250 ft in boring CH-1. The results
indicated the borehole inclination oscillated between upward (flattening) and downward (steepening),
with relatively little movement side to side. Inclinations ranged from approximately -6° to -11°
(downward from horizontal), with the planned and starting inclination being about -10°. No attempts were
made to correct the oscillating inclinations in CH-1.

Downhole surveys also were performed in boring CH-2 at approximately 250-foot intervals. All surveys
indicated the borehole trending upward (flattening) until reaching a positive angle (above horizontal)
ending at +1.5° at a depth of approximately 1,478 ft bgs. Additionally the borehole trended to the left
(north) continuously, ending leftward of start by 17° by the end of the hole. No correction attempts were
made in borehole CH-1 based on schedule and performance of corrections in CH-3 (described below).
Numerous short core runs were required in CH-1 due to continual plugging of the sampler with rock
fragments. This reduced the average recovery rate (feet per day) substantially, especially towards to the
bottom of the hole.

During the first downhole survey of boring CH-3 at a depth of about 1,017 ft bgs, the borehole was
discovered to have decreased in inclination from 90° (downward from horizontal) to 77°. Crux devised a
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correction plan using a mud motor to bring the borehole back to vertical (90°), but first had to ream out
the entire borehole using the mud motor, which was slightly larger in diameter than the HQ-3 bit used.
Upon completion of reaming the borehole, Crux advanced the mud motor with a preset inclination
determined by their engineering department for 30 ft before attempting to core again. After coring for 20
ft, the borehole was resurveyed to see if the correction was successful. The survey at 1,067 ft indicated
that the boring had become slightly shallower, with an inclination of 76.5° after the correction. Crux
preformed a second 30 ft mud motor correction starting at 1,067 ft, which was followed by 20 ft of rock
coring and an additional survey. The third survey indicated the borehole inclination had returned to 77°.
The overall time required to ream the borehole and perform the two correction attempts was
approximately two and a half weeks. Due to schedule constraints, it was decided after the second
correction attempt to continue rock coring to the target depth of 1,500 ft without additional correction
attempts.

In CH-4, deviation surveys were performed at 100-ft intervals beginning at a depth of about 197 ft bgs.
The surveys indicate a decreased inclination down the borehole from 90° to about 67° at the bottom of the
hole. The deflection of the borehole was oriented about S40W over a lateral distance (between the top and
bottom of the borehole) of about 250 ft. No corrections were attempted in the borehole.

2.3.5 Drill Fluid Loss/Gain and Borehole Seepage

A steady flow of water emanating from the collar of borehole CH-1 was encountered at a depth (along the
borehole) of about 218 ft. The max flow during coring was about 20 gallons per minute (gpm), requiring
extensive water management onsite. A series of snap tanks (3,000 gallons each) were used to temporarily
contain and pre-treat water before spray disposal overland in accordance with the approved RWQCB
permit. Loss of drilling fluid circulation never occurred.

In borehole CH-2, drilling fluid loss was observed exiting the slope up to a 3-foot-radius from the
borehole collar until a depth (along the borehole) of approximately 37 ft. Drilling fluid return was lost at a
depth of 40 feet and not picked up again until 509 ft. Water return was sporadic between this range.
Staining in the recovered core indicated groundwater at depths as shallow as approximately 140 ft;
however due to small flows and the porous nature of the near surface materials, this along with drilling
fluid, was lost. Approximately 1.5 gpm artesian conditions were encountered at a depth of 509 ft,
increasing to 8 gpm by 1,030 ft, to 12 gpm by 1,368 ft, and 35 gpm by 1,414 ft. A series of snap tanks
(3,000 gallons each) were used to temporarily contain and pre-treat water before spray disposal overland
in accordance with the approved RWQCB permit.

2.4 Geologic Field Reconnaissance

Geologic field reconnaissance was performed on various dates by AMEC between April 2014 and June
2014. The reconnaissance was focused on existing cuts along Chute Camp Road and the “Boat Ramp
Road”, and other natural exposures within the Project limits. During the reconnaissance, bedding/foliation
and joint orientations were mapped and measured using a Brunton compass. Those data are presented on
stereonets in Section 3.2.2 of this report.
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2.5 Downholein Situ Testing and Geophysical Surveys

Downhole in situ testing and geophysical exploration was performed in all 3 boreholes. The in situ testing
and geophysical exploration included:

e Packer permeability testing;
e Hydrojacking measurements; and
¢ Digital optical and acoustic imaging of borehole walls.

Packer testing and hydrojacking measurements were performed by field staff from AMEC and Carlton,
with assistance from Crux field staff. Optical and acoustic imaging of the boreholes was performed by
Crux. Summary descriptions of the procedures are provided below.

2.5.1 Packer Testing

Borehole packer injection tests were conducted in all borings to assess the hydraulic conductivity of the
rock mass. These tests involved isolating a section of the borehole with a single packer and injecting
water into the test interval either under falling head, constant pressure, or constant flow rate conditions.
The tests generally were performed on 10-ft-long test intervals as the boreholes were being advanced.
Test intervals were selected based on the rock conditions encountered in the borings. Multiple (stepped)
pressure tests were performed in all boreholes, where each pressure step is held constant for 5 minutes
and water intake is recorded in 60 second intervals. The pressure steps are: ¥2 max, % max, max, ¥ max,
% max.

The packer tests were performed using the procedure outlined in the U.S. Department of the Interior,
Bureau of Reclamation Test Designation USBR 7310-89. It should be noted that the test pressures in the
subhorizontal/angled borings were estimated without knowing the precise position of the groundwater
table above (or below) the testing interval at the time the tests were performed. Limited groundwater
elevation data and observations were available to estimate the position of the water table. The data and
results of the packer tests are included in Appendix C.

2.5.2 Hydrojacking Measurements

Hydrojacking tests were performed in borings CH-1, CH-3, and CH-4 to assess the minimum in situ
stress in the rock. Hydrojacking tests measure the pressure required to open existing fractures by
increasing the pressure in the test section in a series of constant-pressure steps, until either hydraulic
jacking occurs or the pressure reaches the limits of the equipment. Hydraulic jacking test intervals were
selected based on the review from the borehole surveying to insure a fracture was present within the
interval. The data and results of the hydrojacking tests are described in Appendix D.

2.5.3 Optical and Acoustic Logging

Digital optical televiewer (OPTV) and/or acoustic televiewer (ATV) logging was performed in all borings
to provide information on the orientation, spacing, and aperture of discontinuities in the rock. The logging
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was performed by Crux, using their Crux Oriented Borehole Logging (COBL) system. Crux post-
processed the COBL data to evaluate true orientations of discontinuities in the borehole walls. The results
of the OPTV and ATV surveys, including interpreted discontinuities, are presented in Appendix E of this
report.

2.6  Groundwater Sampling and Monitoring

Groundwater grab samples were collected from borings CH-1 and CH-2 for water chemistry testing. The
groundwater analytical data is provided in Appendix F.

Vibrating wire (VW) piezometers were installed in boreholes CH-3 and CH-4 to monitor groundwater
levels. The piezometers were taped to a PVVC tremie pipe and grouted in place during the grouting of the
borehole. In CH-3, VW piezometers were installed at the following depths bgs: 1,070 ft, 1,280 ft, and
1,480 ft. In CH-4, VW piezometers were installed at depths of 811 ft, 1,101 ft, and 1,341 ft bgs. At the
surface, the VW cables are attached to a single data logger to obtain continuous measurements.

In May 2015, a Groundwater Monitoring and Mitigation Plan was implemented for the Project, which
includes monthly reporting of groundwater data and observations at and around the Project site. The
groundwater measurements include data from the VW piezometers installed in CH-3 and CH-4, and from
several additional groundwater monitoring wells that were installed for the Project. The groundwater
monitoring reports through July 2015 are included as Appendix K of this GDR.

2.7 Laboratory Testing

Laboratory tests were performed on selected core samples obtained from the boreholes. The laboratory
tests measured index properties (such as density) and engineering properties (such as unconfined
compressive strength, point load index, and elastic modulus). In addition to these tests, some samples
were selected for petrographic (thin section) analysis. Additional details of the laboratory testing program
are provided below.

2.7.1 Rock Core

Laboratory tests were performed on selected rock core samples from borings to evaluate their physical
characteristics and engineering properties. Rock samples from the Task 1A borings (CH-1, CH-2, and
CH-3) were tested by Geo Test Unlimited (GTU) of Swans Islands, ME, for the following characteristics:

e Unit weight

e Unconfined compressive strength (with and without modulus determination)
o Direct shear strength (undrained)

e Brazilian indirect tension

e Cerchar abrasivity

e Point load index (also performed by Carlton)
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Rock samples from the Task 1B boring (CH-4) were tested by the Colorado School of Mines (CSM) for
the following characteristics:

e Unconfined compressive strength (with and without modulus determination)
o Direct shear strength (undrained)

e Brazilian indirect tension

e Cerchar abrasivity

Additionally, point load index testing of selected samples from CH-4 was performed by Carlton.

Procedures for the tests are briefly described below. The laboratory test results are summarized in Tables
G-1 through G-3 in Appendix G of this report; the test locations (and type) are shown on the boring logs
in Appendix A. The laboratory test data and results also are presented boring-by-boring in tabular and/or
graphic form in Appendix G of this report. Appendix H includes a report prepared by GTU that
summarizes the results of the rock testing performed by GTU.

In addition to the laboratory tests listed above, thin section petrographic analyses were performed by
CSM on selected core samples from all borings. The summary reports prepared by CSM are included as
Appendix | of this report.

Unit Weight

Unit weight (density) was determined for selected core samples recovered from the borings. These
determinations were conducted on samples that were designated and prepared for UCS and Brazilian
Indirect Tension testing. The results of these determinations are summarized in Table G-1.

Unconfined Compressive Strength

Unconfined compressive strength (UCS) is a basic parameter of rock strength. UCS tests were performed
on selected core samples in accordance with ASTM Test Method D 2938. UCS tests in which the elastic
modulus was measured were performed in general accordance with ASTM Method D 3148. The results of
these tests are summarized in Table G-1.

Direct Shear

Direct shear tests were performed to assess the shear strength of selected core sample discontinuities. The
tests were performed according to ASTM Method D 5607. Results of the direct shear tests are
summarized in Table G-1.

Brazilian Indirect Tension

Indirect (Brazilian) tension tests provide a measure of rock toughness, as well as strength. These tests

were performed on selected rock samples in accordance with ASTM Test Method 3967. Test results are
summarized in Table G-1 of this report.
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Cerchar Abrasivity

Cerchar abrasivity index (CAI) tests were performed on selected rock core samples to measure rock
abrasivity. The test involves a series of sharp pins of heat-treated alloy steel that are pulled across a
freshly broken and prepared surface of the rock specimen. Results of the CAl tests are summarized in
Table G-1.

Point Load Testing

Point load tests were performed on selected bedrock samples from all borings in accordance with ASTM
Test Method 5731. The point load test involves placing a piece of rock core between two conical platens,
measuring the diameter of the test sample, and applying pressure with a hydraulic jack until the sample
fails (i.e., breaks). Both diametral and axial tests were performed. Typically, a diametral test was first
performed with any observed bedding or foliation parallel to the plane passing through the tip of the
platens. This test typically produced a disc of rock that was then used for the axial test, which was done
approximately perpendicular to the foliation/bedding. Tests are considered invalid if the rock failure
surfaces only passed through one of the loading points, as described in ASTM D 5731. The calculated
Point Load Strength Index for each test sample was size-corrected, and the compressive strength was
estimated, following the procedures described in ASTM D 5731. The results of the point load tests are
summarized in Tables G-2 and G-3.

2.7.2 Groundwater

Laboratory tests were performed on groundwater samples collected by Carlton on March 16, 2014 from
boreholes CH-1 and CH-2. The samples were collected in laboratory-supplied containers and transported
under chain-of-custody procedures to California Laboratory Services (CLS) in Rancho Cordova,
California, a California Environmental Laboratory Accreditation Program (ELAP) certified analytical
laboratory. CLS analyzed the groundwater samples for selected inorganic constituents according to the
following U.S. Environmental Protection Agency (EPA) methods or equivalent methods:

o Chloride, fluoride, nitrate as nitrate, and sulfate by EPA Method 300.0;

¢ Alkalinity (bicarbonate, carbonate, hydroxide, and total as calcium carbonate (CaCO3)) by
Standard Method (SM) 2320B;

e Color by SM2120B

e Specific conductance by EPA Method 120.1;

e Methylene Blue Active Substances (MBAS) as Linear Alkylbenzene Sulphonates (LAS) by

SM5540 C;

Calcium, iron, magnesium, potassium, sodium, and hardness as CaCo3 by EPA Method 200.7;

Odor by EPA Method 140.1

pH by EPA Method SM4500-H B;

Total dissolved solids by SM2540C;

Turbidity by EPA Method 180.1; and

e Drinking water metals by EPA Methods 200.7/200.8/245.1

Jacobs Associates -12- Rev. No. 0D/ September 2015



lowa Hill Pumped-Storage Development Project Updated Interim Geologic/Geotechnical Data Report

Analyses were performed as requested on the chain-of-custody forms. The full report from CLS is
included in Appendix F. Results of the groundwater analytical program are summarized in Tables F-1 and
F-2 in Appendix F.

2.8 Surface Geophysical Surveys

A geophysical survey at the Upper Reservoir was performed by NORCAL Geophysical Consultants
(NORCAL) between May 13 and June 2, 2015. The survey included both seismic refraction and
multichannel analysis of surface waves (MASW) surveys. This program included 14 traverses in a
gridded pattern across the footprint of the Upper Reservoir, totaling over 26,000 lineal ft. The MASW
surveys were performed along portions of two traverses, with each MASW line totaling about 1,200 ft.
The complete report by NORCAL is included as Appendix J of this GDR.
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3 Site Conditions

This section summarizes the regional and site geology of the Project area, based on the results of the Task
1A and 1B field and laboratory exploration programs and our review of existing relevant geologic and
geotechnical information.

3.1 Regional Geology

The Project is in the western foothills of the north-central Sierra Nevada, a broad north-northwest-
trending range that extends for over 400 miles in eastern California. The range is cored by a westward-
tilted block of granitic and metamorphic rock that forms a gentle western slope and a steep eastern slope
with several prominent escarpments. The geology of the north-central Sierra Nevada is complex,
reflecting a long and diverse geologic history. Much of the western flank is composed of Paleozoic and
Mesozoic metamorphic rocks that extend westward beneath the sediments of the Great Valley and
represent the vestiges of island arc terranes that were accreted to the North American continent along
ancient subduction zones. The higher parts of the Sierra Nevada are predominantly composed of
Mesozoic granitic rocks that intruded the older Mesozoic and Paleozoic rocks during the late Jurassic to
Late Cretaceous Nevadan orogeny. Tertiary volcanic flows and volcaniclastic rocks overlie the granitic
and metamorphic rocks throughout the central and northern parts of the range, forming broad, concordant
divides between the major west flowing rivers.

The oldest rocks in the region are the Paleozoic and Mesozoic accreted terranes exposed in the central and
northern Sierra Nevada. These rocks, which are collectively referred to as the western metamorphic belt
(e.g., Bateman and Wahrhaftig, 1966), form relatively continuous, northwest-trending bands of
metamorphic rock units that typically are bounded by ancient, east-dipping faults. Primary bedding and
foliation within the metamorphic rocks generally strikes north-northwest, parallel to the trend of the belt,
and dips steeply to the east. Isolated masses of Sierran granitic rocks are exposed within the western
metamorphic belt throughout the region, particularly in the northern part of the range (Jennings, 1977,
Wagner and others, 1981). The local intrusive rocks are sometimes considered to be rooted in the magma
chambers for the ancient Sierran volcanic arcs, whereas others are outliers of the larger Sierran batholith.
Numerous igneous dikes from these intrusive bodies also are injected into the western metamorphic belt,
particularly near its eastern margin.

The Paleozoic terranes in the region include metasedimentary and metavolcanic rocks of the Upper
Paleozoic Calaveras Complex and the Lower Paleozoic Shoo Fly Complex. These rocks are strongly
metamorphosed in places. The Calaveras Complex typically consists of dark gray phyllite and schist and
interbedded chert, with subordinate interbedded mafic and intermediate volcanic rocks and sparse lenses
of carbonate rock (Clark, 1976). The Shoo Fly Complex consists of a lower member that consists largely
of slate and phyllite, and an upper member consisting largely of quartz-rich graywacke, slate, and
quartzite (Clark, 1976). Subordinate rocks in the Shoo Fly Complex include thin-bedded chert, mafic
volcanic rocks, and calcarenite, with local occurrences of dolomitic limestone (Clark, 1976). The
Paleozoic terranes are separated by the east-dipping Calaveras-Shoo Fly Thrust fault, which juxtaposes
the older Shoo Fly Complex on the east over and against the younger Calaveras Complex on the west.
The Calaveras-Shoo Fly Thrust fault locally is marked by slivers of Jurassic-age gabbroic and ultramafic
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rock. The Paleozoic terranes were initially deposited in an island arc setting near what was then the
western margin of the North American continent (Harden, 1998). They were accreted to the North
American continent during various phases of subduction beginning in the early Devonian and culminating
with the early Triassic Sonoma orogeny (Harden, 1998). In the Project area, the Shoo Fly Complex is
bordered on the east by granitic rocks of the Sierra batholith; the western boundary of the adjacent
Calaveras Complex generally is marked by the Melones fault zone and younger Mesozoic terranes to the
west (Jennings, 1977; Wagner and others, 1981).

West of the Melones fault zone, a series of younger Mesozoic terranes represent island arc deposits that
were subducted beneath the North American continent during the Mesozoic era. This period of
subduction produced an arc of active Andean-type volcanoes located in the approximate position of the
present-day Sierra Nevada (Harden, 1998). The accreted Mesozoic terranes are collectively referred to as
the Foothills Terrane (Harden, 1998). The Foothills Terrane consists of several fault-bounded, northwest-
trending bands and slivers of metasedimentary and metavolcanic rocks, including slices of the older
Paleozoic metamorphic rocks. Many faults in the Foothills Terrane are accentuated by large slices of
ultramafic rock that were emplaced during Mesozoic subduction. The faults within the Foothills Terrane
are collectively referred to as the Foothills Fault System and include the Melones fault zone to the east,
and the Bear Mountains fault zone to the west. Parts of these fault zones are considered to be potentially-
active by the California Geological Survey (Jennings and Bryant, 2010).

The Project area is located within the Lower Paleozoic Shoo Fly Complex (Clark, 1976; mapped as
“Paleozoic (?) Metasedimentary Rocks Undifferentiated” by Wagner and others, 1981), about 7 miles east
of the Melones fault zone (Figure 3-1). Wagner and others (1981) indicate these rocks consist
predominantly of quartzite and schist, with minor limestone and dolomite, and augen gneiss of uncertain
age. Less than 1 mile to the west of the Project area and directly downstream of Slab Creek Dam, a small
(about 5 miles in maximum dimension), Mesozoic granitic pluton is mapped within the older Paleozoic
terrane. MWH (2004) reported that small granitic outcrops occur along Chute Camp Road and the access
road to Slab Creek Dam. The western margin of the pluton is about 5 miles west of the Project and
roughly coincident with the projection of the Calaveras-Shoo Fly Thrust fault, based on the mapped
location of the fault directly north and south of the pluton. A thin sliver of the Calaveras Complex is
mapped between the pluton and the Melones fault zone.

In addition to the Melones fault zone and the Foothills Fault System, there are numerous other active and
potentially-active faults mapped in the region. The closest known active fault to the Project is the West
Tahoe fault, about 34 miles to the east. Several other active faults occur in this area of the eastern Sierras,
including the Genoa fault to the south and the Polaris fault to the north. The closest known potentially-
active fault is the Rescue fault in the Bear Mountains fault zone, about 14 miles to the west. For reference,
the historically-active San Andreas fault, which is the most active fault in the region, lies 124 miles to the
west.
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3.2 Geologic Units

This section describes the physical characteristics of various rock units encountered in the Project area,
based on existing information and on field explorations performed during the Task 1A and Task 1B
studies.

3.2.1 Lithology

Bedrock at the Project site is mapped as Paleozoic-age Shoo Fly Complex, which typically consists of
variably metamorphosed marine sedimentary rocks with minor volcanic rocks. Previous explorations at
the site by Bechtel (1972) and MWH (2004) identified the primary bedrock lithologies as phyllite and
metasandstone (greywacke) or quartzite. Based on the rock core encountered in the Task 1A and Task 1B
borings and the results of petrographic analyses on selected core samples, bedrock at the site can be
subdivided into five major rock units as summarized below in Table 3.1.

Table 3-1. Summary of Major Rock Units

Rock Unit Rock Description

Meta-wacke A metamorphosed, indurated greywacke (sandstone) with partial
recrystallization and linear realignment of grains displaying weak
foliation.

Phyllite A foliated rock that is intermediate in metamorphic grade between

slate and schist and exhibits a dull metallic luster along
foliation/bedding caused by the recrystallization and secondary
growth of microcrystalline micas from the pelitic protolith. The
phyllite occasionally contains graphite metamorphosed from
organic material that appears as darker interbeds and readily leave
a streak. The phyllite exhibits low tensile strength perpendicular to
bedding/foliation surfaces. May appear more “slatey” or
“schistose” locally.

Quartzite Very hard, nonfoliated, metamorphosed quartz-rich sandstone.
Rock matrix is typically granoblastic and has the appearance of
secondary cementation.

Marble (and A metamorphosed limestone that contains a microcrystalline to
Dolomitic Marble) | crystalline calcium carbonate matrix and occasional partial to full
calcite rhombohedral porphyroblasts. The marble effervesces
readily with hydrochloric acid, whereas the dolomitic marble does
not.

Dike Rock Composed of quartz, plagioclase feldspar, altered hornblende (?)
laths, and (biotite) mica. Generally cuts other units obliquely to
regional foliation/bedding and has been subsequently altered by
hot fluids. Texturally similar to intrusive granitic rocks.
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Quartz and calcite veins were common throughout all borings and within all rock units. Quartz veins
contain occasional pyrite and trace amounts of calcite. In some cases, veins were greater than 3- inches
thick and contained both pyrite and calcite. Such veins are easily distinguishable in the optical COBL data
for CH-1 and CH-2 (See Appendix E). Other minor rock units include local occurrences of slate, schist,
and hornfels.

3.2.2 Bedrock Discontinuities

Bedrock discontinuities at the site predominantly include bedding planes, foliation, and joints. Bedding
was observed in the rock core typically as thin (1- to 4-inch-thick) interbeds between alternating rock
units throughout the borings. Bedding was generally planar, but in some cases was wavy and convoluted,
possibly due to soft-sediment deformation or disturbance when the beds were originally deposited.

Foliation is sheet-like planar fabric in rock resulting from regional shearing during metamorphism and the
associated segregation and reorientation of minerals. Foliation also can be described as a “preferred
orientation” in the rock, and typically it behaves as a plane of weakness. Foliation was observed in
phyllite, meta-wacke, and in some instances slight foliation occurred within dikes as mafic (dark colored)
mineral alignments, which typically appeared with approximately the same dip angle as foliation within
the phyllite. The foliation generally is subparallel to bedding, often making it difficult to differentiate
between the two.

As part of this study, available discontinuity data (bedding/foliation and joints) from the previous studies
(i.e., Bechtel, 1972 and MWH, 2004) was compiled and plotted on the stereonets presented in Figures 3-2
and 3-3. The bedding/foliation data plotted on Figure 3-2 show a dense cluster of poles in the west-
southwest quadrant, indicating the dominant bedding/foliation orientation strikes northwest and dips
steeply to the northeast. These data also show a relatively weaker cluster of poles in the southwest
guadrant that indicate a second, less dominant orientation, striking northwest and dipping moderately to
the northeast. The joint data shown in Figure 3-3 generally are scattered and show no well-defined joint
sets. A weakly developed set may be interpreted from the data, striking northeast and dipping moderately
to steeply to the northwest. Other random joints are evident from these data, including both steeply- and
gently-dipping joints with variable strikes.

During the field investigations, discontinuities were identified and measured during the field
reconnaissance and while logging rock core, with the use of supplemental COBL data upon completion of
the boreholes. While logging, only the dip angle of a discontinuity was measured in the rock core; the
COBL data obtained oriented discontinuities from optical and acoustic images of the borehole walls.
These data were tabulated for each boring and plotted on the stereonets shown in Figures 3-4 through 3-7.

Based on the stereonets from the COBL data, foliation/bedding is the dominant discontinuity encountered
in each boring. The stereonets all show a dense cluster of poles in the southwest quadrant, reflecting the
predominance of northwest-striking planes with steep dips to the northeast. The average foliation/bedding
orientation from each boring is as follows:

e CH-1: N36°W, 78° NE (Figure 3-4)
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e CH-2: N21°W, 78° NE (Figure 3-5)
e CH-3: N24°W, 66° NE (Figure 3-6)
e CH-4: N28°W, 76° NE (Figure 3-7)

The average bedding/foliation orientations from the COBL data are in good agreement with the data from
the previous studies shown in Figure 3-2.

The stereonets for CH-2, CH-3, and CH-4 (Figures 3-5, 3-6, and 3-7) also shows a weak cluster of poles
in the southeast quadrant, reflecting a less prominent set of discontinuities (likely joints) striking northeast
and dipping moderately to gently to the northwest. Other, apparently randomly oriented discontinuities
can be seen in all of the stereonets. These “random” joints have gentle to steep dips in variable directions.

Bedding/foliation and joint data obtained during the field reconnaissance are presented on Figures 3-8 and
3-9, respectively. The bedding/foliation data are in good agreement with the COBL data and the
bedding/foliation data from the previous studies. The joint data shows a cluster of poles in the southeast
quadrant, reflecting a northeast-striking, moderately- to steeply-dipping joint set. This joint set also
appears to be reflected in the COBL data for CH-2, CH-3, and CH-4 (Figures 3-5, 3-6, and 3-7) and in the
joint data from the previous studies (Figure 3-3).

3.2.3 Discontinuity Characteristics

As shown on the borehole logs, the characteristics of the joints and shears encountered in the boreholes
were described according to the following attributes: dip of feature, feature type, aperture, infilling type,
infilling amount, and surface roughness. Where similarly oriented joints were present, the joint spacing
was also noted.

Discontinuities logged in the field generally include joints and shears. Foliation/bedding was generally
pervasive throughout the rock core and frequent mechanical breaks of the core typically formed along
these planes. In most instances, foliation and bedding did not form open partings in the rock, thus the vast
majority of discontinuities logged in the field were joints and shears.

Based on the descriptions shown on the logs in Appendix A, most discontinuities were narrow to
moderately wide, planar, and smooth to slightly rough with no infilling. In many places the
discontinuities were tight, healed, undulating, or irregular. Few joints/shears were slickenside, stained or
infilled with iron oxide. Many joints are healed or infilled with quartz or calcite.

3.2.4 Fracture Frequency and RQD

Fracture frequency was compiled from the rock core logs and is summarized by boring and rock unit on
Figures 3-10 and 3-11, respectively. In general, the rocks are not highly fractured, with the vast majority
of the core exhibiting a fracture frequency of less than 1 fracture per foot. The percentage of core with

greater than 1 fracture per foot is as follows:

e CH-1=37%

Jacobs Associates -18- Rev. No. 0D/ September 2015



lowa Hill Pumped-Storage Development Project Updated Interim Geologic/Geotechnical Data Report

e CH-2=41%
e CH-3=14%
e CH-4=19%

In all four borings, less than 10% of the core had more than 2 fractures per foot.

RQD also was compiled from the core logs and is summarized by lithology for each boring in Figures 3-
12 through 3-15. The majority of the rock has an RQD value of 80 to 100, which is considered good to
excellent.

3.2.5 Strength and Weathering

Based on the results of UCS and point load index tests (see Appendix G), the rocks encountered in the
exploratory borings generally can be classified as medium strong to very strong. Of 91 total samples
submitted for UCS testing, only two samples had a strength of less than 3,800 psi. The other 89 samples
ranged from 3,872 psi to 34,748 psi, and averaged 16,266 psi. Table 3-2 summarizes the UCS results by
boring and rock unit. Figure 3-16 presents a histogram of average UCS values by rock unit.

Table 3-2. Summary of UCS Results

CH-1 Range (psi) Average (psi)
Phyllite (n=7) 3,872-17,212 11,641
Metawacke (n=18) 6,213-32,595 20,409
Quartzite (n=7) 9,781-34,748 23,932
Marble (n=3) 5,597-22,837 13,002

CH-2 Range (psi) Average (psi)
Phyllite (n=2) 10,658-13,001 11,830
Metawacke (n=15) 7,026-33,530 19,756
Marble (n=5) 12,224-32,655 19,939
Quartzite (n=1) 3,216 3,216

CH-3 Range (psi) Average (psi)
Phyllite (n=1) 2,612 2,612
Metawacke (n=16) 5,067-17,808 10,906
Marble (n=2) 7,890-12,267 10,079

CH-4 Range (psi) Average (psi)
Phyllite (n=3) 4,608-9,444 6,553
Metawacke (n=7) 4,437-21,873 11,153
Marble (n=2) 10,482-10,510 10,496
Quartzite (n=2) 28,469-30,751 29,610
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Carlton performed 223 point load tests and GTU performed an additional 103 tests. There were 12 outlier
values in the Carlton data set, with point load index values greater than 2,000 psi. The average point load
strength index (I1s50) values are shown by rock unit on Figure 3-17 (GTU data) and Figure 3-18 (Carlton
data, excluding the outlier values). Uniaxial compressive strengths (UCS) also were estimated from the
point load index values, using an average correlation factor of 22.5. The estimated UCS values generally
spanned a larger range than those derived from the UCS tests. Excluding the outlier values, the UCS
values estimated from the point load index values are generally in good agreement with the laboratory-
derived UCS values for each boring. The point load test data and estimated UCS values are summarized
boring-by-boring in Tables G-2 and G-3 in Appendix G.

The results of the seismic refraction survey and the available boring data (both Project borings and
existing borings) indicate a deep weathering profile in the Upper Reservoir area. The borings indicate
severe to very severe weathering, with locally decomposed rock conditions, extends to depths (bgs) of
about 70 ft to 100 ft. Moderate to slight weathering generally extends to depths of about 170 ft to190 ft.
Below 190 ft, the rock is generally unweathered, except for isolated zones of more intensely fractured
rock. The seismic refraction survey yielded P-wave (Vp) velocities ranging from about 1,000 ft/s to 9,000
ft/s. These velocities generally increase with depth and correlate well with observations of weathering in
the borings. The seismic refraction profiles indicate deeper weathering across ridge tops, and shallower
weathering in drainages, likely owing to erosion of the more weathered materials.

3.2.6 Hydraulic Conductivity

The results of packer and hydrojacking tests indicate the rocks exhibit low hydraulic conductivity,
ranging from about 10° to 107 centimeters per second. Figure 3-19 shows a summary of the hydraulic
conductivities estimated from packer test results.

During drilling, boreholes CH-1 and CH-2 encountered localized fracture zones of sufficient conductivity
that artesian groundwater backpressure and flow developed. Based on observations of the core, the high
conductivity zones appear to contain high angle, open fractures.

3.3 Geologic Structures

This section describes additional available data and evidence for regional geologic structures in the
Project area, including potential shear zones and faults.

3.3.1 Lineaments

Lineament mapping was performed by MWH (2004) using stereo pairs of historical black and white
aerial photographs. In addition to NW-trending lineaments controlled by the regional foliation/bedding,
two sets of lineaments were observed by MWH (2004). One “set” of lineaments was trending about
N70°W and the other about N60°E to N70°E. These features were reported to correspond to “principal
regional joint orientations”; however, no orientations (i.e., strike and dip) were reported. No obvious
shears or faults were identified by MWH (2004).
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Carlton (2012) also mapped “linears” and “topographic linears” using a LiDAR-generated topographic
map. A “prominent topographic linear” was mapped along the axis of the drainage that flows through the
Project site. This feature cuts across the regional structural trend the metamorphic bedrock, with one
section of the drainage in the upper reservoir area trending east-northeast (about N65°E) and the other
section of the drainage on the canyon wall trending west-northwest (about N65°W). Carlton’s map also
showed numerous short, discontinuous linears in multiple orientations on the steep canyon slopes. The
prominent topographic linear mapped by Carlton has similar trends to the two sets of lineaments reported
by MWH (2004), which are thought to correspond to regional joint orientations.

AMEC (JA and AMEC, 2014) performed analysis of Project LiDAR data and noted various lineaments
across the Project site. AMEC noted that in most cases, the lineaments were controlled by regional
bedding/foliation or systematic joints. In a few cases, lineaments were associated with debris-flow
margins.

3.3.2 Faults

There are no faults mapped in the Project area; however, Bechtel (1966) mapped several shear zones in
the foundation for Slab Creek Dam. One prominent, steeply-dipping shear zone was mapped near the axis
of the river channel. This feature was marked by about 2 inches of talcose gouge and 6 inches of broken
schist and quartz in the foundation excavation. The attitude of the shear zone was recorded as N40°E,
85°E and it was mapped over a distance of about 100 ft. According to MWH (2004), this shear zone was
reported by Bechtel (1968) to be “relatively impermeable and strong below foundation grade”. We note
that this shear zone, if projected to the north along strike, would not intersect the Project.

MWH (2004) reported a 4-inch-wide gouge zone in Boring B-2A at a depth of about 1,148 ft. The gouge
marked the beginning of what MWH termed “an interval of ancient faulting” that extended down to a
depth of 1,165 ft. Minor offsets of the bedrock were noted in this interval, but, with the exception of the
gouge zone, all were rewelded and overall the rock was hard and strong. No other shear zones or faults
have been noted in the existing Project reports.

In borings CH-1 and CH-2, mylonitic textures and zones of brecciated rock were encountered in multiple
intervals. Some of the mylonitic zones exceeded 10 feet in thickness and were accompanied by large
quantities of graphite, quartz and calcite veins, and quartz porphyroblasts up to 1 inch in size. These zones
often were interbedded with phyllite. In CH-4, a 1%-ft-thick shear zone was identified at a depth of about
890 ft bgs. This zone was characterized by slickensided fractures within a thick bed of metawacke.

3.4  Groundwater
Prior to the Task 1B investigations, there were sparse available data regarding the groundwater conditions
at the Project site. MWH (2004) reported groundwater in Boring B-1, at the level of Slab Creek

Reservoir, and boring B-2A encountered local wet zones, suggestive of seasonally perched groundwater.

No mention of groundwater was made by Bechtel (1972), but they did map a small spring near the top of
the canyon wall in the drainage that flows through the Upper Reservoir site. Flow from the spring was

Jacobs Associates -21- Rev. No. 0D/ September 2015



lowa Hill Pumped-Storage Development Project Updated Interim Geologic/Geotechnical Data Report

estimated at 2-3 gpm. Bechtel (1972) reported that water take generally was high in their borings, ranging
from about 0.6 to 1.3 gpm per foot of borehole tested at 30 psi. Drill hole DH-1 reportedly was tight from
49 to 60 feet at 60 psi, but the rock was intensely weathered and clayey. Bechtel (1972) noted that their
downhole testing and estimated water takes may not be representative of less weathered rock at greater
depths.

Key observations of groundwater made during the Task 1A and 1B field investigations include the
following:

e Stabilized groundwater levels between 90 and 110 ft bgs were measured in CH-3 at the beginning
of each day as coring and testing progressed.

e Back pressure at the collar of CH-1 was measured after the encountering artesian flow from a
fracture at a depth (along the borehole) of about 240 ft. Artesian flow was packered off between
drilling shifts and measured at the collar throughout the drilling operations with pressures ranging
from 10 to 15 psi. The back pressure indicates an equivalent groundwater head of approximately
20 to 30 feet at the collar elevation 1,963 ft.

e Groundwater pressure for the completed borehole CH-1 generally stabilized at 25 psi (~60 ft) at
the collar.

e Back pressure at the collar of CH-2 was measured after the encountering artesian flow from a
fracture at a depth (along the borehole) of about 580 ft. Artesian flow was packered off between
drilling shifts and measured at the collar throughout the drilling operations with pressures ranging
from 10 to 25 psi. This back pressure indicates an equivalent groundwater head of approximately
20 to 50 feet at the collar elevation 1,864 ft.

e Groundwater pressures for the completed borehole CH-2 generally stabilized at 30 psi (70 ft).

e A groundwater spring was observed on the boat ramp road, approximately mid-way between CH-
1 and CH-2. The spring is located on the east side of the boat ramp road and is largely captured
and conveyed through a CMP under the road; however, a portion of the flow continues down the
road bypassing the CMP. Flows out of the CMP were estimated to be about 1 to 5 gpm.

¢ Another groundwater spring was observed at the end of the boat ramp road, below CH-1 in an
ephemeral drainage. This spring fluctuated in flow from less than 1 gpm to approximately 2 gpm.

e Stabilized groundwater levels between 164 and 195 ft bgs were measured in CH-4 throughout the
drilling.

As previously mentioned, a Groundwater Monitoring program was implemented at the site in May 2015.
Data from this program indicates groundwater levels in CH-3 have steadily decreased between April 2014
and July 2015, with the shallowest VW sensor (which measures water pressure) indicating a drop from
about 187 ft bgs to about 199 ft bgs. In CH-4 a similar decreasing trend was measured between June 2015
and July 2015, with groundwater levels decreasing from about 235 ft bgs to about 257 ft bgs. Other
monitoring wells across the site indicate groundwater levels ranging from as shallow as about 25 ft to 85
ft bgs. Additional groundwater observations can be found in the Groundwater Monitoring Reports in
Appendix K of this GDR.
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3.5 Landslides and Rock Toppling

Bechtel (1972) and MWH (2004) both mapped relatively small, shallow bedrock landslides on the steep
slopes directly above Slab Creek Reservoir in an area to the north of the proposed inlet/outlet structure.
Bechtel (1972) mapped these slides as separate features; however, MWH (2004) mapped them as part of a
single, nested complex. Based on the geometry of the slides and their apparent movement oblique to the
overall canyon slope, MWH speculated that the slides may originate within a “specific package of
geologic strata”. MWH (2004) noted planar joints within and parallel to the headscarp, in quartzite
bedrock. Rock toppling was postulated as a possible cause of the landsliding.

Carlton (2012) mapped numerous landslides on the canyon slopes in the vicinity of the Project using a
detailed topographic map derived from bare earth LiDAR data. The slides are as much as 600 ft wide
(across the slope) and 900 ft long (parallel to the slope), with several extending from the canyon rim
down to Chute Camp Road. One landslide area in the northern part of the Project area is labeled as
“Toppled PZCC”, which indicates toppled Paleozoic bedrock. That label also appears at one other
location on the map, at the top of the canyon slope where foliation exhibits a 15° northeasterly dip.
Geologic mapping by the previous workers indicates that bedding and foliation of the metamorphic
bedrock is not everywhere dipping steeply to the northeast. In some places, flatter northeast dips occur
and in other places southwest dips are observed. These variations in dip are generally attributed to
toppling, a gravitational phenomenon that affects bedrock with steeply-dipping strata or discontinuities
near the ground surface, typically on steep slopes. Toppling occurs when steeply-dipping rock columns or
strata rotate out of slope, usually under their own weight, and either slowly or rapidly become detached
from the underlying or adjacent rock mass and move downslope. MWH (2004) reported that on steeper
slopes in the Project area, significantly toppled bedrock extends to a depth of about 20 to 30 ft bgs and
“somewhat” toppled rock extends to depths of 50 to 60 ft bgs. In the upper reservoir area, MWH (2004)
reported “possibly toppled” rock to a depth of about 30 to 40 ft bgs, with “some toppling effects”
extending to depths of 50 to 60 ft bgs.

The stereonet data presented in Section 3.2.2 of this report indicates that both plane sliding and wedge
sliding also are kinematically feasible in the Project area. The systematic nature of the bedding/foliation
and joints creates blocks and wedges that locally dip out of the slope, making it kinematically possible for
such failures to occur. During the geologic field reconnaissance, numerous block and wedge failures of
varying sizes were observed in the bedrock cuts and natural slopes along Chute Camp Road and in the
road leading down to the boat ramp. These observations suggest that the larger failures (landslides)
identified on the slopes above Slab Creek Reservoir may also be, at least in part, controlled by plane or
wedge sliding along the bedrock discontinuities.

AMEC (JA and AMEC, 2014) performed a preliminary bedrock structural analysis for the Project based

on field mapping data and analysis of LiDAR images. Refer to that document for additional discussions
and interpretations of bedrock structure and slope failure mechanisms in the Project area.
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4 Limitations

In the performance of its professional services, the OE Team, its employees, and its agents comply with
the standards of care and skill ordinarily exercised by members of our profession practicing in the same or
similar localities. The information presented in this report was collected to support the conceptual design
of the Project. This report may not provide all of the information needed to construct the Project. No
warranty, either express or implied, is made or intended in connection with the work performed by us, or
by the proposal for consulting or other services, or by the furnishing of oral or written reports or findings.
In the event conclusions or recommendations based on these data are made by others, such conclusions
and recommendations are not our responsibility unless we have been given an opportunity to review and
concur with such conclusions or recommendations in writing.
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Figure 1-1. Project Location Map
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Figure 3-2. Stereonet of Bedding/Foliation Data from Previous Studies
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Figure 3-3. Stereonet of Joint Data from Previous Studies
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Figure 3-4. Stereonet of COBL Discontinuity Data from CH-1
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Figure 3-5. Stereonet of COBL Discontinuity Data from CH-2
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Figure 3-6. Stereonet of COBL Discontinuity Data from CH-3
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Figure 3-7. Stereonet of COBL Discontinuity Data from CH-4
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Figure 3-8. Stereonet of Bedding/Foliation Data obtained during Geologic Field Reconnaissance
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Figure 3-9. Stereonet of Joint Data Obtained during Geologic Field Reconnaissance
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Figure 3-10. Summary of Fracture Frequency by Boring
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EXECUTIVE SUMMARY

This report summarizes work performed through the Funding Opportunity Announcement DE-
FOA 486, which was issued by U.S. Department of Energy (DOE). Sacramento Municipal
Utility District (SMUD) has teamed up with Energy Exemplar and EPRI to examine the value of
the proposed lowa Hill Pumped Hydro Storage (PHS) project. The Iowa Hill project is expected
to provide several different value streams to its beneficiaries. These include operating flexibility,
reliable capacity and environmental advantages. While many of these have already been assessed
to a greater or lesser extent in previous work, the purpose of the work carried out under this DOE
grant is to refine the existing analysis, with a particular focus on the value to of pumped storage
with increasing renewable generation. This value is expected to be found in the SMUD BA
generation portfolio as well as the larger state and western region.

Modeling Approaches

As PHS can provide a wide range of values multiple modeling approaches were used. These
modeled different value streams and how Iowa Hill could provide value to the SMUD BA for
each. The following subsections summarize each of the modeling stages.

Wind and Solar Data and Reserve Requirements

As PHS value is likely to depend to a large degree on variable renewables (wind and solar)
penetration. Different scenarios were examined with different renewable penetrations in the
SMUD BA and in the entire Western Interconnection. To complete the data requirement,
variable generation data synchronous with the load is required. The data needs to be
synchronized to capture correlation that may exist between all the sources of variability - load
and variable generation resources. This study borrows heavily from National Renewable Energy
Lab efforts in modeling systems with high penetrations of variable generation resources. Five
different penetration levels were studied, based on the following scenarios:

e TEPPC: This is close to the WECC Transmission Expansion Planning Committee Policy
Committee 2022 case, with some movement of VG plants. This was done as a bookend for
low VG penetration. In this scenario California includes 20% renewable generation and the
Western Interconnection (W) includes 14% renewable generation.

e High Wind: This is similar to the NREL Western Wind and Solar Integration Study phase 2
high wind study case with 33% renewable penetration across the W1, most of it wind; there
are some changes to the NREL case to ensure 33% penetration in the SMUD BA. This is to
examine the case where the entire US portion of the Western Interconnection utilizes
significant amounts of wind.

e High Solar: This is similar to the NREL Western Wind and Solar Integration Study phase 2
high solar study case with 33% renewable penetration across the W1, most of it solar; there
are some changes to the NREL case to ensure 33% penetration in the SMUD BA. This is to
examine the case where the entire US portion of the Western Interconnection utilizes
significant amounts of solar.

e CA High Wind, WI TEPPC examines the case where California, with more aggressive
renewable targets, has a high wind penetration the same as that seen in previous case, but the
rest of the WI remains at the TEPPC level.

11



e CA High Mix, WI TEPPC assumes California has as much wind as in the previous two
cases, but also adds solar such that its renewable penetration is closer to 50%, while the rest
of W1 still has lower penetrations close to the TEPPC case.

e CA High Mix, WI High Wind: This case looks at a situation where the entire WI has 33%
of energy from renewables, much of it wind, with additional renewables added to have 50%
of energy in California from renewables — the additional energy added is assumed to be solar.

For each of these scenarios, a dataset comprising wind and solar output for every hour of the
study year, synchronized to each other and to load, was developed. Then, for each scenario, a
time series of reserve requirements was developed. These reserve requirements were determined
such that an appropriate amount would be carried to cover variability and uncertainty of wind,
solar and load over three different reserve categories: regulating reserve based on managing
variability within each dispatch interval, flexible reserve to manage variability prior to the
system re-scheduling intervals to balance variability a few hours before the active hour, and
‘reliability unit commitment’ reserves (developed for this study) which ensures sufficient
flexibility to balance the day ahead load and renewable production forecast errors. These
reserves were then used in the production simulations.

PLEXOS Modeling and Western Interconnection Database

The main focus of this modeling was in the value lowa Hill could provide in meeting energy and
ancillary services requirements. For this, the PLEXOS tool was utilized. This included a model
of the entire Western Interconnection for the 5 scenarios listed above. Based on initial results
from this model, the flows between interconnected portions of the WECC and a carved out
study region -- the SMUD BA, the rest of California and the Northwest -- were fixed. This
smaller footprint was then used to study a range of scenarios, including cases with and without
Iowa Hill or reciprocating engines, with and without trading of Ancillary Services (AS) between
BAs in the study region , with a sensitivity on using fixed speed versus variable speed PHS, and
with fixed and variable speed PHS operating as merchant plants.

The PLEXOS model used the WECC TEPPC case as a starting case, and then added wind and
solar as appropriate (note no generation expansion planning was carried out). The data was
adjusted as deemed appropriate by the project team (e.g. flexibility characteristics of fossil
generation were altered to be more realistic). For the PHS model, advanced capability based on a
variable speed drive was modeled in PLEXOS. Both maintenance and forced outages were
modeled, while cycling costs were represented based on the best available public information.

The PLEXOS Unit Commitment and Economic Dispatch algorithm provides a detailed co-
optimization of energy and ancillary services across the entire study area footprint, including
respecting constraints on all generation such as up and down time, ramp rates, minimum stable
level etc. Limits on transfers between the different regions in the model are considered, while
reserves are carried based on reserve groups for contingency and regulating/flexibility reserves.
For the higher renewables scenarios, some additional transmission expansion was included to
ensure deliverability of the renewables. PHS is included directly in the co-optimization, which is
an important advantage of the PLEXOS tool for evaluating lowa Hill. The reliability unit
commitment in this study included additional consideration of forecast error, which has not
previously been done in these types of studies. Finally, the model also included representation of
bidding behavior for AS in the model based on historical CA behavior.
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Energy Storage Valuation Tool (ESVT)

The Energy Storage Valuation Tool is an EPRI-developed tool which can perform detailed
financial analysis of a wide range of value streams for different storage technologies. Unlike
PLEXOS it takes prices as inputs (i.e. assumes price taker) but it can also calculate the value of
different aspects of the system such as resource adequacy, transmission deferral, etc. Each of
these uses assumptions provide by the user, and for this effort, many of the assumptions came
either from SMUD or the California Public Utility Commission, which has recently used the tool
to study storage value in CA. ESVT is used here mainly to examine the value for resource
adequacy, as well as examine the financial performance based on assumptions on prices in future
years. It will be extended in future work to also consider transmission deferral in more detail, as
well as utilize results from PLEXOS runs to perform additional sensitivities on potential value
for energy and AS.

Modeling value to Upper American River Project

The final value stream examined was the improvement in operation of the Upper American River
Project due to the lowa Hill project. For this, SMUD employed a tool which could model the
reservoir system in detail, and examined how much spillage reduction (due to being able to pump
at times of high water) and efficiency improvement (due to better usage of reservoirs and hydro
generation plants) could be attributed to lowa Hill. This was done for two scenarios, a TEPPC
renewables scenario and a high wind scenario.
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Study Results

The following table highlights the most important results from the study:

Summary of potential values of lowa Hill under various scenarios

Value of Iowa Hill (§000,000 per year and $/kW-yr)

Wholesale RA Min Max
Net Revenue UARP Total Total
Prod Cap- Efficiency Curtailed | Reserve
) SCOStl AS | Energy acity 3 Renewable | Shortages
Scenario e sm | sm Value 2 s | SKWayr | sicwoyr [ GWH GWH
M SM
TEPPC 12 7 14 20-64 0.1-0.35 80 191 - -0.5
CA High 12 9 -2 20-64 0.1-2.7 - -1.2
Wind, WI
TEPPC 80 197
CA High 19 10 -4 20-64 0.1-2.3 -2 -14.8
Mix, WI
TEPPC 97 213
CA & WI 43 5 -6 20-64 0.1-2.0 -23 -78.5
High Wind 157 272
CA High 52 10 -12 20-64 0.1-1.9 -29 -94
Mix, WI
High Wind 180 294
High Solar 14 2 -2 20-64 0.1-2.2 85 200 - -31
Notes:

1. Total production plus import cost minus wholesale revenues from AS and energy
2. Resource Adequacy (RA) is based on range depending on whether avoiding new peaking capacity or
allowing for forward looking fixed cost recovery of existing plant

3. UARRP efficiency is based on average production costs and water savings for a range of hydro years (wet to
medium to dry)

As can be seen, there are a range of values shown. The values shown for the net production cost
savings are for cases where AS trading is allowed, which was deemed the most likely situation in
the long term. For Resource Adequacy costs, the range varies depending on whether lowa Hill
would avoid new generation plant (high value) or whether it would support forward looking
fixed costs for other surplus generation to stay available (low value). The UARP efficiency range
is due to the range of high versus low hydro year — normal years would fall somewhere in
between values shown here. The values are deduced by multiplying the GWh increase in UARP
output by average production cost. Min and Max values are based on combining the other values;
the actual value would therefore likely lie somewhere in between.

What is clear is that increasing penetration of renewables increases the value of lowa Hill to the
SMUD BA; this is true even more so as the entire W1 starts to see high penetrations, showing
how important the remainder of the system is to value of Iowa Hill. It can also be seen that
avoided curtailment increases as penetration increases, as does avoided reserve shortfalls. Note
that reserve shortfalls are all for flexibility down reserve, which are reserves carried to cover
unexpected increases in wind and/or solar output or unexpected decreases in load. Note that
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increasing levels of wind penetration see significantly more value than increasing levels of solar,
likely due to the shape of the solar energy providing more energy at or close to peak demand.
Iowa Hill is less valuable in the case of high solar than a high mix or high wind case. This may
also be due to the fact that solar requires less reserves to manage forecast error and unexpected
variations when looked at on aggregate. In most cases, energy revenue from the rest of California
actually decreases for SMUD with Iowa Hill, but this is more than offset by an increase in
ancillary services value and a reduction in production costs within the SMUD region, thus
always ensuring a reduction in net production costs.

Based on other scenarios examined, other factors driving lowa Hill value include whether the
PHS is fixed or variable speed; in general variable speed seems to show at least one third
additional value, but could be as much as double. Another result of interest was when examining
the case where the Pumped Hydro Storage has a hydraulic short circuit bypass. In this case, the
value of lowa Hill would be increased by two to four million dollars per year. More details on all
costs are given in Chapter 7. In the high mix cases it should be noted that there is significant over
capacity as no capacity was assumed to retire with wind and solar added; therefore storage may
help contribute to capacity more in those cases in reality; however the regional plant mix in a
high wind and solar case (over 50% energy penetration) would likely be so different it is difficult
to conclude much.

In addition to examining impact of lowa Hill on production costs in the SMUD BA, additional
simulations were carried out to examine a hypothetical case of lowa Hill operating as a merchant
plant in California, where it would earn marginal costs of energy and ancillary services, and pay
marginal costs of energy for pumping. This was examined for both fixed and adjustable speed
technology for the high wind case. Adjustable speed technology resulted in a slightly higher
capacity factor. The energy revenue and ancillary services revenue would be increased if
adjustable speed technology were used. Total revenue from ancillary services and energy would
be $24m/year ($60/kW-yr) with adjustable speed, whereas it would be $20.7m/year ($52/kW-yr)
with a fixed speed. Of this, ancillary services revenue accounts for $12.4m in the adjustable
speed case and $8.7m in the fixed speed case. This potential market revenue can be compared to
the above cost savings for SMUD, which showed a potential production cost savings of
$43m/year, showing that the value is not just for marginal cost reduction but also system wide
production savings.

Other results to note include the fact that cycling of generation was seen to decrease by as much
as 50% in SMUD depending on wind/solar scenario, while wind and PV curtailment is reduced
by 50%. Emissions savings depend on the scenario, with some scenarios showing significant
savings, others not showing much difference in emissions with and without lowa Hill. The final
result to note from the PLEXOS simulations was that the value of reciprocating engines
production savings were 20%-25% as much as lowa Hill.

Follow On Work

As can be seen, a significant variety of scenarios have already been examined. However, future
work to understand the impacts better can be divided into future PLEXOS simulations and future
work in other areas.
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Additional Plexos Modeling

Further work in PLEXOS simulations will include a three —stage approach to the PLEXOS
model to capture additional variability and uncertainty of wind and solar, and the contribution
storage can make to manage that in daily and real-time operations. Additionally, the following
may also be examined:

e The SMUD and neighboring BAs may share balancing and reserve resources under future
market designs enabled by advances in information and control technologies.

e This could mean combining reserve and balancing requirement and resources,
e This would be modeled for a high wind and high solar scenario

e Develop a plausible plant retirement scenario for the high mix case. In this scenario, the
value of both storage and conventional flexible capacity are likely to be higher.

e Look at different hydro conditions (e.g. a dry year)

e Examine Compressed Air Energy Storage — reciprocating engines were not shown to be as
good as Iowa Hill (though may be cheaper) — CAES can charge and discharge at the same
time and may have greater energy storage amounts

e Utilize a 3 stage modeling approach to more accurately represent the interaction between day
ahead, hour ahead and real time scheduling and dispatch. This is explained in more detail in
Chapter 8.

Additional Value Analysis in Other Areas

Future work in the ESVT may utilize the prices produced in PLEXOS in the financial analysis,
provide more accuracy on transmission and capacity benefits, which are not captured in
PLEXOS, and repeat the financial analysis for a variety of assumptions. Further analysis of
resource adequacy value in different wind/solar scenarios can also be examined, and other values
such as transmission deferral and voltage support can also be assessed.

Finally, the team examined the issues of resource adequacy and examined how increased levels
of wind and solar can improve resource adequacy. Therefore, we examined how much capacity
credit could be assumed for different wind and solar build outs, and thus how much additional
plant may retire. This showed that in increasing from 33% RPS to 50% RPS, the capacity credit
of the wind/ solar resource mix is very low, but varies significantly depending on the region
examined and the relative amounts of wind and solar. By the time 50% penetration by energy
scenarios are examined, the incremental capacity credit is very low. This study can be used in the
future to determine how the plant mix may change in the higher penetration scenarios; the
PLEXOS results here do not examine significant plant retirements which could be done using
results from this study.
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1 INTRODUCTION

Background

The work to be performed under this project is in response to the Funding Opportunity
Announcement DE-FOA 486, which was issued by U.S. Department of Energy (DOE).
Sacramento Municipal Utility District (SMUD) has teamed up with Energy Exemplar and EPRI
to perform an analysis of both the geotechnical challenges and the value streams to the SMUD
BA for the proposed lowa Hills Pumped Hydro Storage project. This report outlines the results
for the grid value analysis portion of the project.

Project Aims and overall approach

The Iowa Hill project is expected to provide several different value streams to its beneficiaries.
These include operating flexibility, reliable capacity and environmental advantages. These have
already been assessed in previous work. The purpose of the work proposed in this DOE grant
application is to refine the existing analysis, with a particular focus on the value to of pumped
storage to meet ancillary service requirements and address variability for increasing renewable
generation. This value is expected to be found in the SMUD BA generation portfolio as well as
the larger state and western region.

Analysis will determine the value of pumped storage flexibility with the overall generation
resource portfolio. This includes contribution to reserves (spinning and regulation) and resource
adequacy. Environmental benefits are considered based on deferring transmission projects and
lowering the carbon footprint by replacing fossil-based peaking generation with lower emission
off-peak generation. With higher penetration of wind and solar envisioned, both in the SMUD
BA footprint and in the California in general, there is expected to be increased value related to
flexibility offered by pumped hydro storage; this includes the ability to store wind or solar output
for use during peak demand periods (energy arbitrage), contribution to reserve requirements
which are increased due to wind and/or solar PV, reduction in fossil generation cycling and more
optimal usage of the remainder of the SMUD hydro fleet.

The objectives of this part of the study are:

e Determine ancillary service requirements to balance increased variable renewable generation.

e Examine value from pumped storage relative to conventional gas generation for providing on
peak energy and ancillary services in the SMUD BA and as part of the entire California
region.

e Define and quantify the value streams of lowa Hill relative to conventional gas units with
future anticipated higher levels of variable renewable generation.

e Analyze the net benefits of variable speed versus fixed speed for pumped storage technology.

Innovative Features of approach

To study, in more detail than previously done, the value of lowa Hill, a number of new
approaches were used. Some of these are based on recent innovations in wind and solar
integration studies, such as the treatment of forecast error and cycling cost. Other aspects include
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fully utilizing advanced features of the PLEXOS production simulation tool, while additional
tools were also used to value the impact on the Upper American River project (UARP). Finally,
the EPRI Energy Storage Valuation Tool (ESVT) was used to analyze a range of multiple value
streams. The PLEXOS production simulation tool has been utilized extensively over the past few
years to study wind and solar integration impacts, value of new resources, resource expansion,
etc. This project utilizes some of the innovative features of the PLEXOS platform as well as the
other tools. In the view of the project team, the following points summarize some of the most
relevant features of the project: More detail is given in later chapters, particularly Chapter 5

e The forecast error is explicitly treated in the simulation, both for load and wind/PV — this
allows for a greater understanding of how flexible resources, particularly pumped hydro
storage such as Iowa Hill, can be utilized to mitigate uncertainty

e There is a consideration of the costs related to cycling of conventional plant, which can often
be increased due to variable generation; the mitigation of this due to lowa Hill can be thus be
included in the analysis

e Innovative storage simulation in the Hour Ahead and Real Time as described in Chapter 5

e Simulating known forced outage in Day Ahead (that happens in Real Time but becomes
known in the subsequent Day Ahead process) to allow for more realistic treatment of outages

e Soft requirement on flex down reserve allows it to be relaxed if otherwise it would require
significant wind or solar curtailment.

e Reserves now include load forecast error as well as wind and solar

e Inthe Day Ahead optimization, there is consideration of the weekly load pattern so that the
contribution storage can make in managing day to day changes in wind and solar output can
be investigated

e Use of the EPRI Energy Storage Valuation Tool

e Reliability Unit Commitment in the Day Ahead and 4 hour ahead parts of the multi stage
modeling, as described in Chapter 5.

Some of these features have been used in previous studies, notably the second phase of the
Western Wind and Solar Study led by the National Renewable Laboratory, which developed a
number of these new methods.

Report Layout
The report is laid out in the following fashion:

e Chapter 2 outlines the wind and solar profiles developed for production analysis, including
description of different scenarios of variable generation build-out developed to analyze how
the value of pumped hydro storage changes based on the penetration of variable generation

e Chapter 3 describes the methods used to calculate increased reserve requirements (regulation
and spin/non-spin) due to the presence of high wind and solar PV penetrations, as well as
presenting summaries of the derived reserve requirements.

e Chapter 4 describes the databases used in the modeling.

e Chapter 5 describes methodology employed thus far for the production simulations carried
out in the PLEXOS tool. This includes scenarios examined in this report, the multi-stage
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modeling (day ahead, four hour ahead and real time), analysis of cycling costs of
conventional fleet, and description of the PLEXOS modeling tool.

Chapter 6 gives an overview of the most important results from the PLEXOS runs thus far.

Chapter 7 gives detailed results from the model (note more results for new scenarios and a
deeper look at certain aspects are expected in the final report). Results examined include
value of storage for the system under different scenarios.

Chapter 8 introduces the EPRI Energy Storage Valuation Tool, and presents initial findings
based on a first set of runs of this tool.

Chapter 9 presents analysis carried out by SMUD to understand the impacts on UARP
operation due to the presence of lowa Hill in the hydro system.

Chapter 10 describes results from a capacity value analysis of the increased levels of wind
and solar on the SMUD system, which will likely be used in future work examining resource
adequacy issues.

Chapter 11 concludes with the main insights thus far from the study as well as outlining
remaining work to complete this part of the analysis of the value of lowa Hill.
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2 WIND AND SOLAR PROFILE DEVELOPMENT

Introduction

This study uses production cost simulation techniques based on sequential modeling of load and
resources. To complete the data requirement, variable generation data synchronous with the load
is required. The data need to be synchronized to capture correlation that may exist between load
and variable generation. This section describes the sources of the data used in this study; the
scenarios analyzed and statistical description of the data.

This study borrows heavily from National Renewable Energy Lab efforts in modeling systems
with high penetrations of variable generation resources. The wind and solar data, scenarios and
various reserve calculation methods are used from the Western Wind and Solar Integration Study
(WWSIS) phases one and two and from the Eastern Wind Integration and Transmission Study as
well as other supporting efforts.

Sources and Description

Relatively little historical variable generation data has been recorded and when that data does
exist it is rarely at the location, resolution and size appropriate for studying future systems.
Because of this, we turn to simulated data that can meet the needs of the overall study.

Wind Data

The wind data used in this study was produced for NREL by 3Tier for phase 1 of the Western
Wind and Solar Integration Study (WWSIS 1). 3Tier applied a numerical weather prediction
(NWP) model to synthesize wind speeds in a 2-km grid at 10 minutes temporal resolution.

These simulations were run as “back-casts” where the 3 dimensional atmospheric conditions at
every grid point were calculated as known atmospheric data from the time were feed into the
model on a continuous basis to keep the model ‘true’. This resulted in a large number of
locations of which more than 30,000 grid points were retained. This provided nearly 1 TW of
hypothetical wind plant output across the western interconnect. The simulations were run for the
years 2004 through 2006 resulting in 10 minute time series of wind plant output for these 3
years.

The initial dataset was found to have an anomaly caused by periodic restarts of the model. This
caused an increase in variability every 3 day at midnight UTC that was only seen when plants
were aggregated together. This increase in variability led to skewing of variability statistics and
unrealistic ramps at this boundary. This problem has been well documented. As part of the
WWSIS phase 2 project, these anomalies were corrected using statistical techniques yielding a
new dataset without the artificial increase in variability'. This modified dataset was used for this
study.

! Hummon, M.; Ibanez, E.; Brinkman, G.; Lew, D. (2012). “Sub-Hour Solar Data for Power System
Modeling From Static Spatial Variability Analysis: Preprint.” Prepared for the 2nd International Workshop
on Integration of Solar Power in Power Systems, Nov. 12-13, 2012, Lisbon, Portugal.
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This data set included forecast information at several time horizons. The original 3Tier study
developed day-ahead forecasts using the NWP model that were found to have significant bias
towards over-forecasting. Additional corrections were applied at NREL to correct the statistics
of these forecasts with state-of-the-art forecast for actual operating power plants.

A four-hour-ahead wind forecast for each site was also synthesized. Since there was not a NWP
forecast made as part of the original data, a new approach was required. Through experiment, it
was found that the statistical characteristics of a four-hour-ahead skill forecast are similar to a
two hour persistence forecast where the forecast for two hours from a particular time is the same
as the current value of production.

Also, a one-hour-ahead forecast was developed as a simple one hour persistence forecast. While
not used in the simulations directly, the one-hour-ahead forecasts are used in developing reserve
requirements as will be seen in a coming section.

Solar Data

The solar data used in this study was developed at NREL for the WWSIS phase 2 study. This
data was based on satellite based solar irradiance observations for the year 2006 which covered
the majority of the western interconnect. The measurements are hourly at .1 degree resolution.
Sub-hourly data was synthesized by observing behavior in surrounding grid cells to estimate
intra-hour production. Filters based on the size of the plant were used to control the variability
seen. Larger plants covering large geographic areas naturally see less variability than smaller
plants.

Variable Generation Scenarios and Mixes Used

The variable generation scenarios used in this study are adaptations of scenarios used in the
NREL WWSIS phase 2 study. Those scenarios used high penetrations of wind and solar to
achieve 33% total VG penetration in the main study scenarios. The penetration is based on
energy and referenced to the United States western interconnection load and variable generation
resources only. A reference scenario was also used that was based on WECC TEPPC 2020
reference case.

The initial scenarios were developed using NREL’s ReEDS (Regional Energy Deployment
System) capacity planning tool. ReEDS sited wind and solar energy requirements to the western
interconnect based 34 regions based on constraints supplied by the study team. Those
requirements were then used to manually site wind from the NREL WWSIS-1 wind dataset and
to locate solar resources based on a number of criteria. Three types of solar resources were
considered:

e Distributed PV — Primarily modeled as rooftop PV in population centers. Siting was done
based on population density.

e Utility Scale PV — Larger PV installations 33% of which were located near population
centers and the other 67% located based on best available resources.

e (Concentrated Solar Power with storage — Located based on best available solar resources.

Regardless of the penetration, the targets for the overall solar were 40% CSP and 60% PV of
which 40% was distributed and 60% was utility scale.
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Six scenarios were eventually examined which will be presented in this report. These are made
up by combining a number of different wind and solar mixes, as shown in Table 2-1.

Table 2-1: Scenarios Used in Study

REIEVEIE Renewable Penetration levels

Scenario
SMUD BA NW Rest of WI

TEPPC Base TEPPC from WWSIS 2 Study

High Wind High-Wind (33% mix from WWSIS 2 Study)

High Solar High-Solar (33% mix from WWSIS 2 Study)

CA High High-Wind (33%) TEPPC
Wind, WI
TEPPC

CA High Mix, | High-Mix (50%) TEPPC
WI TEPPC

CA High Mix, | High-Mix (50%) High Wind (33%)
WI High
Wind

As can be seen, there are essentially three different VG mixes which are chosen from here, a mix
based on WECC TEPPC and from the NREL WWSIS 2 study, and then two more penetrations, a
mix with 33% based on a high wind but relatively low solar, a mix with high solar but less wind;
a 50% mix is then used based on combining the two. By choosing which areas of the simulation
were assumed to have these different penetrations, the 6 final scenarios could be chosen. For
example, the 2™ scenario used the full 33% mix described below, whereas the 3™ uses the
SMUD BA and rest of California data from the 33% mix, but then uses the wind and solar data
from the base reference mix described later. In this way a number of relevant scenarios could be
chosen. The rationale for each scenario is as follows:

e TEPPC: This is close to the WECC Transmission Expansion Planning Committee Policy
Committee 2022 case, with some movement of VG plants. This was done as a bookend for
low VG penetration

e High Wind: This is similar to the NREL WWSIS-2 study case with some changes as to
ensuring 33% penetration in the SMUD BA. This is to examine the case where the entire US
portion of the Western Interconnection sees significant amounts of wind.

e High Solar: This case is similar to the WWSIS-2 high solar case which has a 33% total VG
target for the western interconnect with a 25% solar target and 8% wind target. Some
adjustments were made in the original WWSIS-2 scenario to force approximately 33%
penetration in the SMUD BA.
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e CA High Wind, WI TEPPC: examines the case where California, with more aggressive
renewable targets, has a high wind penetration, but the rest of the WI does not.

e CA High Mix, WI TEPPC assumes California has as much wind as in the previous two
cases, but also adds solar such that its renewable penetration is closer to 50%, while the rest
of WI still has lower penetrations close to the TEPPC case.

e CA High Mix, WI High Wind: This case looks at a situation where the entire WI has 33%
of energy from renewables, much of it wind, with additional renewables added to have 50%
of energy in California from renewables — the additional energy added is assumed to be solar.

These 6 scenarios allow for a good mix of examining how the value increases with increasing
VG, how the penetration levels of other parts of the west impact the value, and how wind and
solar impact differently. The next few sections describe the individual component scenarios

33% Penetration Mix — High Wind

The 33% penetration mix is substantially the same as the WWSIS-2 high-wind scenario which
has wind penetration of 25% and solar penetration of 8%. Note that the 33% penetration target
applies to the western interconnect as a whole but not to each BAA within it. This mix tends to
have higher penetrations in the wind rich areas in the eastern parts of the interconnection.

Changes were made to the mix to force 33% penetration in the SMUD BA to meet a 33% RPS
mandate. To accomplish this, four 52 MW PV plants in Southern California Edison were
changed to SMUD and their output moved to the SMUD BA for zonal runs. Ownership implies
the requirement that the owning BAA is responsible for balancing the variability of the resource
and must carry reserves for the plant. In addition, some changes to the wind plant assignments
were made to improve the diversity of the fleet. Plants were swapped with PG&E and SPP
territories to accomplish this goal.

Figure 2-1 shows the locations of the resources for the entire western interconnect and Table 2-2
summarizes these resources by reserve zone (20 reserve zones were used for the WI). The total
for the interconnection is approximately 93 GW of variable generation producing 258 TWh for
the study year. Within the SMUD BA, there is a total 2.5 GW variable generation capacity and
2.3 TWh of annual energy. Once this 33% penetration level mix was determined, the relevant
pieces of it could then be picked to match the scenarios determined above.
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Csp

Figure 2-1 - Resource map for 33% mix

24



Table 2-2 - 33% mix (high wind) variable generation by reserve zone

Area

Alberta

Arizona

British Columbia
California North
California South
Colorado

Idaho

1D

LDWP

Mexico (CFE)
Montana
Nevada North
Nevada South
New Mexico
Northwest

San Diego

San Francisco
SMUD BA
Utah

Wyoming

Total (US Only)

Load

Peak
MW)

15843
21801
11981
12489
21824
12564
5376
1202
8188
3443
1982
2155
6725
5120
30589
4816
8933
4230
8479
1849
161763

Energy
(TWh)

114
98
66
58
98
73
27
5
39
18
12
13
29
28
172
24
47
16
39
14
810

Wind

Capacity
(MW)

0
4941

2014
5671
14656
1348
1606

294
6148
2366
1410
4784
12694
88

1915
1583
4544
66060

Energy
(GWh)

0
13072
0
5058
17806
49740
3407
3358

602
19322
6053
3987
16094
31863
111

0
4198
4486
16573
195729

Pen.
(%)

0%
13%
0%
9%
18%
69%
13%
74%
0%
3%
160%
47%
14%
57%
19%
0%
0%
26%
11%
121%
24%

Rooftop PV

Capacity
MW)

0
1991
0
393
2397
1072

41
984
14
18
91
307
233
503
318
687
224
294
66
9635

Energy
(GWh)

0
3357
0
595
3722
1705

68
1526
21
24
147
520
404
575
488
1012
333
439
101
15039

Pen.

(%)
0%
3%
0%
1%
4%
2%
0%
1%
4%
0%
0%
1%
2%
1%
0%
2%
2%
2%
1%
1%
2%

Utility PV

Capacity
MW)

0
2330
0
865
2571
1109

422
665

28
270
289
361
611
225
250
356
281
13
10647

Energy
(GWh)

5065

1649
5878
2137

932
1544

42
486
553
852
1069
443
435
805
542
22
22458

Pen.
(%)

0%
5%
0%
3%
6%
3%
0%
21%
4%
0%
0%
4%
2%
3%
1%
2%
1%
5%
1%
0%
3%

CSp

Capacity
MW)

0
2853

439
156

[ —— I I I — ]

6536

1623
526

I R

24742

Pen.
(%)

0%
11%
0%
0%
8%
1%
0%
0%
8%
0%
0%
0%
6%
2%
0%
0%
0%
0%
0%
0%
3%

Total

Capacity
MW)

0
12114

3272
12707
17005
1349
2069
2500
308
6194
2727
2445
5533
13808
632
937
2495
2158
4623
92877

Energy
(GWh)

32235
0
7303
35424
54124
3408
4358
6363
624
19388
6687
6684
17877
33507
1041
1447
5335
5467
16696
257968

Pen.
(%)

0%
33%
0%
13%
36%
75%
13%
96%
16%
3%
160%
52%
23%
64%
19%
4%
3%
33%
14%
122%
32%
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50% Penetration Mix

The 50% penetration mix used the 33% mix but merged the WWSIS-2 high-solar scenario solar
resources into the model. This yielded a mix with 25% wind and 25% solar resources. In
addition to the changes made for the SMUD BA in the 33% mix, 4 additional PV plants (524
MW) and 3 CSP plants (446 MW) were transferred to the SMUD BA ownership from Southern
California Edison to bring the penetration in the SMUD BAA to 50%.

Figure 2-2 shows the location of the variable generation resources in the 50% mix and Table 2-3
provides a summary of the resources located in the 20 zones. The actual total penetration of this
case is approximately 48%. The departure from the target is due to the fact that energy was sited
based on the average of three year values and 2006, the source year, was the lowest of the years
in average. The overall total variable generation capacity is 150 GW with a total energy of 391
TWh. The SMUD BA has 3.5 GW of VG capacity with a total of 8.2 TWh of energy.

Wind

PV

CSspP

Figure 2-2 - Resource map for 50% mix
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Table 2-3 - 50% mix variable generation by reserve zone

Area

Alberta

Arizona

British Columbia
California North
California South
Colorado

Idaho

1D

LDWP

Mexico (CFE)
Montana
Nevada North
Nevada South
New Mexico
Northwest

San Diego

San Francisco
SMUD BA
Utah

Wyoming

Total (US Only)

Load

Peak
MW)

15843
21801
11981
12489
21824
12564
5376
1202
8188
3443
1982
2155
6725
5120
30589
4816
8933
4230
8479
1849
161763

Energy
(TWh)

114
98
66
58
98
73
27
5
39
18
12
13
29
28
172
24
47
16
39
14
810

Wind

Capacity
(MW)

0
4941

2014
5671
14656
1348
1606

294
6148
2366
1410
4784
12694
88

1915
1583
4544
66060

Energy
(GWh)

0
13072
0
5058
17806
49740
3407
3358

602
19322
6053
3987
16094
31863
111

0
4198
4486
16573
195729

Pen.
(%)

0%
13%
0%
9%
18%
69%
13%
74%
0%
3%
160%
47%
14%
57%
19%
0%
0%
26%
11%
121%
24%

Rooftop PV
Capacity |Energy
(MW) (GWh)
0 0
4585 7729
0 0

484 735
5150 7998
1141 1816
0 1

76 128
2132 3306
15 24

21 27
432 697
341 577
1088 1892
552 631
394 601
753 1110
246 365
1740 2593
392 597
19543 30827

Pen.

(%)
0%
8%
0%
1%
8%
3%
0%
3%
8%
0%
0%
5%
2%
7%
0%
3%
2%
2%
7%
4%
4%

Utility PV

Capacity
MW)

0
10020
0
1490
8683
4417

1361
1263
50
28
3331
3311
3239
903
275
300
880
2463
739
42755

Energy
(GWh)

0
20524
0
2695
17396
8492

2626
2554
121
42
6585
7021
6837
1507
551
509
2027
4623
1323
85434

Pen.

(%)
0%
21%
0%
5%
18%
12%
0%
58%
6%
1%
0%
51%
24%
24%
1%
2%
1%
12%
12%
10%
11%

CSp

Capacity
MW)

0
9644
0
0
6635
1440

950
1043

110
686
574

Energy
(GWh)

0
35340
0
0
24918
4463

3559
4019

395
2395
1923

Pen.

(%)
0%
36%
0%
0%
25%
6%
0%
78%
10%
0%
0%
3%
8%
7%
0%
0%
0%
10%
0%
0%
10%

Total

Capacity
MW)

0
29190
0
3988
26140
21654
1349
3994
4438
359
6196
6239
5748
9685
14148
757
1053
3487
5786
5675
149885

Energy
(GWh)

0
76666
0
8488
68119
64511
3408
9670
9879
747
19391
13731
13981
26745
34001
1263
1619
8196
11702
18493
390609

Pen.
(%)

0%
78%
0%
15%
70%
89%
13%
213%
25%
4%
160%
107%
48%
95%
20%
5%
3%
50%
30%
135%
48%
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Reference Mix

The reference mix was adapted from the WECC TEPPC reference case for the year 2020. Figure

2-3 shows the location of the variable resources in this mix. Table 2-4 shows a summary of the
variable generation resources for each of the 20 zones. There is a total of 39 GW of variable

generation capacity in this mix with energy of 103 TWh for a penetration of 13%. In SMUD, the

VG capacity is 1.7 GW with energy of 2.1 TWh.
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Figure 2-3 - Resource map for reference mix
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Table 2-4 - Reference mix variable generation by reserve zone

Area

Alberta

Arizona

British Columbia
California North
California South
Colorado

Idaho

1D

LDWP

Mexico (CFE)
Montana
Nevada North
Nevada South

New Mexico
Northwest

San Diego

San Francisco
SMUD BA
Utah

Wyoming
Total (US Only)

Load

Peak
MW)

15843
21801
11981
12489
21824
12564
5376
1202
8188
3443
1982
2155
6725

5120
30589
4816
8933
4230
8479
1849
161763

Energy
(TWh)

114
98
66
58
98
73
27
5
39
18
12
13
29

28
172
24
47
16
39
14
810

Wind

Capacity
MW)

0
3681
0
724
3991
3916
568
1306

294
838
206

494
9454
58

823
383
1064
27798

Energy
(GWh)

0
9689
0
1297
12631
10904
1341
2935

602
2465
468

1217
21748
106

1117
1087
3884
71493

Pen.

(%)
0%
10%
0%
2%
13%
15%
5%
65%
0%
3%
20%
4%
0%
4%
13%
0%
0%
7%
3%
28%
9%

Rooftop PV

Capacity
MW)

0

e I L — R — R — I — I T — ]

I S — T — I — B )

Energy
(GWh)

I I L — e — R — I — I T — ]

I S — T — I — R )

Pen.

(“o)
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

Utility PV

Capacity
MW)

0
1171
0
0
2542
1312

234
513

228
284

170

255
260
104
7074

Energy
(GWh)

2284

5381

2333

506
1202

396
551

397

583
450
176
14259

Pen.

(%)
0%
2%
0%
0%
5%
3%
0%
11%
3%
0%
3%
4%
0%
1%
0%
0%
0%
4%
1%
1%
2%

CSp

Capacity
MW)

0
472

4352

Pen.

(“o)
0%
2%
0%
0%
8%
1%
0%
0%
10%
0%
0%
10%
0%
2%
0%
0%
0%
2%
0%
0%
2%

Total

Capacity
MW)

0
5324
0
724
8617
5397
568
1540
1556
294
1066
824

820
9454
58

1174
642
1168
39224

Energy
(GWh)

13763

1297
26107
13779
1341
3441
5220
602
2861
2257

2140
21748
106

0

2064
1538
4060
102325

Pen.

(%)
0%
14%
0%
2%
27%
19%
5%
76%
13%
3%
24%
18%
0%
8%
13%
0%
0%
13%
4%
30%
13%
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33% Penetration High Solar Scenario

A final scenario was added to the project that had a high penetration of solar resources
throughout the western interconnection. This scenario is modeled after the WWSIS-2 high solar
scenario which has roughly 25% solar and 8% wind penetration. Again, the 33% penetration
applies to the western interconnection as a whole and no targets are set for individual BAAs or
states. This scenario tends to have significantly higher penetrations in the southern areas of the
interconnection.

This scenario was built to provide a roughly 33% VG penetration in the SMUD BA. This was
done by using the solar resources developed for the 50% scenario which totaled approximately
25% penetration in SMUD. This included all of the resources assigned to SMUD in the
WWSIS-2 high solar scenario with 4 additional PV plants (524 MW) and 3 CSP plants (446
MW) transferred from Southern California Edison to make up the 25% solar target. The wind
resources in the scenario are approximately the same as the wind resources in WWSIS-2 high
solar scenario with several plants added to the SMUD BA to bring its wind penetration up to the
8% target.

Wind

PV

CsP

Figure 2-4 - Resource map for high-solar scenario
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Table 2-5 — High solar mix variable generation by reserve zone

Area

Alberta

Arizona

British
Columbia

California North
California South
Colorado

Idaho

11D

LDWP

Mexico (CFE)
Montana
Nevada_North
Nevada_South
New Mexico
Northwest

San Diego

San Francisco
SMUD

Utah

Wyoming

Total (US Only)

Load

Peak
(MW)

15843

21801
11981

12489
21824
12564
5376
1202
8188
3443
1982
2155
6725
5120
30589
4816
8933
4230
8479
1849
161763

Energy
(TWh)

114

98
66

58
98
73
27
5
39
18
12
13
29
28
172
24
47
16
39
14
810

Wind

Capacity
(MW)

270

2014
2924
4577
628
797

235
928
206

644
9576
58

682
323
1004
24866

Energy
(GWh)

784

5329
10039
13827
1621
1806

507
2934
501

1846
24789
106

1341
907
3713
70050

Pen.
(%)

0%

1%
0%

9%
10%
19%
6%
40%
0%
3%
24%
4%
0%
7%
14%
0%
0%
8%
2%
27%
9%

Rooftop PV

Capacity
(Mw)

4585

484
5150
1141

76
2132
15
21
432
341
1088
552
394
753
246
1740
392
19543

Energy
(GWh)

7839

743
8184
1827

131
3386
24
27
708
589
1921
641
618
1115
368
2623
605
31351

Pen.

(%)

0%

8%
0%

1%
8%
3%
0%
3%
9%
0%
0%
5%
2%
7%
0%
3%
2%
2%
7%
4%
4%

Utility PV

Capacity
(Mw)

10020

1490
8683
4417

1361
1263
50
28
3331
3311
3239
903
275
300
880
2463
739
42755

Energy
(GWh)

20875

2719
17723
8557

2686
2584
123
43
6694
7156
6917
1512
564
512
2059
4671
1336
86731

Pen.
(%0)

0%

21%
0%

5%
18%
12%
0%
59%
7%
1%
0%
52%
25%
25%
1%
2%
1%
13%
12%
10%
11%

CSP

Capacity
(Mw)

9644

6635
1440

950
1043

110
686
574

Energy
(GWh)

35237

24609
4481

3627
3995

394
2401
1921

Pen.
(%)

0%

36%
0%

0%
25%
6%
0%
80%
10%
0%
0%
3%
8%
%
0%
0%
0%
10%
0%
0%
10%

Total

Capacity
(MW)

24519

3988
23392
11575
629
3185
4438
300
976
4079
4338
5545
11030
727
1053
2254
4526
2135
108691

Energy
(GWh)

64735

8790
60556
28692
1623
8250
9965
654
3004
8296
10146
12606
26942
1288
1627
5367
8201
5654
266394

Pen.
(%)

0%

66%
0%

15%
62%
40%
6%
182%
25%
4%
25%
64%
35%
45%
16%
5%
3%
33%
21%
41%
33%
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Statistical Analysis
Monthly Energy

This section presents variable generation energy information for several study regions. This data
is based upon the three mixes discussed in the previous section and provides a breakdown to the
monthly timeframe. From the tables and graphs, one can determine the monthly and seasonal
delivery of the variable energy.

The first region is the SMUD BA. Table 2-6 and Figure 2-5 show these results. Production
peaks in the spring for all mixes but the peak in penetration even more pronounced in March or
April depending on the mix. With its higher solar penetration, the 50% mix peaks a little bit later
with the solar peak occurring in April or May. Wind tends to peak in the winter to early spring
as seen in the 33% mix.

Table 2-6 - VG penetration (GWh) for the SMUD BA

Reference Mix 33% Wind Mix 50% Mix High Solar

Load VG (GWh) % | VG (GWh) % | VG (GWh) | %

(GWh) (G\</(\?h) %
Jan 1307 173 13% | 503 38% | 643 49% 330 | 25%
Feb 1091 137 13% | 403 37% | 563 52% 316 | 29%
Mar 1225 239 19% | 600 49% | 795 65% 435 | 36%
Apr 1195 223 19% | 531 44% | 804 67% 492 | 41%
May 1324 224 17% | 472 36% | 794 60% 553 | 4294
Jun 1472 206 14% | 414 28% | 711 48% 510 | 35%
Jul 1703 219 13% | 444 26% | 736 43% 513 | 30%
Aug 1660 194 12% | 379 23% | 681 41% 513 | 31%
Sep 1440 176 12% | 416 29% | 677 47% 454 | 3204
Oct 1277 170 13% | 418 33% | 617 48% 387 | 30%
Nov 1229 130 11% | 419 34% | 566 46% 312 | 25%
Dec 1370 174 13% | 520 38% | 636 46% 304 | 229%
Total 16293 2264 14% | 5520 34% | 8222 50% 5121 | 329%
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Total VG Production in SMUD - Reference Scenario Total VG Penetration in SMUD - Reference Scenario
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Figure 2-5 - Monthly variable resources energy for the SMUD BA

Table 2-7 and Figure 2-6 show the monthly production for a region including all BAs in
California. Recall that the overall penetration for California BAs other than the SMUD BA is



less than the overall 33% and 50% targets for the Western Interconnect. The overall pattern is
similar to the SMUD BA but difference in penetration from summer to winter is lower because
of the relatively high amount of solar resources in all of California compared to the SMUD BA.
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Figure 2-6 - Monthly variable resource energy for all of California
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Table 2-7 - VG penetration (GWh) for all of California

Load VG % VG % VG % VG %
(GWh) | (GWh) (GWh) (GWh) (GWh)

Jan 22320 2782 12% 4663 21% 7112 32% 5943 27%
Feb 19145 2561 13% 4220 22% 6877 36% 5922 31%
Mar 21836 3505 16% 5598 26% 8821 40% 7478 34%
Apr 21447 3555 17% 5579 26% 9815 46% 8635 40%
May 23894 3955 17% 6025 25% | 11072 46% | 10051 42%
Jun 25791 3407 13% 5281 20% 9939 39% 9206 36%
Jul 28490 3451 12% 5436 19% | 10070 35% 9303 33%
Aug 28598 3459 12% 5268 18% | 10119 35% 9417 33%
Sep 25258 2948 12% 4723 19% 8974 36% 8282 33%
Oct 23770 2690 11% 4324 18% 7617 32% 6806 29%
Nov 22720 2474 11% 4084 18% 6575 29% 5706 25%
Dec 23407 2078 9% 3742 16% 5836 25% 4973 21%
Total | 286677 | 36866 13% | 58942 21% | 102825 36% | 91721 32%

The northwest zone is made up of BAs from Washington and Oregon. This zone has relatively
low penetration overall penetration in the high penetration cases. This is due to several factors.
There 1s very low solar resource in this area so the increment in variable energy between the 33%
and 50% mixes is minor. More importantly, the northwest region is hydro rich. Very high
variable generation penetrations would result in backing down of hydro frequently, and
ultimately spilling water.

Table 2-8 and Figure 2-7 show the results for the northwest zone. Most of the variable resources in
the northwest are wind which peaks in the winter for this zone with November and January
showing the highest production. This lead to a more than 2:1 energy ratio (4:1 in the reference
case) for winter months compared to summer. However, the northwest is a winter peaking load
so the penetration ratios are not as large.

Table 2-8 - VG penetration (GWh) for northwestern zone

Reference 33% Scenario 50% Scenario High Solar
Scenari Scenario
Load VG % VG % VG % VG %
(GWh) | (GWh) (GWh) (GWh) (GWh)

Jan 16465 3818 23% 5153 31% 5170 31% 3934 24%
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Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Total

14192
14489
13357
13348
13255
14089
14045
12935
13712
15189
16610
171686

2294
2034
1502
1692
1460
1233
1326
1386
1840
3429
1990
24004

16%
14%
11%
13%
11%

9%

9%
11%
13%
23%
12%
14%

3261
2978
2406
2763
2466
2389
2412
2275
2784
4655
2946
36488

23%
21%
18%
21%
19%
17%
17%
18%
20%
31%
18%
21%

3292
3014
2449
2813
2515
2447
2468
2320
2820
4672
2964
36944

23%
21%
18%
21%
19%
17%
18%
18%
21%
31%
18%
22%

2483
2215
1752
2001
1767
1588
1665
1651
2072
3537
2104
26769

17%
15%
13%
15%
13%
11%
12%
13%
15%
23%
13%
16%
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Figure 2-7 - VG penetration (GWh) for northwestern zone

Finally, Table 2-9 and Figure 2-8 show the results for the entire US Western Interconnect.

37



Table 2-9 - VG penetration (GWh) for US Western Interconnect

High Solar

Jan
Feb
Mar
Apr

Jun
Jul
Aug
Sep
Oct
Nov
Dec

Total

Load
(GWh)

66828
57790
62684
60220
66348
71489
79381
78293
68207
64611
64152
69003
809005

Reference 33% Scenario 50% Scenario
Scenari Sce
VG % VG % VG % VG

(GWh) (GWh) (GWh) (GWh)
11311 17% 29743 45% 37189 56% 19970
8944 15% 24552 42% 32838 57% 18867
9926 16% 24282 39% 33794 54% 20750
9380 16% 23735 39% 36328 60% 24115
9174 14% 21769 33% 36451 55% 26790
7785 11% 18222 25% 31736 44% 24309
6908 9% 15621 20% 28010 35% 22299
7032 9% 15815 20% 28367 36% 22527
7282 11% 18281 27% 30002 44% 21713
8190 13% 21745 34% 31239 48% 19585
9693 15% 25092 39% 32709 51% 18753
7725 11% 22864 33% 29049 42% 15306
103350 13% | 261720 32% | 387713 48% | 254984

30%
33%
33%
40%
40%
34%
28%
29%
32%
30%
29%
22%
32%
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Figure 2-8 - Monthly variable resources energy for the entire US Western Interconnect



Uncertainty — Forecast Error

It was mentioned that load, wind and solar forecasts were generated as part of synthesis of the
data for used in this project. The forecast error associated with these forecasts is the major driver
behind the size and timing of reserve requirements for variable resources.

Forecast error has several measures but the most common are Mean Absolute Error (MAE) and
Root-Mean-Square Error (RMSE). MAE error is probably the most common measure used for
wind and solar forecasting. The lower the MAE, the closer the forecast is to what actually
happens.

A typical day-ahead forecast MAE for a single wind plant may be in 15% to 17% range. As
plants become larger covering more geographic area the errors combine to lower the overall

error. As more plants are combined into a region the aggregate error can be further reduced to
less than 10% for day-ahead.

Also, as the forecast horizon becomes shorter, the forecast tends to improve. A forecast made 4
hours ahead is much more accurate than a forecast made 24 to 36 hours in advance. Figure 2-9
shows the relationship between the monthly and annual MAE for 1 hour-ahead (1HA), 4 hour-
ahead (4HA) and day-ahead (DA) forecasts for the SMUD BA wind plant selections in the 33%
and 50% mixes. The wind regimes in these mixes are identical has 1915 MW of wind nameplate
in individual 14 plants.

SMUD Wind MAE 33 & 50% Scenarios
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Figure 2-9 - Wind forecasts MAE for the SMUD BA for 33% and 50% mixes, 1915 MW wind
nameplate

The MAE for day-ahead ranges from a low of about 7% to a high of about 12% while the 4 hour-
ahead ranges from 3% to 5%. The hour-ahead forecast is further reduced to around 2%. Note
that the annual pattern for MAE is the same shape for each of the forecast horizons. That pattern
shows the highest forecast error in March and generally higher in the winter months with the best
forecasting in the summer when wind is blowing the least.

Figure 2-10 shows the same information for an aggregation area consisting of all California
zones. Comparing to Figure 2-9 we can see that the day-ahead MAE is reduced to 8% from 9%.
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This further reduction is due to the larger averaging of the forecast errors over the aggregated
area. Note that the shorter term forecasts improve significantly over the day-ahead but that they
do not improve as much in the full California aggregation as for the SMUD BA zone. This
indicates that some of the incremental wind has high variability making close-in forecasting less
accurate than for the SMUD BA.

California Wind MAE - 33 & 50% Scenarios
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Figure 2-10 — Wind forecast MAE for California for 33% and 50% mixes, 11475 MW wind nameplate

Figure 2-11 through Figure 2-14 show the solar forecast MAE data for the SMUD BA and
California areas. The MAE for each forecast tends to be somewhat higher than wind forecasts,
particularly the day-ahead. This may be due to the difficulty in forecasting sky conditions a day
or more in advance. Again, as the amount of nameplate increases the overall error pattern tends
to decrease and this is particularly true for the day-ahead forecasts.

The solar forecasts have a similar pattern as the wind forecasts in that the forecasts are best in the
summer and worst in early spring. The reasons are much different though. In the summer, the
sky tends to be clear with good forecastability. In the spring, there are more cloudy days that are
difficult to forecast. The short term forecasts are also less accurate in spring because the clouds
are more variable during these times.
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Figure 2-11 - Solar forecast MAE for the SMUD BA for 33% mix, 580 MW PV nameplate
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SMUD Solar MAE - 50% Scenario
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Figure 2-12 - Solar forecast MAE for the SMUD BA for 50% mix, 1126 MW PV nameplate
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Figure 2-13 - Solar forecast MAE for California for 33% mix, 10397 MW PV nameplate
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Figure 2-14 - Solar forecast MAE for California for 50% mix, 23488 MW PV capacity
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3 RESERVE CALCULATIONS

NREL Method for Estimating Reserve Requirements with Variable Generation

The procedures used to calculate reserves are based on methods developed by the National
Renewable Energy Laboratory (NREL). These methods examine the historical behavior of the
variability of wind and solar resources, generating statistical information used to predict reserve
needs at various timeframes. Several types of requirements are calculated at important
timeframes including regulation and flexibility reserves and a special capacity set-aside to
account for longer term forecast errors.

Variable generation, as well as load, introduces variability and uncertainty into the power supply.
Wind and solar vary over time in an uncontrollable way so the system must follow and
compensate for changes in the output of these resources. They are not perfectly predictable in
planning timeframes so it is difficult to know what other resources might be required if predicted
values are incorrect. To compensate for these characteristics the power system must keep
reserves available at all times to cover this variability and uncertainty. These reserves must be
able to supply additional energy if there is an unanticipated reduction in VG or reduce output if
there is an increase in VG. If the reserves are underestimated, it leaves the system vulnerable to
supply imbalance and potential reliability issues. Overestimating leads to inefficient
commitment and utilization of conventional resources increasing costs.

We will calculate multiple reserves that are dynamic or can change with each simulation interval.
The different reserves are appropriate for the different planning horizons that are done to operate
the power system. The timeframes of interest in this study are day-ahead, four hour-ahead and
real-time. Each of these timeframes has an associated planning or operations function associated
with it.

The reserve requirements are specific to a given set of VG resources so they must be evaluated
for each situation. Factors that influence the magnitude of the reserves beyond the capacity are
geographic diversity, mix of VG technologies and size of the region that reserves are aggregated
over.

Wind, solar and load each have different explanatory variables that help predict the variability
associated with them. Also, available data affects the nature of the analysis that can be
performed. In each case, the procedures are slightly different to give the best result for each
type of data. The requirements for wind, solar and load are calculated separately and then
combined into a single time series for each reserve type and timeframe of importance to the
analysis. The time frames of importance to this study are:

e Day-ahead — Day-ahead unit commitment that uses best forecasts of load and VG to create a
plan for the next day.

e Four hour-ahead — A second, faster unit commitment cycle that can recommit fast starting
resources. The day-ahead commitment for longer starting resources is honored in this stage.

e Real-time — This is the operational timeframe where economic dispatch of the committed
system is performed to meet load on a second to second basis. Adjustments to generation in
this timeframe are made automatically.
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The types of reserves calculated are and deployed in various time frames:

e Regulation Reserve — These are spinning, synchronized capacity available for deployment in
seconds to minutes timeframe, up to the re-dispatch interval of the system. These resources
must be on Automatic Generation Control (AGC) since it is assumed that there is no other
mechanism to command generation changes in this timeframe.

e Flex Reserves — Flex or Flexibility reserves are held to cover larger unpredicted changes in
net load outside the regulation timeframe. These movements are primarily due to uncertainty
in forecasts of wind and solar. Load uncertainty may be included in flex reserves. The
timeframe for these reserves is from the system re-dispatch interval to when replacement
reserves can be activated and on-line. A portion of these reserves may be made up from
spinning and synchronized units if the reserve amounts necessary require starting up longer-
start units (units with two to 6 hour start times).

e RUC Capacity — RUC (Reliability Unit Commitment) capacity is offline capacity or longer-
start on line capacity needed in planning timeframe to make sure the system has enough
capacity available to handle a prescribed portion of possible forecast errors. For instance,
day-ahead RUC capacity is dependent upon the day-ahead forecast errors that one can expect
based on experience.

In addition to these resources, the system must maintain contingency reserves that are available
to mitigate an unexpected system change like the sudden, unexpected loss of generation, load or
transmission. These reserves are not affected in any way by the calculation of regulation, flex
and RUC capacity reserves and are completely independent.

Reserve Rules
Overview

The approach for all of the components of the reserves (wind, solar and load) involves the
analysis of historical data for each. It is typical that historical information about wind and solar
resources does not exist. In these cases, the data must be simulated in a hindcast. In a hindcast,
some form of numerical model is used to simulate conditions in the past at the site of each
resource. These simulations are guided by historical atmospheric measurements.

The variability information is isolated from the historical production information. The
variability in data is typically calculated as the forecast error in the timeframe of interest. This
data 1s then analyzed to find the variables that best explain the variability. Once the explanatory
variables are determined rules are formulated that allow prediction of variability based on
conditions. This analysis is repeated for relevant timeframes, day-ahead, four hour-ahead and
real-time for this study. Finally, the rules are applied in each timeframe to produce time series of
reserves that can be used as input to the production cost model.

Wind Reserves Procedures

The variability associated with wind resources is calculated as the forecast error in each
timeframe. In each interval, the forecasted value is subtracted from realized value to form the
forecast error.

For example, for regulation, we assume a persistence forecast where the wind production is
assumed to stay the same throughout the interval. Figure 3-1 shows how the forecast and short-
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term forecast error is formed. In this example, the persistence interval is a total of 10 minutes
where the forecast is made 5 minutes before the beginning of a 5 minute dispatch period. The
short red lines show the dispatch interval where the forecast is in effect. The forecast error is

taken as the difference between the wind production and the forecast at the end of the interval.
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Figure 3-1 — Short-term forecast error

Flexibility reserves are calculated based on a one hour persistence forecast with the forecast

value set at beginning of the dispatch interval. The forecast error is then the difference between

the value of the production data at the beginning and end of the interval. Figure 3-2 — Hour
forecast error used for flex reservesshows how the forecast error is calculated for flex reserves.
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Figure 3-2 — Hour forecast error used for flex reserves
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In other timeframes we need also need a forecast but persistence is not a viable forecasting
method beyond an hour or two. Skill forecasts from weather forecasters are typically obtained
for longer horizons where they perform better than persistent forecast. The historical data used
in this study also includes forecasts made for day-ahead and four-hour-ahead horizons as used in
the NREL studies mentioned earlier. In these cases, the forecast error is simply the difference
between the realized production and the forecasted value. For example the day ahead forecast
error for hourly interval 6-7am the next day is the difference between actual wind production and
forecast value for hourly interval 6-7am.

Forecast errors are bidirectional in that sometime there is an over-forecast and others and under-
forecast. When an over-forecast occurs, up reserves are need to cover the shortfall. When an
under-forecast occurs, down reserves are required to make room for the additional wind energy.

A statistical analysis was performed to find the best explanatory variable for the wind forecast
error. That variable was found to be the value of wind production. In other words, forecast error
is a function of production level.

Once the forecast errors have been determined, the errors are binned into deciles based on the
associated production values. Once those values are assembled, a representative statistic is
chosen to determine how much of the possible forecast error is to be covered by the reserve. For
instance, a 95% confidence interval could be applied to each bin to find the level of reserves that
would cover 95% of all forecast errors seen in each bin. There are separate levels for up and
down reserves.

Figure 3-3 shows the results of these calculations for regulating reserves for an example area
containing 3675 MW of wind. This example assumes 5 minute dispatch with a five minute delay
on the forecast as shown in Figure 3-1. Note the shape of the curves with the peak value in near
the middle of the production range. This is because wind plant output is most variable in the
middle of their power curve with less variability low and high output.
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Figure 3-3 — Example regulation requirements for 3675MW of wind

With these curves determined, it is a straight forward process to calculate the regulation reserve
requirement for any production level in the range.
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In the same way, flex reserve requirements can be calculated from the hour-ahead forecast errors.
The same procedure is applied, binning the forecast error by deciles of production cost and
choosing a confidence interval appropriate for the flex reserve timeframe.

Figure 3-4 shows the flex reserve calculations for the same set of wind plants shown in Figure
3-3. For this example, we have used 70% confidence interval. The confidence level is lowered
in the flex calculation because it is assumed that offline resources can be brought online in the
flex reserve timeframe, so not all of the flex reserve is required to be spinning. Note that this
study has chosen to use a 95% confidence interval for all reserve types.
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Figure 3-4 - Example flex reserve calculations

The effect of varying the confidence interval on regulation can be seen in Figure 3-5. As
coverage moved towards 100% the regulation requirement goes up dramatically since we are
seeking to cover more and more tail events. Requirements for 99% coverage can be as much as
200% of those for 95% coverage in some ranges.
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Figure 3-5 - Effect of various confidence intervals on regulation requirements

Solar Reserve Procedures

The procedure for wind described in the previous section is simple and straight forward to
implement so it would be a natural candidate to use for solar resources as well. However, this
approach leads to very excessive reserve requirements. In the case of solar, the interval to
interval change in the solar output is dominated by the movement of the sun, a perfectly
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predictable phenomenon. The reserves we are discussing here are meant to cover variability and
uncertainty of the resource so it is inappropriate to cover these predictable changes with
regulation and flex. Instead, the daily pattern of solar generation can be taken into account by
the unit commitment, committing the solar resources based on that pattern. For solar, a method
is needed that can separate the uncertainty and variability from the perfectly forecastable.

Ideally, we would have method for forecasting what the value of the output would be in the next
interval if nothing changed about the sky conditions except the sun’s position. To this end, we
introduce the concepts of clear sky power and solar power index (SPI). Clear sky power is the
production one would expect from a given solar plant with perfectly clear conditions. This
power can be calculated for every interval of interest in advance based on a plant’s location.

The SPI is an index that we can define at each point in time that is the ratio of the actual plant
output to the clear sky power. This represents the fraction of possible output from the plant at
time (t).

Plant Output(t)
Clear Sky Power(t)
By assuming that the SPI is constant over the dispatch interval we can produce a short-term
forecast of what we expect for output at the end of the interval. Once we have a forecast of the
value, we can calculate a forecast error to use in our estimate of reserves. Figure 3-6
demonstrates how this is done.

ACSP(t) = Clear Sky Power(t + 1) — Clear Sky Power (t)
Forecast(t + 1) = Plant Output(t) + SPI(t) X ACSP(t)

SPI(t) =

Forecast
Clear-Sky

Power Forecast

Error

Actual Power

t t+ At

Figure 3-6 - Short-term forecast error for solar using SPI and clear sky power

In the case of wind, wind production was found to be the explanatory variable. In the case of
solar, the current value of output did not adequately predict what the forecast error for the
interval would be. The best explanatory variables were found to be the SPI and the slope of the
clear sky power (ACSP). To generate the statistical description of the solar variability and/or
uncertainty a method analogous to the wind method described above was developed. The SPI
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and clear sky slope ranges are divided into deciles forming 100 bins. For each data point in the
historical sample, the SPI, synchronous clear sky delta and forecast error are calculated and the
forecast error is recorded in the appropriate bin. As with wind, we apply a confidence interval to
each of the bins to determine a reserve level associate with the parameters of the bin.

Since we are using two variables to describe the forecast error the resulting data is 3-
dimensional. Figure 3-7 shows how the up regulation requirement varies for an example area
with approximately SS00MW of solar PV capacity. This example uses a 95% confidence
interval to define the requirement up regulation.

Up Regulation Requirement
o)y

1.07

249

224

199

174

149

124

K

-40 -30 -20 -10 o 10 20 30 40 50 60
Clear-sky Ramp (MW/Minute)

Figure 3-7 — Example up regulation requirements for 5500MW solar PV data at 95% confidence
interval

As with wind, we can use different timeframes to calculate different reserve types. Our example
above calculates regulation using 5 minute dispatch with a 5 minute forecast delay. Using hourly
data we can calculate the flexibility reserve as we did with wind.

Load Reserve Procedures

Limited load forecasting and explanatory variable information was available for this study
making detailed analysis of load forecast error difficult. Multiple approaches were tried, mostly
based on the value of load as the explanatory variable but the results did not correlate well.
Instead an approach using a fixed percentage of load based on the RMSE of the load forecast
was used. It is expected that explanatory variables measuring temperature, change in
temperature and/or humidity would be useful for this analysis but that information was not
available to the study.
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RUC Capacity

Reliability Unit Commitment (RUC) capacity is an extra capacity requirement that must be met
in unit commitment timeframes. This requirement is meant to address longer term forecast error
like day-ahead which can be quite high but does not need to meet in the unit commitment phase
with committed resources.

Earlier attempts to include day-ahead forecast error using the methods described in earlier
sections lead to excessively high reserve requirements that the system had difficulty providing.
The effect those requirements were having on the production cost simulation was examined and
it was seen that the simulation was requiring all of those requirements to be committed and
online in day-ahead timeframe. Those resources could not be de-committed in subsequent
phases regardless of the need for them even with better forecast information available. This lead
to chronic over commitment of resources to cover forecast errors that rarely occur.

This component is a reserve capacity that does not need to be committed in the planning
timeframe. It is just checked to be sure that enough capacity with startup times shorter than the
time horizon of the next planning phase are available. For instance, in the day-ahead unit
commitment there must be enough resources with 4 hour or less start time running with unloaded
capacity or available to started in the 4-hour-ahead commitment phase. In the 4-hour-ahead
commitment, there must be enough quick start turbine capacity in real-time to meet the 4 hour
RUC capacity requirement. This does not imply commitment of those resources, just that they
are available to be committed if required.

In each subsequent phase of the simulation, the timeframes are shorter and the forecast error
improves and can improve dramatically. As forecast error improves, the RUC capacity
requirement decreases. This implies that if commitment decisions are delayed as long as
possible for resources that have short start times, a better more optimal solution can be found.

The RUC capacity is calculated by developing a flex-like reserve for the day-ahead and 4-hour-
ahead timeframes using appropriate forecasts. For instance, the day-ahead RUC capacity
requirement is calculated using the day-ahead load, wind and solar forecasts using procedures for
flex reserves. These reserves are calculated and combined into a single requirement as described
in the following section. So as to not double count the reserves we will hold out, the flex reserve
requirement calculated at each timeframe is subtracted from its raw RUC capacity.

Reserve Calculations

With all the rules for each component of reserves determined we can calculate the reserve
requirements for a particular case for each of the 20 reserve zones shown in Tables 2-2 to 2-4 in
Chapter 2 (these are aggregations of the WI BAs which share reserves). The case specifies a
specific set of VG resources aggregated in a particular way. For each aggregation region in the
model we must calculate the following reserves.

RUC ‘

Capacity FLEX Regulation
Day-ahead X X <
4-hour-ahead | X X X
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‘ Real-time ‘ ‘ Released ‘ X ‘

The regulation calculation for all timeframes uses the short-term forecast rules developed in the
previous sections. Likewise, the flex reserves are based on the hour-ahead rules regardless of the
timeframe. These reserves are calculated by applying the rules with the forecasted values in the
timeframe. This results in regulation reserves that are similar in magnitude in all timeframes and
flex that are similar to each other. As discussed in the previous section, longer term forecast
errors are used to calculate the RUC capacity components.

With the calculation of regulation and flex requirements for load, wind and solar, we need to
combine those into single requirements at each timeframe to apply in the model. We make the
assumption that load, wind and solar variability are independent and thus can be combined
geometrically as the square root of the sum of the squares of each component. This procedure is
performed for both regulation and flex in each timeframe.

Figure 3-8 demonstrates how the load, wind and solar components of the regulation combine to
form the total regulation used in the simulations. The figure shows approximately one day of
data.

Example of Total Reserve Calculation
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Figure 3-8 — Combining regulation reserve components to make the total regulation

Reserve Results
Overview

This section provides a summary of the results of reserve calculations described in the previous
sections for the study areas. The study focuses on the SMUD BA, the remainder of California
and the Northwest zone.

When the reserves are calculated, regulation uses the same rule set for all timeframes using the
best available information for each. The same is true for flex reserves. The four-hour-ahead flex
calculations are done using the same rules as the day-ahead, but the four-hour-forecast data is
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used for those calculations instead of the day-ahead-forecasts. This has the effect of making the
statistics quite similar for both. Because of this, only the 4-hour-ahead flex is reported with the
understanding that the day-ahead is similar. The same is true for regulation.

Reserve Summaries

The following two tables show summaries of reserves for the important study regions in the 33%
and 50% mixes. Table 3-1 contains the summary for the 33% mix. We can see from this data
that the regulation component is the smallest since it covers the smallest time increment, 5
minutes. This is followed by the 4 hour-hour-flex reserve. The 4 hour-ahead RUC capacity is
less than the flex because the 4 hour-ahead load, wind and PV forecasts are accurate enough that
the forecast error less the flex reserve is smaller than the flex reserve itself. Finally, the day-
ahead RUC capacity is the largest, since it is based on the much larger day-ahead forecast error
for load, wind and PV. These levels of reserves are calculated using the assumptions that
regulation is covered at a 95% confidence interval, flexibility reserves are covered at 70%
confidence interval and RUC capacity covers 70% of the forecast errors not covered by
flexibility reserves.

Table 3-1 - Reserve summary for 33% high wind mix

SMUD BA CA_North CA_South Northwest WECC

Real-Time Regulation (Typical of 4HA and DA)

Average | 44 84 183 276 2014
Max 79 153 412 400 2709
4 Hour-ahead Flex Reserves (Typical of DA)

Average | 73 164 402 664 4202
Max 143 288 921 1002 5688
4 Hour-ahead RUC Capacity

Average | 32 32 222 224 1634
Max 102 122 718 561 3088
Day-ahead RUC Capacity

Average | 122 146 361 921 4974
Max 440 555 1353 2259 10268
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Table 3-2 — Reserve summary for 50% mix

SMUD BA | CA_North CA_South
Real-Time Regulation (Typical of 4HA and DA)
Average | 51 87 210
Max 117 164 629
4 Hour-ahead Flex Reserves (Typical of DA)
Average | 76 166 425
Max 211 320 1223
4 Hour-ahead RUC Capacity
Average | 33 34 255
Max 157 157 1160
Day-ahead RUC Capacity
Average | 125 156 471
Max 444 637 3151

Northwest

276
400

664
1003

225
561

923
2259

WECC

2235
3688

4390
8081

1805
5768

5519
15640

Comparing Table 3-2 to Table 3-1 shows a relatively modest change in the average reserve

requirements in each of the zones except California_South. In most of the zones, the incremental
PV resources are not large enough for the solar component of the reserves to dominate the wind

and load. This is not the case in California_South were the incremental PV is larger than the

wind and load reserve components.

Table 3-3 and Table 3-4 show greater detail of the reserve requirements for the SMUD BA.
These provide a monthly analysis as well as providing additional statistics about each reserve,

with confidence intervals as specified above. Figure 3-9 illustrates the meaning of the probability
values in the tables using the annual real-time regulation for SMUD BA.
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Figure 3-9 - lllustration of distribution points
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Table 3-3 - Detailed SMUD BA reserves for 33% high wind mix

Jan | Feb Mar Apr Ma
Real-Time Regulation

Average 45 (45 |49 48 |43
50th 45 |42 |50 47 | 41
(median)

95th 62 |65 |69 67 |61
99th 66 |68 |75 74 |71
100th 74 |74 |78 78 |79
4 Hour-ahead Regulation (Typical of DA)
Average 43 (43 |48 47 | 42
50th 4 |41 |49 46 | 41
(median)

95th 60 |63 |69 65 |58
99th 64 |66 |72 71 | 68
100th 71 |73 |78 74 |76
4 Hour-ahead Flex Reserves (Typical of DA)
Average 73 |73 |80 77 |69
50th 72 | 66 |81 76 | 67
(median)

95th 102 | 107 | 111 | 107 | 101
99th 108 [ 115 [ 115 | 112 | 112
100th 113 | 143 [ 125 | 117 | 120
4 Hour-ahead RUC Capacity

Average 34 |36 |41 41 31
50th 36 |31 |44 41 |29
(median)

95th 62 |65 |66 65 |60
99th 68 |87 |82 87 |67
100th 8 | 100 | 102 |98 |91
Day-ahead RUC Capacity

Average 135 [ 140 | 185 | 126 | 112
50th 135 ({86 |[162 |123 | 101
(median)

95th 293 | 404 | 399 | 308 | 227
99th 389 | 411 | 415 | 389 | 314
100th 419 | 424 | 440 | 429 | 362

Jun Jul
43 44
42 44
57 58
62 62
70 68
42 44
42 44
54 56
59 59
64 65
70 76
70 75
94 100
99 106
104 | 112
27 28
26 27
53 51
60 59
67 80
110 | 106
91 95
233 | 192
307 | 259
332 | 304

Aug

41
40

54
59
68

40
40

53
56
59

70
68

95
104
107

23
22

48
58
71

96
80

207
276
335

NI

42
39

64
70
79

41
39

63
68
75

70
65

107
114
122

26
23

59
63
67

929
74

325
409
439

Oct Nov Dec Annual

41
40

58
65
68

41
39

56
63
67

67
64

99
109
115

29
26

58
64
84

920
75

237
298
391

43
44

62
67
73

42
42

60
65
71

70
71

101
109
112

32
33

61
73
95

124
129

268
342
413

47
47

67
69
77

46
46

67
69
75

78
78

110
115
129

37
40

62
66
80

141
120

390
405
421

44
43

64
69
79

43
42

62
69
78

73
70

105
112
143

32
29

62
70
102

122
97

317
404
440
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Table 3-4 - Detailed SMUD BA reserves for 50% mix

Jan Feb Mar | Apr | May Oct Nov Dec Annual
Real-Time Regulation
Average 51 |51 |58 56 |49 50 |52 |46 |47 |48 |49 [53 |51
50th (median) | 50 | 50 | 56 53 | 47 47 (48 |44 |44 (45 |46 |52 |48
95th 82 (85 |90 9 |78 81 |78 |66 |73 |76 |83 |8 |83
99th 93 196 |99 929 | 9%4 92 |91 |79 |89 |87 |95 |95 |95
100th 111 | 105 | 110 | 109 | 105 | 100 |98 |97 | 114 | 112|110 | 117 | 117
4 Hour-ahead Regulation (Typical of DA)
Average 49 |50 |57 55 |48 49 |51 |46 |46 |47 |48 |52 |50
50th (median) | 47 | 48 | 55 52 | 46 47 |48 |45 (44 |44 |45 |49 |47
95th 81 |84 |89 88 |74 75 |76 |64 |66 |75 |82 |8 |80
99th 8 (97 |97 97 |92 90 |83 |72 |82 |84 |93 |95 |93
100th 101 | 100 | 102 | 102 | 104 (96 |95 |80 | 104 |89 | 101 | 100 | 104
4 Hour-ahead Flex Reserves (Typical of DA)
Average 78 |77 | 84 81 |72 73 |79 |72 |74 |71 |75 |82 |76
50th (median) | 76 | 70 | 86 80 |71 72 |78 |70 |68 |68 |73 |81 |74
95th 109 | 116 | 119 | 113 [ 102 (99 | 106 |98 | 113 | 103|109 | 115|110
99th 167 | 172 [ 161 | 155 [ 117 | 107 | 111 | 107 | 161 | 153 | 163 | 168 | 157
100th 178 | 211 | 181 | 172 | 130 | 115 | 118 | 115 | 179 | 162 | 210 | 183 | 211
4 Hour-ahead RUC Capacity
Average 35 |36 |43 43 |31 28 (29 |24 |26 (30 |32 |38 |33
50th (median) | 37 |33 |46 42 |29 26 |27 |21 |23 |27 [33 |40 |30
95th 63 |70 |72 73 | 61 56 |56 |55 |59 |61 |63 |64 |64
99th 75 | 88 |88 9% |70 81 |79 |76 |67 |82 |75 |78 |83
100th 153 | 151 [ 113 | 151 [ 141 | 117 | 157 |98 | 149 | 148 | 101 | 103 | 157
Day-ahead RUC Capacity
Average 136 | 142 | 190 | 131 | 114 | 113 | 112 |98 | 101 |97 | 124 | 141 | 125
50th (median) | 132 | 86 | 167 | 125 | 106 |93 | 100 (81 |75 |78 |[127 | 120 | 102
95th 293 | 402 | 400 | 318 | 233 | 250 | 219 | 210 | 300 | 247 | 272 | 390 | 318
99th 382 | 428 | 420 | 385 | 313 | 307 | 259 | 276 | 409 | 299 | 343 | 406 | 404
100th 419 | 439 | 444 | 439 | 364 | 373 [ 304 | 332 | 439 | 391 | 413 | 421 | 444

Figure 3-10 shows relationships between the reserve components for the SMUD BA through
duration plots. Each reserve is shown as a curve indicating the percentage of hours in the year
that the reserve exceeds a particular value. Comparing the two mixes, we can see that the plots
are quite similar except near 0% where the regulation, flex and 4HA RUC curves all have
increase in the 50% mix. This is due to the effect of the additional PV in the 50% mix. There is
not a great difference in the DA RUC as wind forecast error dominates this component.
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Figure 3-10- Duration curves for the SMUD BA reserve components

Figure 3-11 shows the duration plots for the aggregate California zone. This zone includes all
balancing authorities in California including the SMUD BA. Their resources are aggregated
together before the calculation of the reserve requirements. There is a more obvious change
between the two mixes in this case. For all of California, there is a large change in the PV such
that the PV components start to dominate the calculations.
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Figure 3-11 - Duration curves for aggregated California zone reserve components

Figure 3-12 shows the duration plots for the Northwest zone aggregated with the SMUD BA.
This zone contains all BAs in Washington and Oregon as well as the SMUD BA. Note that the
mixes are almost identical. This is because the Northwest zone is heavily dominated by wind
resources. The wind in resources in the 33% and 50% mixes are identical. With small increases
in the PV in the 50% mix the calculations are dominated by wind so little change is seen.
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Figure 3-13 shows duration curves for the load, wind and PV components of the total regulation
requirement for the SMUD BA and compares the 33% and 50% mixes.
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Figure 3-13 - Regulation reserve components duration curves for the SMUD BA
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4 MODELING VALUE OF IOWA HILL: WESTERN
INTERCONNECTION DATABASE

Introduction of Western Interconnection Database

The Region used for the simulations in this study is the Western Interconnection (WI). The
WECC TEPPC 2022 database is translated into PLEXOS. The database covers power systems in
39 load regions in the west coast of United States, plus provinces of British Columbia and
Alberta in Canada, and Comision Federal de Electricidad (CFE) in northern Mexico as shown in

Figure 4-1.
Legend
AESO Alberta Electric System Operator
APS Arizona Public Service
AVA Avista
BCTC British Columbia Transmission Corp
BPA Bonneville Power Administration
CFE Comision Federal de Electricidad

CHPD Chelan Co PUD

DCPD Douglas Co PUD

EPE El Paso Electric

FarEast Far East (Idaho Power)

GCPD Grant Co PUD

D Imperial Irrigation District

LDWP Los Angeles Dept of Water & Power
Magic Vly Magic Valley (Idaho Power)
NEVP Nevada Power

NWMT Northwestern Montana

PACW PacifiCorp West

PACE ID PacifiCorp East — Idaho

PACE UT PacifiCorp East — Utah

PACE WY PacifiCorp East — Wyoming
PG&E Bay Pacific Gas & Electric Bay Area
PG&E VLY Pacific Gas & Electric Valley Area

PGN Portland Gen Electric

PNM Public Service New Mexico
PSC Public Service Colorado (Xcel)
PSE Puget Sound Energy

SCE Southern California Edison
SCL Seattle City Light

SDGE San Diego Gas & Electric
SMUD Sacramento Municipal District

SPP Sierra Pacific Power
SRP Salt River Project
TEP Tucson Electric Power

TIDC Turlock Irrigation District

TPWR Tacoma Power

TreasVly Treasure Valley (Idaho Power)

WACM Western Area Power Admin Colorado/Missouri
WALC Western Area Power Admin Lower Colorado
WAUW Western Area Power Admin Upper Missouri

Figure 4-1 Diagram of the WI Load Regions

The Balancing Authority Areas (BAA) in the WI operates independently in term of unit
commitment meeting their demands while performing the economic exchange with each other.

The WI network is represented by

e Over 17,000 buses

e Over 22,000 transmission lines (1045 lines are enforced)
e 91 interfaces (enforced) and 33 Nomograms (enforced)

The generation facilities consist of
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e Over 3,700 generators (including renewables)

e 8 existing Pumped-Storage Hydro Plants (20 units)

e 3 New Pumped-Storage Hydro Plants (11 units)

The gas price is = $4.6/mmBTU.

The forecasted energy and peak for the W1 in year 2022 are

e Energy Demand for the WI = 997,514 GWh; Energy Demand for the USA part in the WI is
798,332 GWh;

e Coincident Peak for the WI = 168,972 MW, Coincident Peak for the USA part in the W is
146,718 MW.

The forecasted energy demand includes the transmission losses® °.

The various renewable energy mix assumptions for the USA part of the WI for year 2022 are
described in Chapter 2 for different scenarios

Data readiness for the simulations
Regional load representation

The day-ahead (DA) and hour-ahead (HA) load forecasts and 5-min actual loads in year 2020 are
received from PNNL for the WECC VGS study”. The load forecasts and actual loads in year
2020 are translated to year 2022 with the weekly patterns synchronized in these two years. Then
the DA and HA load forecasts and the RT 5-minutes actual loads in year 2022 are scaled by the
peak ratios between year 2022 and year 2020. The peak ratios are calculated using the load
regional peaks in the WECC TEPPC 2020 and 2022 database documents™. Load information is
given in Chapter 2 for each region.

Renewable Generation Profile Representations

The wind and solar hourly day-ahead (DA) and 4-hour-ahead (4-HA) generation forecasts and
the real-time (RT) 5-min actual generations in year 2022 are generated by EPRI and its
subcontractor. The wind and solar generation forecasts and actual generation profiles in year
2022 are generated from year 2006 with the weekly patterns synchronized in these two years.

Contingency, Flexibility and Regulation Reserve Representations
Contingency Reserves

The requirements of contingency reserves, i.e. spinning and non-spinning reserves are defined
for eight spinning reserve sharing groups. The mapping between the eight spinning reserve
sharing groups and the thirty-nine balancing authorities in W1 is specified in the following table.

>WECC TEPPC, “Assumptions Matrix for the 2020 TEPPC Dataset.pdf’, 2020

¥ WECC TEPPC, “2022_CommonCase_InputAssumptions.doc”, 2022

* Matt Hunsaker, Nader Samaan, Michael Milligan, Tao Guo, Guangjuan Liu, Jake Toolson, “Balancing Authority
Cooperation Concepts to Reduce Variable Generation Integration Costs in the Western Interconnection: Intra-Hour
Scheduling ”, WECC Variable Generation Subcommittee project report, march 29, 2013
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Spinning Reserve Sharing Group

AESO

Load Region

AESO

AZNMNV

APS

EPE

NEVP

PNM

SRP

TEP

WALC

BASIN

FAR EAST

MAGIC VLY

PACE_ID

PACE_UT

PACE_WY

SPP

TREAS VLY

BCH

BCH

CALIF_NORTH

PG&E_BAY

PG&E_VLY

SMUD

TIDC

CALIF_SOUTH

CFE

11D

LDWP

SCE

SDGE

NWPP

AVA

BPA

CHPD

DOPD

GCPD

NWMT

PACW

PGN

PSE

SCL

TPWR

WAUW

RMPP

PSC

WACM

Table 4-1 Mapping of the load regions and the contingency reserve sharing groups
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The spinning reserve requirement in a contingency reserve sharing group is 3% of the
load in the group. In the detailed simulations for SMUD-CA-NW region described later,
the SMUD BA contingency reserve requirements are separated from the rest of Northern
California. The spinning reserve is provided by the eligible on-line generators in the
group. The eligible generators to provide the spinning reserve are specified by generator
type in Table 4-1.

The non-spinning reserve requirement in a contingency reserve sharing group is 3% of
the load in the group. The non-spinning reserve is provided by the eligible on-line
generators and the off-line quick startup generators in the group. The eligible generators
to provide the non-spinning reserve are specified by generator type inTable 4-2.

Flexibility and Regulation Reserves

The hourly flexibility and regulation reserve requirements for the DA, 4-HA simulations
and the 5-min regulation reserve requirements for the 5-min RT simulations in year 2020
are generated as described in Chapter 3 for the base, high-wind and high-mix renewable
scenarios’.

The flexibility and regulation reserve requirements are defined for twenty flexibility /
regulation reserve sharing groups, which correspond to those shown in Chapters 2 and 3.
The mapping between the twenty flexibility / regulation reserve sharing groups and the
thirty-nine load regions is specified in the following table.

® Lew, D., Brinkman, G., Ibanez, E., Florita, A., Heaney, M., Hodge, B.-M., Hummon, M., Stark,
G., King, J., Lefton, S., Kumar, N., Agan, D., Jordan, G., Venkataraman, S. (2013). “The Western
Wind and Solar Integration Study Phase 2”, NREL/TP-5500-55588. Golden, CO: National
Renewable Energy Laboratory
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Table 4-2: Mapping of the load regions
and the regulation / flexibility reserve

sharing groups

Flex/regulation Reserve

Sharing Group

Alberta

Arizona

British Columbia
California, North

California, South

Colorado

Idaho

11D
LDWP
Mexico (CFE)

Load
Region
AESO
APS
SRP
TEP
WALC
BCH

PG&E_V
LY

TIDC
SCE
PSC
WACM

FAR
EAST

MAGIC
VLY

PACE _I
D

TREAS
VLY

11D
LDWP
CFE

Flex/regulation Reserve
Sharing Group

Montana

Nevada, North
Nevada, South

New Mexico

Northwest

San Diego

San Francisco

SMUD

Utah

Wyoming

Load
Region
NWMT
WAUW
SPP
NEVP
EPE
PNM
AVA
BPA
CHPD
DOPD
GCPD
PACW
PGN
PSE
SCL
TPWR
SDGE

PG&E_B
AY

SMUD
BA

PACE U
T

PACE W
Y
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Adjustable Speed PSH Representation

There are eight existing Fixed Speed PSH (FS PSHs) plants in the WI. The existing
PSHs can pump only at the full pumping capacity. Therefore, the existing FS PSHs
cannot provide regulation reserve in the pumping mode. In the generating mode, the
existing FS PSHs have the minimum generating capacity at 70% of their maximum
generating capacity. Therefore the existing FS PSHs can provide reserves in the
dispatchable generating capacity range of 30% of the maximum generating capacity in
the generating mode. There are three proposed Adjustable Speed PSHs (AS PSHs) to be
built in California and its adjacent areas. The table below provides key technical
characteristics of the three PSH projects as they were specified in PLEXOS simulation
runs. Please note that these projects are still in planning stage and final project
characteristics may be different.

Properties IOWA HILL EAGLE SWAN LAKE
MOUNTAIN North

Units 3 4 4

Max Cap per Unit 133 350 345

MW)

Min Cap per Unit 39.9 105 103.5

MW)

Max Pump Load 133 350 345

MW)

Min Pump Load 79.8 210 207

MW)

Upper Storage (GWh) | 5 25.5 10

Lower Storage (GWh) | 5 25.5 10

Cycle Efficiency 80.472% 80.472% 80.472%

Connected Bus 37001 _CAMINO | 28195 Red Bluff | 45035 CAPTJA

S (230KV) (500KYV) CK (500KV)

Table 4-3 Characteristics of three proposed adjustable speed PSHs

The AS PSHs have the minimum pumping capacity at 70% of the maximum pumping
capacity. Therefore the AS PSHs can provide reserves in the dispatchable pumping
capacity range of 30% of the maximum pumping capacity in the pumping mode. The AS
PSHs have the minimum generating capacity at 30% of the maximum generating
capacity. Therefore, the AS PSHs can provide reserves in the dispatchable generating
capacity range of 70% of the maximum generating capacity in the generating mode.

The location and installed capacity of the existing FS and proposed AS PSHs are
summarized in the following table.
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Location Number Total

Spinning Reserve | Regulation Reserve

Generator Type

Region Sharing Group Sharing Group of Units Capacity

Cabin PSC RMPP Colorado 2 324 Fixed Speed

Creek

Castaic LDWP CALIF_SOUTH | LDWP 6 1175 Fixed Speed

Eastwood SCE CALIF_SOUTH | SCE 1 199 Fixed Speed

Elbert WACM RMPP Colorado 2 200 Fixed Speed

Helms PG&E_VLY CALIF_NORTH | PG&E Valley 3 1212 Fixed Speed

Horse Mesa | SRP AZNMNV Arizona 3 96 Fixed Speed

Lake Hodge | SDGE CALIF_SOUTH | SDGE 2 40 Fixed Speed

Mormon SRP AZNMNV Arizona 1 50 Fixed Speed

Flat

Eagle SCE CALIF_SOUTH | SCE 4 1400 Adjustable

Mount Speed

Iowa Hill SMUD CALIF_NORTH | SMUD 3 399 Adjustable
Speed

Swan Lake | BPA NWPP NWPP 4 1380 Adjustable
Speed

Grand Total 31 6475

Table 4-4 Locations and Installed Capacity of the Existing FS PHS and Proposed AS PSHs
in WI

Reciprocating Engine Representation

Reciprocating engines were also represented in the model for comparison as a nother
balancing resource. Reciprocating generators are designed to cover the load and
renewable generation variability and uncertainty. Under hot start conditions, a
reciprocating generator can achieve full power in 5 minutes after receiving the startup
instruction. And its ramp up and down rate is 3.6 MW/min. The minimum and
maximum generating capacities are about 3 MW and 9 MW respectively. Due to its short
startup time and fast ramp rate, the reciprocating generators are adequate energy
balancing resources. In this study, the reciprocating generators are modeled as one of the
alternative energy balancing resources. Since the reciprocating generators would not be
able to absorb excess renewable generations, its energy balancing capability is not as
strong as the pumped storage generators.

In the simulations, one generator is created to model three reciprocating generators with
minimum and maximum capacity of 10.821 MW and 27.405 MW respectively. The
ramp rate is 10.95 MW/min and the heat rate blocks represent non-linear heat rates
ranged from 10,196 Btu/kWh to 8640 Btw/kWh. The minimum up and down time is 0.5
hour and 0.1667 hour respectively.

Data Assumption Revisions

The WI database of year 2022 is translated from the WECC TEPPC 2022. A few data
revisions were performed to ensure that the assumptions in the database are close to the
real world. The data revisions are listed in the following table.
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Items
1

| Revision Descriptions
The existing FS PSHs are changed to be
modeled by individual unit

Notes

2

The Min Pump Capacity is changed to be the
Max Pump Capacity for the existing FS PSHs

The existing PSHs cannot
provide reg in pumping mode.

The Min Generating Capacity is changed to
be 70% of the Max Generating Capacity for
the existing FS PSHs

The Min Generating Capacity is changed to
90% of the Max Generating Capacity for the
nuclear generators

The Economic Demand Responses are
modeled as dispatchable with the dispatch
prices in the range of $500/MWh and zero
minimum capacity

The Interruptible Demand Responses are
modeled as dispatchable with the dispatch
prices in the range of $1,200~$1,872/MWh
and zero minimum capacity

Un-served energy penalty price is changed to
$3,500/MWh. And the dump power price is
changed to: - $100/MWh

Regulation reserve shortfall penalty price is
set to $1,100/MW

Spinning reserve penalty price is $900/MW

Non-spinning reserve shortfall penalty price is
set to $700/MW

11

Flexibility up reserve shortfall penalty price is
set to $600/MW

11b

Flexibility down reserve shortfall penalty
price is set to $10/MW

12

Transmission line and interface limit penalty
price is changed to $6,000/MWh

13

All Co-gen generators cannot provide reserves

14

Fixed hydro generation profiles and
renewable generation profiles can be curtailed
at the penalty price of: -$22/MWh

15

Three-Block Heat Rate (HR) curves are
created for generators of CC, Coal and CT, by
escalating the HR curves from the NREL
WWSIS Phase 2 study with the ratio of HR at
Max Capacity in the TEPPC database over
the HR at Max Capacity from NREL WWSIS
phase 2 Study.

See the rest of this subsection
for details

16

The start cost of CCs and CTs is determined
by only the start-up fuel cost from the TEPPC
database. The start cost of other thermal
generators is determined by the start cost
from the TEPPC database.

Table 4-5 Assumptions revisions in the database
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Further generator characteristic revisions are listed in the following table. Their
eligibilities to provide different types of reserve are listed in the table as well. The yellow
marked cells indicate the data revisions.

Table 4-6: Generator Characteristic Revisions and Eligibility for the Reserve Provisions

Min Capacity (% Provide

Provide Spin Provide 60-min

Generator Type of Max Cap) Regulation? |non-Spin ?  Flexibility Reserve
Biomass RPS 31

CC Cogen 51.7

CC Frame F 53.2 Yes Yes Yes
CC Frame G 48.3 Yes Yes Yes
CCG+H 55.0 Yes Yes Yes
CC Old 57.1

CC Recent 53.2 Yes Yes Yes
Coal Cogen 55

Coal Large Old 80 Yes Yes Yes
Coal Large Recent 80 Yes Yes Yes
Coal Small 70

Coal Small Old 70

Coal Small Recent 70 Yes Yes Yes
Coal SuperC 80 Yes Yes Yes
Conventional Hydro ~44 Yes Yes Yes
Conventional Hydro Fixeddispatch -

CT Cogen 43

CT Future Yes Yes
CT Large Yes Yes
CT LM 6000 50 Yes Yes
CT Old Gas Yes Yes
CT Old Oil Yes Yes
CT Small Yes Yes
[Demand CHP 99

Econ DR 0

Geothermal 50

1C 23 Yes Yes
Interrupt. DR 0 Yes Yes
[Negative Bus Load -

[Nuclear 90

Other Steam 34 Yes Yes
PC Cogen 50

PC Steam 8 Yes Yes
Fixed Speed Pumped Storage 70 Yes Yes Yes
Pumping Load -

Small Hydro RPS -

Small Hydro RPS Fixeddispatch -

Solar -

Steam Cogen 30

Steam Large Old 80 Yes Yes
Steam Large Recent 80 Yes Yes
Steam Small Old 70 Yes Yes
Steam Small Recent 70 Yes Yes
[Wind -

[Adjustable Speed Pumped Storage 30 Yes Yes Yes

68




For the generators of Coal, CC and CT, the heat rates are defined at the 50%, 80% and
100% of the max capacities. In the simulation, the heat rates are linearly interpolated for
the load points at 50%, 80% and 100% of the max capacities. In reference®, the typical
average heat rate curves derived from the Continuous Emission Monitoring System
(CEMS) are shown in Figure 4-1.

12.00
11.50
11.00

10.00 .
i [
[)ISU \\'_“‘.H. L{Jdl

Average heat rate [mmbtu/MWh)

9.00 —.=cc

8.50 cT

800 =+ =—(Gassteam
7.50

7.00

0.4 0.5 (.6 0.7 (.8 0.9 1.0

Fraction of maximum generation

Figure 4-1 The Average Heat Rates for Coal, CC, CT and Gas Steam Generators’.

These generator heat rate curves are scaled by the average heat rate at the maximum
capacity from the WECC TEPPC 2022 database before being applied to the generator
heat rates in the database for this study.

The non-spinning reserve requirements for eight contingency reserve sharing groups are
changed to 3% of the loads in the contingency reserve sharing groups. The CT
generators with the max capacity equal to or less than 100 MW can provide the non-
spinning off-line.

Maintenance and Forced Outage Modeling

The maintenance outages are scheduled by the PLEXOS Projected Assessment of Supply
Adequacy module (PASA) to level the regional capacity reserve margin over the days in
year 2022 by using the user-defined maintenance rates and durations. The forced outages
are generated by using random draws on the user-defined annual forced outage rates and
durations.

®D. Lew and G. Brinkman, National Renewable Energy Laboratory, N. Kumar, P. Besuner, D.
Agan, and S. Lefton, Intertek APTECH, “Impacts of Wind and Solar on Fossil-Fueled
Generators”, Presented at IEEE Power and Energy Society General Meeting, San Diego,
California July 22—26, 2012

" D. Lew and G. Brinkman, National Renewable Energy Laboratory, N. Kumar, P. Besuner, D.
Agan, and S. Lefton, Intertek APTECH, “Impacts of Wind and Solar on Fossil-Fueled
Generators”, Presented at IEEE Power and Energy Society General Meeting, San Diego,
California July 22—-26, 2012
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After a forced outage occurs in few hour, the system operator will revise the unit
commitment to ensure that the spinning reserve deployed to cover the forced outage
while bring the reserve provision back to the requirement level. To model this operation
practice, in the DA and HA, the maintenance outage and forced outages are modeled but
the forced outage start intervals are postponed 5 hour. In the 5-min RT simulation, the
maintenance outages and the forced outages with the original start intervals are modeled.

Analysis of fossil generation cycling costs included in model

A key lesson learned in many variable generation studies is that, with increased levels of
variable generation, fossil plant will be cycled significantly more. Cycling here is defined
as either ramping between minimum and maximum output or starting/stopping a given
unit. There is good evidence that this behavior induces costs for the generator. These
costs may be due to a combination of increased maintenance, increased outage rates,
reduced efficiency and reduced lifetimes. Some of these costs are capital in nature as they
may mean an increased amount of plant maintenance or overhauls, or even retrofits. With
increased levels of wind and PV, this cycling behavior and wear and tear damage is likely
to increase. Several studies are underway to quantify this and improve knowledge in the
area, most notable the Western Wind and Solar Study Phase II, conducted by NREL.®
That study used work done by Intertek/Aptech which quantifies wear and tear and fuel
costs separately for different cycling operations, particularly ramping and start/stop
behavior. The costs are then in included in a Plexos model of the Western
Interconnection so that both the fuel and wear and tear impact of increased fossil cycling
is accounted for in the modeling results. The modeling approach used here is very similar
to the one employed by that study, with similar methods for reserves, multi stage
modeling, etc. as outlined elsewhere in this report.

The purpose of this section is to describe analysis carried out in this project to identify the
inputs which should be used. There is a number of different cost numbers available to
represent cycling costs for the Western Interconnection. The Transmission Expansion
Planning Policy Committee (TEPPC) production cost cases have fuel and energy costs
lumped together. Additionally, the Intertek/Aptech report produced for the NREL study’
has outlined mean lower bound estimates for the cost for different generator types.
Finally, there are other datasets where fuel-only start and shut down costs are used. Note
that this study will not include any other cycling costs other than hot start costs. Ramping
and warm or cold hot starts would add significantly to modeling burden and would likely
not materially impact results so they were not utilized.

To investigate the different assumptions and how they impact on total start costs, hot start
costs were examined for a variety of unit types for different assumptions before deciding
on a final figure which, in the opinion of the project team, made most sense and lined up
closest with existing experience. The first numbers examined were the costs implied in
the APTECH report. Firstly, start fuel costs are calculated based on the fuel used; with
gas priced between $4-$7/mmBtu, depending on location and time of year (for example,
the SMUD BA prices assumed were $4.3 - $6.5). This is shown as an average of all

® See “Western Wind and Solar Integration Study Phase II”, available at
http://www.nrel.gov/electricity/transmission/western_wind.html
° See http://www.nrel.gov/docs/fy120sti/54864.pdf
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generators across the Western Interconnection in the blue bar in Figure 4-2. The red bar
shows wear and tear costs. APTECH define these per MW of installed capacity, with
only a lower bound given for public us, which is shown here. As shown, particularly in
the case of coal and CTs, the start costs for fossil plant are based significantly on wear
and tear costs.

S$/MW capacity

CC Recent
Coal Cogen
Coal Large Old
CT Future
CT Old Gas
CT Old Oil
CT Small
Other Steam
PC Cogen

PC Steam
Steam Cogen

Coal Large Recent
Coal Small

CCFrameF
CCFrame G

Coal Small Old
Coal Small Recent
Coal SuperC

CT LM 6000
Steam Large Old
Steam Small Old

Steam Large Recent
Steam Small Recent

B APTECH Fuel (§/MW) B APTECH Wear and Tear (S/MW)

Figure 4-2: Start costs assumed based on APTECH report

The next step was to examine the costs already included in the Plexos database. One
thing which was noted is that, instead of using coal price numbers for starts, gas prices
should be used. Therefore, this was done for both the APTECH wear and tear costs and
those already in the TEPPC database. Wear and tear costs were taken from both case —
APTECH and Plexos, and added to fuel costs already in the database. This is shown in
Figure 4-3. This shows why the datasets available needed to be examined some more. In
the TEPPC model, there is both a start cost (in $/start) and a fuel usage (in mmbtu/start).
Combining these should get the total cost, and it may be assumed that the start cost
represents some wear and tear. The orange column in Figure 4-3 shows the ‘fuel only’
costs. What is clear here is that, for coal at least, this likely includes some component of
wear and tear, as coal units are almost 10 times more expensive to start than a CC based
on fuel costs, which does not seem likely. However, when TEPPC costs for starts not
including fuel are included it can be seen that they more closely resemble the APTECH
costs, which are based on experience from hundreds of generators over a long time
period. The difference in costs between CC/CT and coal does not seem reasonable

It was decided that APTECH wear and tear costs be used for CT and coal, and added to
the existing fuel cost to give the blue bars. For the coal units, it was assumed that the fuel
usage was gas, whereas the wear and tear was that used in the existing dataset. Therefore,
the numbers shown here were used as inputs to the model.
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Figure 4-3: Comparison of total costs between existing numbers and APTECH numbers,
based on gas being used as start fuel for coal plants. The final database used the blue
bars for the gas plants and purple bars for coal generation

72



5 MODELING METHODOLOGY FOR STUDYING
PUMPED HYDRO STORAGE

This chapter describes the overall methodology employed, in terms of how the PLEXOS
model is setup. Included in this is description of the PLEXOS unit commitment and
economic dispatch, the 3 stage modeling approach and transmission expansion. As some
of these contributions are relatively new to this study, they are described here.

PLEXOS SCUC/ED algorithm

PLEXOS’ Security Constrained Unit Commitment (SCUC) algorithm consists of two
major logics: Unit Commitment using Mixed Integer Programming and Network
Applications. The SCUC / ED simulation algorithm is illustrated in the following figure.

Resource Schedules
in 24 hours
for DA, HA simulations,
or in 5-min
for RT simulations

Violated Transmission
Constraints

Figure 5-1 PLEXOS Security Constrained Unit Commitment and Economic Dispatch
Algorithm

The unit commitment and economic dispatch (UC/ED) logic performs the Energy-AS co-
optimization using Mixed Integer Programming enforcing all resource and operation
constraints. The UC/ED logic commits and dispatches resources to balance the system
energy demand and meet the system reserve requirements.

The resource schedules from the UC/ED are passed to the Network Applications logic.
The Network Applications logic solves the DC-OPF to enforce the power flow limits and
nomograms. The Network Applications logic also performs the contingency analysis if
the contingencies are defined. If there are any transmission limit violations, these
transmission limits are passed to the UC/ED logic for the re-run of UC/ED. The iteration
continues until all transmission limit violations are resolved. Thus the co-optimization
solution of Energy-AS-DC-OPF is reached.
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The same algorithm for the SCUC/ED is used by many ISO market scheduling software
(some ISO market scheduling software may use AC-OPF in the Network Applications).

One of the advantages of the MIP algorithm is its transparency. Any cost component or
constraint in the MIP formula can be examined and explained.

The MIP mathematical formulation for the Energy-AS-DCOPF-PSH co-optimization can
be illustrated by the following formula.

w31

AS
t t t t t—1 t t
Cx "Gk + SC * (uk — Uy ) + Z asCy s aSk,as]}
t=1 \k=1

as=1

Subject to

K L M
z gk +effg Gpsn = Z load| + pump,,g, + Z losst, V¢,
k=1 =1 m=1

(Energy Balance Constraint)

sto' = sto"™! — gi, ., + ef f, - pumpy,, Vt,

(PSH Storage Balance Constraint)

t t,min
ASy as = ASqs Vt, as,

N=

k=1
(AS as Requirement Constraints)

ne S asp g < ast™* vt as k,

t,
ask,as k,as

(Generator k AS capacity Constraints)
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(Generation and AS Capacity Constraints)
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(Generation and AS Ramp Capacity Constraint)
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(Transmission line j Limit Constraints )
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Generator Chronological Constraints

Resource Constraints

User-Defined Constraints
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t,min
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t,min
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t,min
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aSk,as

PTDF].C’k

- Generation from generator k at interval t;
- Generation cost of generator k at interval t;

- Unit commitment status of generator k at interval t; 1=on-line, O=off-

- Startup / shut down cost of generator k at interval t;

- AS provision from generator k to AS as at interval t;

- AS provision cost of generator k to AS as at interval ¢;
- PSH generating efficiency;

- PSH pumping efficiency;

- PSH generation at interval ¢;

- PSH pump at interval t;

- Load at bus [ at interval t;

- Transmission losses of line m at interval t;

- Min capacity of generator k at interval ¢;

- Max capacity of generation k at interval t;

- Max ramp up / down rate;

- Min AS requirement for AS as at interval t;

- Min AS provision of generator k for AS as at interval t;
- Max AS provision of generator k for AS as at interval t;

- Power Transfer Distribution Factor of bus k to transmission line j for

post-contingency network ¢ (¢ = 0 is the pre-contingency network);

f}C,t

network c;

- Line flow in transmission line j at interval t for post-contingency
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f'c,t,min

i - Min line flow of transmission line j at interval t for post-contingency

network c;

fjc‘t‘max - Max line flow of transmission line j at interval t for post-contingency
network c;

I linej' - Line coefficient of transmission line j in interface ;

ijc‘t‘min - Min interface flow of interface i at interval t for post-contingency
network c;

ijc‘t’max - Max interface flow of interface i at interval t for post- contingency
network c;

The PSH pumping and generating are incorporated in Constraints “(Energy Balance
Constraint)” and “(PSH Storage Balance Constraint)”. By so doing, the PSH operation
is co-optimized with other variables: energy, ancillary services, power flow, etc. This
formula is different from other legacy PSH dispatch algorithm: generating a thermal cost
curve, then dispatching PSH against thermal cost curve, and finally re-dispatching
thermal generators with the PSH operation frozen. This legacy PSH dispatch algorithm
assumes that PSH is a price-taker facility and its operation does not impact the system
prices. Actually, PSH can provide energy and ancillary service simultaneously and the
market energy and AS prices will be impacted by the PSH operation.

Reliability Unit Commitment

We have considered a few options of simulating the unit commitment (UC) process in a
system with high variable generation (more than 33% VG), including stochastic unit
commitment and 3-stage unit commitment. We decided to start with the 3-stage unit
commitment and conduct a limited test case of stochastic unit commitment later. In the 3
stage unit commitment process that simulates Day-ahead unit commitment (DA UC),
Hour-ahead unit commitment (HA UC) and Real time (RT) dispatch, it is critical to
decide how much generation and reserve to schedule in the DA and HA time frame. The
intermediate UC time frame can be hour ahead (HA) or 4 hour ahead (4HA). The first
attempt was to require the DA UC to set back enough flexible reserve to cover the DA
forecast uncertainty. The forecast uncertainty includes load, wind and PV forecasts, or we
can call the combined the uncertainty the net load forecast uncertainty (See figure
below for net load forecast uncertainty). In our first attempt, even when setting the
reserve to cover a moderate 70% confidence interval of net load forecast error in DA, the
reserve requirement was too high for the system to perform.

%1 this study for practical purposes, the forecast error analysis is done for load, wind and solar
separately and then combining into a single forecast error for “net load”. This is necessary in part to
eliminate predictable clear-sky ramps from the solar forecast error calculation. Otherwise, forecast error
will include coverage for the predicable clear-sky portion. In a similar way, the wind forecast error
calculation uses statistics specific to wind behavior to calculate the wind component. Finally, load forecast
error is characterized by other drivers and treated differently.
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Lo-CoL Lo Lo+ Cou

Figure 5-2: lllustration of forecast error level™

Further deliberation suggests that the DA UC does not need to cover DA forecast error of
Net Load with flexible reserves, and most DA Error can be covered by any types of
generation capacity (including DR). This is due to the fact that there is plenty of time for
the system to move up generation from DA to RT if the actual hourly net load moves up
to the upper bound of the forecast confidence interval, e.g. from Lp to Lgt in Figure 5-2
Similar reason applies if load turns out to be at the lower bound of the forecast
confidence interval. Most generation resources can be dispatched to accommodate the
slow adjustment in net load forecast from DA to RT. It can be long start units, medium
start units and quick start units, and it can be slow ramping resources as well as fast
ramping resources. For net load forecast uncertainty, the only time when reserves are
needed would be in real time (Regulation reserve) and hour ahead and real time (Flexible
reserve). These time frames are short and therefore require fast or moderate ramping
generation resources.

1 Note: The distribution may not be symmetric. So CDU and CDL may not be the same.
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Figure 5-3: Load Forecast Error evolution over day

With this understanding, we propose the following unit commitment process in our
simulation. It would be a 3 stage simulation for DA, 4HA and RT. In both the DA and
4HA, we are going to use the HA and RT net load forecast error to set regulation and flex
reserve requirement. The DA, 4HA forecast error will be used to set extra capacity
requirement (any capacity) to make sure there will be enough resource to cover the upper
bound (at certain level of confidence, e.g., 95%) of net load. As noted above, this is done
by calculating the forecast error for load, wind and solar separately and combining into a
single “net load” forecast error. Also note that at the 4-hour ahead process, we propose to
use the hour ahead forecast errors for reserve requirement.

To define the process further, let us assume the following forecast distribution for net
load. For example, the DA net load forecast is assumed to be with mean Lp and
Confidence interval (Lp - Cpy, Lp + Cpy).
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Table 5-1: Forecast distribution example12

Confidence Interval

Time frame Mean Upper range | Lower range
DA Lp Cou CoL

4HA Lan Canu CanL

HA Lu Chu CuL

RT Lr Cru CrL

Assume the system has three types of generation resources based on their start-up time:

Table 5-2: Start time and generator capacity

Generation Type Generation Capacity
(MW)

LS, Long start (>12 hours) GLs

MS, Mid start (> 1 hours) Gus

QS, Quick start (< 1 hour?) Gos

The generation and reserve requirements for each stage of unit commitment or dispatch
will then be set up as the following:

"2 Note: The DA, 4HA and HA load is hourly average. The RT load will be 10 min
interval average.

Also the distribution may not be symmetric and the upper range and lower range may not
be the same.
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Table 5-3: Generation and reserve requirements example

Day Ahead Process 4-Hour Ahead Real Time
Process Dispatch
Generation Schedule | Lp Lyn Lr
RUC CapacityB CDU - CHU C4HU - CHU none
Flex Reserve Chu Chu Released
Cuo ChL
Reg Reserve Cru Cru Cru
CrL CrL CrL
Contingency As usual As usual As usual
Reserve

At the DA UC time, the system requirement will be to meet the expected load Lp, and
various reserve requirement Cry, Cpi, Cru, Cri and contingency reserves. These are the
typical system requirement. Note the flexible reserve requirement and regulation
requirement are all based on the hour ahead and real time forecast errors, not the DA
forecast error. The main new feature in the DA UC (and 4-hour ahead processes) is the
extra capacity (RUC Capacity)) requirement, that will cover the DA (or 4-hour ahead)
forecast errors, respectively, minus the HA error, which is covered by flex reserve. Note
the extra capacity can be met by any generation capacity, regardless of generation type,
ramp rate or dispatchable range. It also uses the full capacity of any generation resources
instead of the dispatchable or flexible range of it. The extra capacity to mitigate forecast
uncertainty is somewhat similar to the residual unit commitment process in CA ISO and
the reliability unit commitment in some other markets. So we propose to name it the RUC
Capacity in this study.

After the Day Ahead unit commitment, only the long-start generator UC patterns are
passed to the 4HA process and frozen in the 4HA simulation. By so doing the medium-
and quick-start generator unit commitment can be re-determined in the HA simulation
based on the updated forecasts of net load.

1 Reliability Unit Commitment Capacity (RUC capacity) doesn't need to be flexible
reserve capable (ramping up and down) generation resources. It can be any combination
of Steam Turbine, Gas Turbine, Combined Cycle and Hydro generation. It is similar to
residual unit commitment process in CA ISO and the reliability unit commitment in some
other markets.
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Similar set up is used for the 4HA UC process. This 4HA UC process can help to achieve
two conflicting objectives that we previously debated extensively. That is the objective to
conduct an intra-day UC to commit medium start units (such as CCGT’s with more than
1 hour of start-up time and with a few hours of min up time and min down time), and the
objective to minimize flex reserve requirement. The first objective suggests a 4HA UC to
give enough lead time to start medium start units. The second objective suggests a HA
UC to utilize the most up to data forecast to minimize the flex reserve need. The revised
4HA UC process will be able to meet both objectives. It is done at 4 hour ahead time but
using the hour ahead error to set the flex reserve requirement. The real time regulation
also remain the same in all DA, 4HA and RT process. Again helps to keep regulation cost
down.

When passing the unit commitment patterns from 4HA to RT, the UC patterns of the
long- and medium-start generators are passed to RT dispatch and frozen in the RT
simulation. The quick-start generator unit commitment will be determined in the RT
simulation based on the actual net load.

This DA and 4HA UC approach mimics some aspect of the stochastic unit commitment
process: the long-start generator unit commitment is the first stage decision variables that
need to be determined for all possible uncertainty (Cpy ~ Cpr). The medium-start
generators are the second stage decision variables that will be determined based on the
updated uncertainty (Cyy~ Cyr). Finally the quick-start generators are the recourse
decision variables that will be determined based on the actual realization (Lgt) where Lyt
is the actual load net actual renewable generation.

The proposed UC process aims to commit enough generation resources to meet the upper
bound of the net load. It doesn't take care of the possible lower bound net load condition,
and therefore over generation is possible. Over generation won’t occur immediately when
the actual load is below Lp + Cpy, the upper bound of DA load forecast. There are a few
mechanisms the system can use to adjust to meet the lower load. The system may decide
not to start the medium start and quick start unit in the intra-day and hour ahead UC
process and bring generation capacity below Lp + Cpy. The system can further dispatch
the long start units, committed in the DA process, to generation levels below their
maximum capacity. So as long as the sum of minimum capacity committed in the DA
process is lower than LD - Cpi the system won’t experience over generation condition.

The other rationale of this one-sided maximum load scheduling approach is that low net
load condition is most likely caused by unexpected high generation of Wind or PV.
Curtailment of Wind or PV will be an option in this condition. We should keep track of
possible dump energy and assess the amount of GV curtailment.

In the Day-ahead and Hour-ahead scheduling simulations, the flexibility up reserve
covers 70% CI of the load and renewable energy variability and forecast error. To be
prepared for the remaining load and renewable energy variability and forecast error and
to cover the difference between 95% CI and 70% CI, the system should have enough
generating and ramping capacity. The generating and ramping capacity could be on-line
un-used capacity or off-line quick start generators. For DA unit commitment, off-line
generation which could be started during the day of operation can also be used. The
Reliability Unit Commitment (RUC) is modeled as operational reserves with a
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requirement based on the difference between the 95% CI and 70% CI of forecast error at
DA or HA scheduling time. The RUC is provided by on-line un-used capacity and off-
line quick start or mid start generators. Ramp rates are honored when the on-line
generators provide the RUC reserves.

Scope of Simulations

The simulation scope covers the base, the high-wind and the high-mix renewable
generation scenario with and without Iowa Hills. The SMUD BA has energy transaction
with the North West (NW) region of the WI and CAISO. The SMUD BA also possibly
has reserve transactions with CAISO. To evaluate the lowa Hill in varieties business
models, the simulation focus area is California-SMUD BA-NW.

In the WECC TEPPC database, the load region the SMUD BA represents the Balancing
Authority of Northern California (BANC) that includes

e Sacramento Municipal Utility District (SMUD),
e Modesto Irrigation District (MID),

e Roseville Electric, and

e Redding Electric Utility.

For consistency, the name of the SMUD BA is used in the remaining of this document for
BANC.

Other two proposed PSHs, Swan Lake and Eagle Mountain, are model in both the cases
without and with lowa Hill.

The renewable scenario combinations for the simulations in CA-SMUD BA-NW and WI
are listed in the following table.

REIEEIE Renewable Penetration levels

Scenario
SMUD BA | NW Rest of WI
A Base TEPPC from WWSIS 2 Study
B High-Wind (33%) from WWSIS 2 Study
C High-Wind (33%) TEPPC
D High-Mix (50%) TEPPC
E High-Mix (50%) High Wind (33%)
F High-Solar (33%) from WWSIS 2 study

Table 5-4 Combinations of Renewable Penetration Levels in Different Regions

In the high-max (50%) scenario, the wind generation is from the high-wind scenario and
the solar generation is from the high-solar scenario in the WWSIS 2 Study.
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When simulating the focused area CA-SMUD-NW, the W1 system is simulated to
produce the power exchange between CA-SMUD-NW and the rest of the WI for different
renewable penetration levels as in the above tables. In addition to the lowa Hill
evaluation, the alternative resources, such as reciprocating generator, are evaluated as
comparisons. The simulation cases with and without lowa Hill or alternative resources
for different renewable combination scenarios are listed in the following table.

Description of Simulation Cases for A Variety of Renewable Scenarios

Case Focus BA New Balancing Resource AS-trading Renewable
between CA and Scenario
SMUD Combination

1 SMUD No No WI TEPPC

2 SMUD lowa Hill PSH No WI TEPPC

2b SMUD lowa Hill PSH Yes WI TEPPC

3 SMUD Reciprocating Generator Yes WI TEPPC

4 SMUD No No WI High-wind

5 SMUD lowa Hill PSH No WI High-wind

6 SMUD lowa Hill PSH Yes WI High-wind

7 SMUD FS lowa Hill PSH Yes WI High-wind

8 SMUD Reciprocating Generator Yes WI High-wind

11 SMUD No No CA High-Wind, WI
TEPPC

13 SMUD lowa Hill PSH No CA High-Wind, WI
TEPPC

15 SMUD lowa Hill PSH Yes CA High-Wind, WI
TEPPC

17 SMUD Reciprocating Generator Yes CA High-Wind, WI
TEPPC

12 SMUD No No CA High-Mix, WI
TEPPC

14 SMUD lowa Hill PSH No CA High-Mix, WI
TEPPC

16 SMUD lowa Hill PSH Yes CA High-Mix, WI
TEPPC

18 SMUD Reciprocating Generator Yes CA High-Mix, WI
TEPPC

19 SMUD No No CA High-Mix,WI-
High-WInd

20 SMUD lowa Hill PSH No CA High-Mix,WI-
High-WIind

21 SMUD lowa Hill PSH Yes CA High-Mix,WI-
High-Wind

22 SMUD Reciprocating Generator Yes CA High-Mix,WI-
High-Wind

Table 5-5 List of Basic Simulation Cases

Where “Focus BA” specifies the BA that is responsibility to balance its energy; “New
Balancing Resource” specifies the resources under study; “FS Iowa Hill” indicates that
the Iowa Hill is modeled as the fixed speed PSHs in the simulations.
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Before simulating the focus area CA-SMUD-NW, the WI is simulated to produce the
exchange between CA-SUMD-NW and the rest of WI for the different renewable
scenarios. These exchanges are frozen in the CA-SMUD-NW simulations.

The sensitivity cases are listed in the next phase report, and the sensitivities will include
the different focus BA combinations, hydro scenarios, other alternative resources such as
Compressed Air Energy System (CAES), etc.

CA-SMUD-NW Bid-base Market Simulation Approach

In the focus area CA-SMUD-NW, majority of CA footprint belongs to the bid-based
market CAISO. Though the SMUD BA, NW and a few utilities in CA are not in a bid-
based market, the focus area CA-SMUD-NW needs to model as a bid-base market in
order to closely evaluate the lowa Hill.

Power Market Bidding Prices

A critical factor in the power market simulation is to determine the generator bidding
prices for the generator energy and ancillary services. The approach of the generator
bidding price determination adopted in this study is to benchmark the regional prices
from the simulations against the CAISO historical market prices.

Energy Market Bidding Prices

The CAISO 2012 annual market report'* is reviewed. The chart extracted from section
2.2 “Overall Market Competitiveness” of the report shows that the average energy market
prices are close to the cost-based simulations by the CAISO department of market
monitoring. The price-cost mark-up is the difference of the market clearing price and the
market marginal cost. The negative price-cost mark-up indicates the average CAISO
market clearing price is lower than the average market marginal cost. Therefore, for the
energy market simulation, the generator marginal cost price is used as the energy bidding
price.

14 Department of Market Monitoring, CAISO, “2012 Annual Report on Market Issues and
Performance”, April 2013, http://www.caiso.com/Documents/2012AnnualReport-Marketlssues-
Performance.htm
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Figure 5-4 CAISO Energy Price-cost mark-up (2009-2012)

Ancillary Service Market Bidding Prices

The historical AS market clearing prices in year 2012 are analyzed. The analysis shows
that the AS market clearing price is closely correlated with the energy market LMP that,

in turn, is closely correlated with the regional load. The statistics and correlation of the

CAISO NP15 LMP and AS clearing prices in year 2012 are shown in the following table.

Table 5-6 Statistics of CAISO Historical NP15 LMP and AS Clearing Prices in Year 2012

Statistics of CAISO Historical NP15 LMP and AS Clearing Price in Year 2012

Mean
Max
Min
STDEV

STDEV %

NP15
LMP

36.77
113.15
(10.45)
10.49

29%

AS Clearing Prices
Non- Spinning
Spinning

0.60 4.07
66.36 66.36
245 4.80
410% 118%

Regulation
Down

4.98
74.75
4.13

83%

Regulation
Up

5.62
66.36
5.28

94%

The following table shows strong correlations between the ancillary service prices and

NPI15 LMP.
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Correlation of CAISO Historical NP15 LMP and AS Clearing Prices in Year 2012

NP15 AS Clearing Prices
LMP
Non- Spinning | Regulation | Regulation
Spinning Down Up
NP15 LMP 0.93 0.34 0.28 0.43) 0.24
Non-Spinning 0.71 0.49 0.05) 0.43
2 | Spinning 0.71 0.13 0.91
[a 9
£ | Regulation 0.69 0.17
g | Down
@
ZCJ Regulation Up 0.67

Table 5-7 Correlation of CAISO Historical NP15 LMP and AS Clearing Prices in Year 2012

From the analysis, the following approach is adopted to mimic the generator AS bidding
price in the simulations.

e The hourly upward AS bidding prices in a region follow the hourly regional load
profiles, and the hourly downward AS bidding prices follows the inverse of the
hourly regional load profiles;

e The generators with a higher generation marginal cost will have lower AS bidding
prices and the generators with a lower generation marginal cost will have higher AS
bidding prices. The reason so doing is that the generators with higher generation
marginal cost have lower energy profit margin, and the generators with lower
generation marginal cost have higher energy profit margin.

e The final hourly AS bidding price for a generator is the normalized hourly AS
bidding price profiles times the AS bidding price scalar. The normalized hourly AS
bidding price profiles is the normalized hourly regional load profile for the upward
AS, and the inverse of the normalized hourly regional load profile for the downward
AS.

e The generator AS bidding price scalar has a higher value for higher quality reserves.

e Hydro generators and PSHs have fast ramp capability, and are assumed to provide the
AS before thermal generators.

The AS bidding price scalars, proportional to the generator energy profit margin, by
generator type and by AS type are shown in the following table.
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AS Bidding Price Scalar by Generator Type ($/MW)

Generator | Non-Spin | Spin Flex Dn Flex Up Reg Dn Reg Up
Type

CC 3 9 15 15 30 30

Coal 5 15 35 35 60 60

CT 2 6 10 10

DR 2 6 10 10

Hydro 1 3 5 5 10 10

IC 2 6 10 10

PSH 1 3 5 5 10 10
STEAM 2 6 10 10

Table 5-8 CA-SMUD-NW AS Bidding Price Scalar by Generator Type

Transmission Expansion for the High-wind Renewable Scenario

The transmission in the existing TEPPC 2022 network was not adequate to accommodate
the High-wind renewable Scenario, so some transmission expansion assumptions had to
be made. The transmission expansion assumptions were added to allow the simulations
to deliver the renewable energy at the high-wind renewable level. Without the
transmission expansion assumptions, the simulation would not have been able to generate
results for the High-wind renewable scenario.

Given that this study is not a transmission expansion study, it is important to note that the
transmission expansion methodology was simplistic. And the transmission expansion
methodology did not include detailed economic or reliability analyses. Nor did it take
into account issues such as rights of way, environmental concerns, policy constraints, or
any other factor that might normally be considered in detailed transmission planning
activities.

The following steps were taken to generate the transmission expansion assumptions:

e Perform PLEXOS nodal simulation with the renewable generation at the high-wind
renewable penetration level,

e For any congested transmission line with the yearly average shadow price greater
than $10/MWh, build a parallel transmission with the exact same characteristics of
the congested transmission line,

e For a congested transmission interface with the yearly average shadow price greater
than $10/MWh, increase the transmission interface rating by 500 MW and build a
parallel transmission line in the transmission interface if necessary,
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e Perform PLEXOS nodal simulation again and repeat the process until all monitored
transmission lines and interfaces have the congestion prices less than $10/MWh.

The transmission expansion steps can be illustrated in the following diagram

PLEXOS
SCUC/ED
Simulation

\ 4

Do any congestion prices
. Done with transmission
in the system exceed the

threshold? No expansion

Yes

Build new transmission

along the congested lines

Figure 5-5 Logic flow for the Transmission Expansion Using Congestion Shadow Price
Approach

The transmission expansion assumptions for the high-wind renewable scenario are listed
in Appendix — Transmission Expansion Assumptions for High-wind Renewable Scenario.

The solutions of the transmission expansion indicate that there is more transfer capacity
needed to deliver the renewable generation to the load centers under the High-wind
renewable scenari
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6 OVERVIEW OF PLEXOS SIMULATION
RESULTS

This section gives an overview of the most relevant results for the simulations. Detailed
results are given in the next chapter. Previous studies of renewable integration and the
value of storage have shown the value of pumped hydro storage increases with increasing
variable generation. The detailed methodology, datasets and reserve requirements
described in the previous four chapters will ensure that results described here better
represent the value of Iowa Hill, to the SMUD BA and the entire region, than many
previous methodologies. Even still, there are clearly many assumptions and modeling
limitations that the results described here and in the next chapter are just a sampling of
future scenarios that can unfold in the future. For example, the generation mix and
transmission system examined here may not be the same as will occur in the future with
high penetrations of variable generation. Additionally, to reduce computational time, the
system modeled here wasn’t a full network but a ‘pipe and bubble’ model so detailed
transmission limitations aren’t represented. Finally, the model uses a Mixed Integer
Programming optimization with an optimality gap of 0.5%, so the answer is not fully
optimal; therefore any small difference in costs or generation may be a result of ‘noise’;
however the simulations results give some insight into high level results and trends.

Results here are examined for a number of areas. Firstly, lowa Hill operations for
different scenarios are examined. Then the production cost savings, including netting of
energy and AS imports/export, are examined for various scenarios and multiple cases in
each scenario, including examining how lowa Hill impacts market prices of ancillary
services and energy. Then other potential benefits of lowa Hill are examined: potential
reduction in curtailment of variable generation, benefits to cycling and ramping of
conventional generation, emissions reductions, efficiency improvements of other power
sources in the SMUD BA portfolio, and improvements in portfolio balancing capabilities.
More detail on each result is given in the next chapter.

In general, the results here are for a number of cases within each scenario described in
Chapter 3. In particular, results were examined for both a case with Ancillary Service
(AS) trading allowed between the SMUD BA and the rest of study area, and a case where
this is not possible. As Iowa Hill is likely to be a useful AS resource, and California and
the Northwest could require significant additional reserves to manage variability and
uncertainty of wind and PV, this case will be important to illustrate the value of lowa Hill
when it can participate in other markets. Other cases examined included an alternative
option of reciprocating engines, or a fixed speed PHS instead of the variable speed case
assumed in most results; these results are not examined in as much detail but will be
described where relevant.

Operation of lowa Hill

The first thing to examine is how Iowa Hill operates at different scenarios. This is shown
in Figure 6-1 for the case where AS trading is allowed. As shown, capacity factor (which
is total generation as a percentage of the total possible if the unit was to generate in every
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hour) lies between approx 23% and 29%, showing that different scenarios will not
significantly impact the energy production of lowa Hill.

35%

30%

25%
20%
15%
10%
5%
0% T T T T T )

TEPPC CA High-Wind, CA High-Mix, High-Wind CA High-Mix,  High-Solar
TEPPC WI TEPPC WI WI High-Wind

Capacity Facotr (%)

Figure 6-1: Capacity Factor of lowa Hill for different scenarios, with AS trading allowed

The provision of regulating reserve, the highest value reserve, from lowa Hill was shown
to be more dependent on the scenario and case, with AS trading increasing the amount it
was used for reserves, and the higher wind and solar penetrations also including usage for
providing reserves. This is shown in Figure 6-2; note the high solar case was not
examined without trading of ancillary services from Iowa Hill.
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Figure 6-2: Regulation provision in the SMUD BA for different scenarios and cases (note
high solar only examined for cases with trading

A final figure which shows how Iowa Hill provides reserves is to examine how much of
the total reserve requirements in the SMUD BA are met by lowa Hill, as shown in Figure
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6-3. This shows that lowa Hill provides a very significant amount of total reserves,
particularly downwards regulation, and downwards flexibility (which is a new reserve
added as described in Chapter 3). It also shows that lowa Hill provides more of the
SMUD BA’s reserve when it can’t be traded into other areas (though that may result in
more revenue as described later as Iowa hill can take advantage of higher prices in other
areas). Note also that, once again, the high solar case was not modeled for the case with

AS trading from lowa Hill.
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Figure 6-3: Percentage of each reserve category provided by lowa Hill for different
scenarios and cases (High Solar Case did not examine trading of AS from lowa Hill)

Overall, therefore, lowa Hill is used significantly both for energy and reserves, with
significant interaction with energy and AS in other regions. In terms of how lowa Hill
impacts energy imports, adding lowa Hill in the base case means the SMUD BA moves
from paying for imports to receiving money from exports. However, in all other cases,
adding lowa Hill actually increases net energy imports for the SMUD BA; this is likely
due to the fact that the SMUD BA can take advantage of cheaper energy to import at off-
peak times. The difference is greater in the cases with higher wind in the W1 as expected.
Also expected would be the fact that the SMUD BA is a net exporter of energy (due to its
lower marginal costs) when California has higher penetrations and the WI doesn’t, but as
the WI sees higher wind penetrations, imports increase. More details are given in the next

chapter.

Financial and Cost Impacts

It was shown therefore that lowa Hill operated as expected, providing significant reserves
and being used more with increasing wind and solar penetrations. The impact on costs
could generally be measure in two ways: the total production costs reduction and the
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revenues. As production costs are optimized, and as SMUD is a vertically integrated
utility which would thus be more concerned with total costs rather than revenue, these are
more important and examined in more detail. Revenues of lowa Hill if it is considered
part of a larger California market are also examined in the next chapter. The benefits to
the California and Northwest regions (including the SMUD BA) were examined to see if
there are additional benefits to other regions than the SMUD BA. Production cost
numbers were calculated for the SMUD BA based on the net savings when including
imports and export, thus considering the revenues from wholesales to neighboring areas.
This shows how markets are impacted, potential revenues from these sales, and how lowa
Hill could benefit the region in general. As can be seen in Table 6-1, for the case with AS
trading, study wide energy and ancillary services costs savings (which are what is being
optimized in PLEXOS) are between $55/kW and $190/kW. Most of those production
cost reductions are due to savings in the SMUD BA. Production cost savings in the
SMUD BA include savings due to change in imports — lowa Hill generally increases net
import costs, but uses this to reduce overall costs later. As can be seen, the SMUD BA
gains approximately 70% to 90% of the production costs savings in the whole study area;
in the case without AS trading, the SMUD BA savings are greater, but overall system
cost savings are lower, and revenue of Iowa Hill is lower. One thing to note is that
savings due to high solar across the WI are not as high than either high wind or high-mix
cases, showing how important the underlying VG mix is.

Table 6-1: Summary of AS revenue and production savings impacts due to lowa Hill for
different scenarios, case with AS trading

Scenario SMUD BA Cost Savings (net of Study Area Cost Savings
wholesale energy and AS revenues) ($/kw)
($/kW)

TEPPC 30 33

CA High-Wind, W1 TEPPC 30 20

CA High-Mix, WI TEPPC 48 38

High-Wind 65 90

High Solar 35 50

CA High-Mix, WI High-Wind 130 168

Table 6-2 shows the production simulation savings differences with the addition of Iowa
Hill. As shown, for the SMUD BA only, not having AS trading increases savings due to
Iowa Hill; however this reduces the benefit to the other parts of the study area. It can also
be seen that the production cost savings increases with increasing wind and solar
penetration, though high solar does not show as much value as high wind. Finally, it can
be seen that a similar amount of reciprocating engines do not show nearly the same cost
reduction benefits.

92




Table 6-2 Summary of Production and AS Cost Reduction ($m) due to lowa Hill or
Reciprocating Engines for each Renewable Scenarios for a number of cases (note high
solar did not examine cases without trading or with recips)

RPS Scenario SMUD BA Study Areas of SMUD BA-
CA-NW

IH- IH- Recip- IH- IH- Recip-

BALU, BAU, BAU, BAU, BAU, BAU,
w/o AS  w/ AS w/ AS w/o AS  w/ AS w/ AS
trading trading trading trading trading trading

TEPPC 11 12 3 8 13 2
CA High-Wind and WI

TEPPC 11 12 2 7 8 2
CA High-Mix and WI TEPPC 18 19 3 3 9 3
WI High-Wind 47 43 10 49 59 21
WI High Solar 14 20

CA High-Mix and WI High-

Wind 53 52 17 47 67 36

Variable Generation Curtailment Reduction by lowa Hill

One of the main reasons that lowa Hill was seen to see revenues higher than its cost
savings may be due to renewable curtailment. This can instead be stored by lowa Hill and
used at a later time (with some efficiency losses).Figure 6-4 shows the reduction in
curtailment due to the presence of lowa Hill. As can be deduced from the figure, at lower
penetrations, there is not enough curtailment for lowa Hill to make a big difference under
average conditions. Similarly, for high solar penetrations but not high wind, there is less
curtailment in the base case; this is a major reason lowa Hill shows less value in the high
solar case in the cost results above. However, at higher wind penetrations, there is more
curtailment. At higher penetrations, up to 1% of wind and solar may be curtailed under
average conditions. This isn’t very significant, but can have significant financial
implications. For example, in the total study region total curtailment varies between
12GWh and 1800 GWh, which while a small percentage of total generation, is still
relatively significant. This is reduced by almost 20% here showing another value of lowa
Hill in the presence of high renewable penetrations. The financial implications of this
could be up to $1.5m per year in the SMUD BA and $35m in the entre study area, based
on a renewable value of $22/MWh.
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Figure 6-4: Reduction in Renewable Curtailment when lowa Hill is added to system

Reliability and Reserve Impacts

Another benefit of lowa Hill is in reducing reserve shortfalls and thus increasing
reliability. While most reserve categories didn’t see significant reserve shortfalls the
downwards flexibility reserve described earlier as a new reserve type may see a
significant number of hours in which it is not met. The presence of lowa Hill was shown
to dramatically reduce this by up to 50% of total GWh in the SMUD BA region, or up to
18% in the entire study region. While the financial impact is difficult to quantify, it is an
indication of higher reliability in terms of meeting NERC balancing requirements
measured by Control Performance Standards land 2 (CPS1and CPS2) .

Cycling and Emissions Impacts

Cycling of conventional plant (starting and stopping and ramping) becomes increasingly
prevalent with high penetrations of variable generation. Results from simulations show
that, with Iowa Hill on the system, cycling can be significantly reduced as shown in
Figure 6-5. The SMUD BA generation shows reductions between 30% (in lower
penetration cases) and 85% (in higher penetration cases when AS isn’t traded between
regions). In the entire study area, the results show a reduction between 5% and 15% of
the total number of units started. From a costs perspective, this means a reduction in costs
related to cycling by between 15% and 75% in the SMUD BA (depending on wind and
solar penetration and whether AS is traded between regions), and 2%-12% study area
wide. Meanwhile, ramping is reduced by between 15% and 60% in the SMUD BA
(depending on wind and solar penetration and AS trading between regions) and a lower
number area wide.
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Figure 6-5: Change in number of starts in the SMUD BA and study region

Error! Reference source not found.From an emissions perspective, it is not always the
ase that Iowa hill reduces emissions, as shown in for CO, Here, it can be seen that in
many cases, lowa Hill may not reduce emissions, other than in the high wind scenario
and the high mix scenario with AS trading. Otherwise lowa Hill increases emissions
system wide. Future work will look at extracting the emissions for the SMUD BA
footprint, while accounting for imports and exports and associated emissions.

Fixed Speed vs Variable Speed.

Fixed speed was only examined for the case with high wind throughout the Western
Interconnection. From this set of simulations, it was shown that cost savings seen were
approximately half that of the variable speed results; this is consistent with the fact that
emissions savings and start savings were also about 50%, while reserve provision was
approximately 25%, with a particular reduction in regulating capability.

Summary
This section describes a range of system values from the proposed lowa Hill project:

e Reduces production costs in both the SMUD BA and the study area (the SMUD
BA sees approximately 75% of total cost reduction).
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Improves ability to meet reserves (less shortages) and Iowa Hill provides a large
portion, from 10% to 80% depending on reserve type, ability to trade AS with the
rest of the study region, and wind/solar penetration of all reserve categories

Reduces wind and solar curtailment, especially at high penetrations, by up to 50%
Can reduce emissions (depending on wind and solar penetration)

Reduces Cycling by more than 50% (costs and number of starts).

It is clear that results vary significantly across scenarios, and so care should be given to
ensuring that the scenarios are well understood and the most realistic are paid most
attention. For example, Iowa Hill does not seem to provide as much value with high solar
cases. In addition, the value of deferring generation and transmission investments are
another value of the project. These are discussed in section 9 below.
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7 DETAILED SIMULATION RESULTS

The simulation results for the focus areas, of California-SMUDNW, are presented in this
section for the cases of without and with Iowa Hill for the base (TEPPC), the high-wind
and the scenarios representing 3 combinations of high-mix/high wind across CA and the
rest of WL The simulation results for the study areas of SMUD-California-NW are
presented in this section for the cases of without and with Iowa Hill (IH) pumped storage
generator for the base, the high-wind and the high-mix renewable scenarios. For each
result, the main insights are pointed out. The next chapter then collates overall insights
into the study results.

Before the simulations for the study areas of SMUD-CA-NW, the Western
Interconnection is simulated for a variety of renewable scenarios. The following table
summarizes the WI simulation results in a variety of renewable scenarios. Here, the W1 is
the entire Western Interconnection, including the US, Canadian and Mexican parts of the
Western Interconnection. Flows to and from those areas not in the California or
Northwest regions are fixed based for each of the 6 scenarios based on a run without
Iowa Hill. For the detailed simulations examined in the remainder of this chapter, only
the California-Northwest region is simulated (the ‘Study Area’), with flows to and from
this region fixed. This was done to reduce computation time and allow for greater detail
in the Study Area, including the three stage modeling described previously. As can be
seen in the table, increasing penetrations of variable generation in the W1 reduce the
production costs, as would be expected. Note that the average costs shown in the fourth
column appear low; this is due to the large amount of zero marginal cost hydro and
wind/solar generation in the system (if only fossil generation was examined, the
production cost would be a lot higher).

Results of WI Simulations for a Variety of Renewable Scenarios

RPS Scenario Load (End- | Renewable | Production | Average

use) (GWh) | Gen (GWh) | Cost Production
(Million §) | Cost($/MWh)

TEPPC 985,457 161,483 16,302 16.2

CA High-Wind and WI 985,457 185,727 15,366 15.3

TEPPC

CA High-Mix and WI 985,457 225,979 13,344 13.2

TEPPC

WI High-Wind 985,457 298,178 11,731 11.6

CA High-Mix and WI 985,457 324,575 11,150 11.0

High-Wind

WI High-Solar 985,457 269,306 13,028 12.8

Table 7-1 Results of WI Simulations for a Variety of Renewable Scenarios
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Scenarios and Cases examined

The abbreviation for the simulation cases used in the tables are described as follows.

e BAU, w/o AS Trading. Simulations for the Business As Usual, without AS trading
between the SMUD BA and the rest of California.

e BAU, w/AS-Trading. Simulations with AS-trading between the SMUD BA and the
rest of California.

e IH w/o AS trading Simulations with lowa Hill without AS-trading between the
SMUD BA and the rest of California.

e FS IH. Simulations with Fixed Speed Iowa Hill (all others assume variable speed)

e IH w/ AS-Trading. Simulations with lowa Hill with AS-trading between the SMUD
BA and the rest of California

e Recip. Simulations with Reciprocating generators added to the system.

Each of the 6 study scenarios described previously is studied for a number of the above
cases; the high solar was only studied for the BAU w/AS-Trading and IH w/AS-Trading
cases. In all other scenarios, BAU with and without AS trading and IH with and without
AS trading are examined. The Recip and FS IH cases are examined in select scenarios.

The following table summarizes the load and renewable energy in the SMUD BA and in
the study areas of SMUD-CA-NW for a variety of renewable scenarios. Also this table
summarizes the SMUD BA net import from other areas and the net imports between the
study areas of SMUD-CA-NW and the non-study areas, fixed from the WI simulations,
for a variety of renewable scenarios (negative numbers mean net export). It can be seen
that in general, SMUD is a net exporter in all cases s except the high solar cases, and the
study area is a net importer, with highest imports in the high wind cases.

Table 7-2: Summary of Load, Renewable Generation and Outside Import (GWh) for a
Variety of Renewable Scenarios from the WI Simulations

RPS Scenario SMUD BA (GWh) Study Area SMUD-CA-NW (GWh)

Load Renewable @ Net Load Renewable Net Import
Energy Import Energy

TEPPC 16,442 2,678 (286) 456,713 103,740 12,780
CA High Wind and WI | 16,442 6,146 (2,420) 456,713 126,468 12,681
TEPPC

CA High Mix and WI 16,442 8,571 (4,149) 456,713 160,212 10,646
TEPPC

WI High Wind 16,442 6,117 (48) 456,713 130,874 83,900
WI High Solar 16,442 5,202 250 456,713 148,190 50,686
CA High Mix and WI 16,442 8,525 (2,094) 456,713 166,472 60,167
High Wind
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Production Cost Savings due to lowa Hill

This subsection presents the production cost for the different cases in a variety of
renewable scenarios. Clearly, pumped hydro storage would be expected to improve
production costs of the system; here, the study examined how much benefit would be
seen, where it would occur and how different wind/solar scenarios or the different cases
would impact on the results. Table 7-3 summarizes the production cost differences of the
case with Iowa Hill (IH) pumped-storage generator and the case of Business As Usual
(BAU) in the SMUD BA and the study area of SMUD-CA-NWPP in five renewable
penetration levels for year 2022. The impact of the AS-trading between the SMUD BA
and CA to the production cost is included. Note that the production costs do not include
the export revenue to the non-study areas in WI and the import cost from the non-study
areas in WI. Note also that, as with any production cost model, costs are indicative only
(as there is an integer gap used in solution) and more important are overall trends. In
particular, looking at SMUD costs only when the model is optimizing over a larger Study
Area can mean that there may be over or underestimations in cost. Therefore it is more
important to think of these costs as approximate in nature. Note also that in these cases,
the cost of providing Ancillary Services is not attributed to load costs, which reflects
current practices. More detail on cases where that cost is attributed are given in details
below.

For the SMUD BA, the following can be observed.

e The production cost differences with and without lowa Hill are the highest when
there is AS-trading between the SMUD BA and CA, ranging from $12m to $52m per
year for the different renewable penetration levels.

e What appears to be more important in driving results is the WI-wide penetrations.
Notice that the higher range of savings correspond to higher WI-wide penetration,
whereas increasing penetrations within California (including the SMUD BA) do not
have significant an impact.

e With ancillary services trading between the SMUD BA and CA, the savings with
Iowa Hill are decreased to the range of $18m to $52m. Again, higher penetration
levels mean more savings, with the biggest differences coming not when wind or PV
is added within California, but when it is added throughout the W1.

e The highest savings accumulated to the SMUD BA production costs due to adding
Iowa Hill is the scenario of CA high-mix and WI high wind in all cases. Again, this
shows how important the wind and solar penetration in areas other than the SMUD
BA is to the value of lowa Hill. High solar does not have as much of an impact on
value of lTowa Hill as high wind (likely due to less curtailment in base case)

e With the energy balancing resource of Reciprocating generator, the production cost
savings ranges from $3m $17m, significantly less than the value of lowa Hill, for
approximately the same capacity.

The production cost savings for the study areas of SMUD-CA-NW follow the same
pattern. Comparing the savings across the study area and SMUD only area, it can be seen
that when trading of AS is allowed, the value is generally increased (as Iowa Hill is a
good resource for AS both for the SMUD BA and CAISO), whereas if looking at value to
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study area if AS trading is not allowed, the value to the study area is less than the value to
the SMUD BA only. This implies that the presence of lowa Hill can be beneficial to the
remainder of California and more generally the Northwest and beyond if there is a
possibility to trade ancillary services between regions; otherwise the presence of lowa
Hill in the SMUD BA may actually increase costs elsewhere, as it changes the net
imports to and from the SMUD BA.

RPS Scenario SMUD BA Study Areas of SMUD BA-
CA-NW

IH- IH- Recip- IH- IH- " Recip-

BALU, BALU, BALU, BALU, BALU, BALU,
w/o AS  w/ AS w/ AS w/o AS  w/ AS w/ AS
trading trading trading trading trading trading

TEPPC 11 12 3 8 13 2
CA High-Wind and WI

TEPPC 11 12 2 7 8 2
CA High-Mix and WI TEPPC 18 19 3 3 9 3
WI High-Wind 47 43 10 49 59 21
CA High-Mix and WI High-

Wind 53 52 17 47 67 36

Table 7-3 Summary of Production Cost Reduction ($m) due to lowa Hill or Reciprocating
Engines for each Renewable Scenarios for a number of cases

Table 7-3 shows the total production costs (including accounting for net imports and
counting no AS cost to load). As can be seen there are significant differences between the
BAU cases and the cases with lowa Hill; while the specific $ numbers may not be exactly
what would be realized, there is a clear difference which shows significant benefits due to
the presence of Iowa Hill. It can be seen that lowa Hill results in approximately the same
costs with or without AS trading, whereas that’s not the case in the BAU case. Finally,
this shows that even though Iowa Hill will generally have a greater impact in the WI
High Wind Case indicating its value is linked to wind penetration elsewhere, there is a
lower cost in the CA High Mix - WI TEPPC case, as expected.
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Figure 7-1: Production Costs for the SMUD BA footprint for different cases

The following table shows the production cost savings in $/kW installed for lowa Hill.
This is compared to wind and solar penetration levels in the particular area being studied.
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Table 7-4: Value to different regions for different scenarios, in the case with AS trading
and 0% of AS cost to load

Scenario VG penetration in ~ Value of Iowa Hill
region (%) ($/kW-yr)

Value to the | TEPPC 16% 30
SMUD BA - i h-Wind 37% 30
High Solar 32% 35
CA High-Wind, WI 37% 48
TEPPC
CA High-Mix, WI TEPPC | 52% 65
CA High-Mix, WI High- 52% 130
Wind
Value to TEPPC 23% 33
Study Area : - °
High-Wind 29% 20
High Solar 32% 50
CA High-Wind, WI 28% 38
TEPPC
CA High-Mix, WI TEPPC | 35% 90
CA High-Mix, WI High- 38% 168
Wind

As can be seen in the table, the $/kW installed savings vary significantly, again with wind
penetration in the WI more important than penetration levels in California. This shows
the interconnected nature of balancing variable generation; however it also shows a limit
in using the production simulation tool which optimizes over the entire study area, rather
than the SMUD BA alone as would be done in the SMUD BA operations. It appears that
the most value from lowa Hill is when there is so much wind in the WI that importing
and exporting can no longer be used to balance. As shown later, there is also significantly
more curtailment, both within and without the SMUD BA, in the scenarios with high
wind penetration throughout the WI. Iowa Hill can then store this wind which would
otherwise have been wasted. This does not happen as much with solar as solar energy
comes during the day when load is higher. Figure 7-2 shows this in graphical form, where
the savings do not clearly follow a penetration level, instead depending on where the
penetration occurs (in the Study Area cases much of the high penetration in the WI high
wind cases are outside the study area in other areas of the WI as described in Chapter 2).
In general, the SMUD BA sees a majority of the benefit to the study area, if not actually
seeing greater benefits to the SMUD BA footprint alone than the total study area sees.

One important note of caution here is that the results here are based on a generation mix
developed to meet the base case variable generation mix. Therefore, as increased
penetrations are examined, the generation mix is likely less and less optimal. In reality, if
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the higher levels were likely to be seen, then the generation mix would be very different,
possibly reducing the benefit of lowa Hill. For example, some or all of other storage
units, demand response, increased transmission capacity between areas or CTs would
likely be present; this means that the very high savings for the high wind WI cases (last
2) should be considered with caution.
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Figure 7-2: Savings due to presence of lowa Hill for the SMUD BA and study area at
different penetrations of wind and solar

The following tables, Table 7-5 to Table 7-9, show the production costs by components
by three areas, the SMUD BA, CA and NW, for the different cases in a variety of
renewable scenarios. The production cost components are calculated as follows.

e Production Cost. This is the generation production cost, including VO&M cost, fuel
cost, and start cost.

e Import Cost (Energy). This is the area import energy cost for the energy import
from other areas in the study areas. It is calculated as the sum of the hourly area
import energy times the hourly export area LMP plus the wheeling charge from the
export area and import area. Please note that this import cost does not include the
import cost from the non-study areas in WI.

e Export Revenue (Energy). This is the area energy export revenue from the energy
export to other areas in the study areas. It is calculated as the sum of the hourly area
export energy times the hourly area LMP plus the wheeling charge from the export
area to the import area. Please note that this export revenue does not include the
export revenue from the non-study areas in WL

e Import Cost (AS). This is the ancillary service import cost for the AS import from
the other areas in the study areas. It is calculated as the sum of the hourly area import
AS times the hourly area AS clearing price in the exporting area.
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e Export Revenue (AS). This is the ancillary service export revenue for the AS export
to other areas in the study areas. It is calculated as the sum of the hourly area export
AS times the hourly area AS clearing price in the importing area.

e AS Cost to Load. This is calculated as the hourly AS provision from the area times
the hourly AS clearing price, added to the net import cost (import cost (AS) minus
export cost (AS)).

e Net Production Cost (plus 0% AS Cost to Load). This is the sum of above cost
minus revenues except “AS Cost to Load”.

e Net Production Cost (plus 50% AS Cost to Load). This is the sum of above cost
minus revenues but 50% of “AS Cost to Load” is included.

e Net Production Cost (plus 100% AS Cost to Load). This is the sum of above cost
minus revenues with 100% of “AS Cost to Load” counted. Note this is the value used
in the summary tables above.

The comparisons of the cases with and without lowa Hill and reciprocating generators are
listed in the last four columns. The total costs of the study areas of SMUD-CA-NW for
the cases are listed at the last three rows. Each of the tables are shown in the next few
pages, and then summarized together after all are shown.

104



Properties BAU w/o | BAU w/AS IH w/ AS Recip w/ Case 1b- Case2- Case2b- Case 3-
AS Trade | Trade Trade AS Trade  Casel Case 1 Case 1b Case 1b
Case 1 Case 1b Case2 | Case2b Case 3
SMUD | Production Cost (M$) 334 325 329 334 328 ©) ©) 9 3
BA Import Cost (Energy) (M$) 43 43 36 38 38 1 (7) (5) (5)
Export Revenue (Energy) (M$) 42 34 40 43 34 (8) (2) 9 0
Import Cost (A/S) (M$) - 3 - 1 3 3 - (3) (1)
Export Revenue(A/S) (M$) - 1 - 5 1 1 - 4 0
AS Cost to Load 26 25 15 17 24 0 (11) (8) (0)
Net Prod. Cost (0% AS Cost) 335 337 324 325 334 2 (11) (12) 3)
Net Prod. Cost (100% AS cost) | 361 359 339 341 356 Q) (22) (18) 3)
Restof | Production Cost (M$) 5,722 5,733 5724 | 5,719 5,732 11 1 (14) (1)
CA Import Cost (Energy) (M$) 501 498 496 496 491 3) @ ) )
Export Revenue (Energy) (M$) 29 28 25 26 26 (1) (5) (3) (2)
Import Cost (A/S) (M$) - 1 - 5 1 1 - 4 0
Export Revenue(A/S) (MS$) - 3 - 1 3 3 - (3) (1)
AS Cost to Load 284 288 285 283 286 4 0 @) )
Net Prod. Cost (0% AS Cost) 6,194 6,199 6,195 | 6,189 6,194 5 2 (10) 5)
Net Prod. Cost (100% AS cost) | 6,478 6,487 6,480 | 6,472 6,430 9 2 (14) )
NWPP | Production Cost (M$) 835 827 836 837 833 @ 1 9 6
Import Cost (Energy) (M$) 889 882 889 891 888 (7) 1 9 6
Export Revenue (Energy) (M$) 943 936 943 944 942 (7) 0 9 6
AS Cost to Load 7,782 7,781 7762 | 7,758 7,778 60 (19) 24) @)
Net Prod. Cost (0% AS Cost) 835 827 836 837 833 (7) 1 9 6
Net Prod. Cost (100% AS cost) 943 936 943 944 942 (7) 0 9 6
Total | Net Prod. Cost (0% AS Cost) 7,363 7,364 7355 | 7,351 7,362 1 ®) (13) Q)
Study | Net Prod. Cost (100% AS cost) | 7,782 7,781 7,762 | 7,758 7,778 ) (19) (24) @)
Area

Table 7-5 Comparison of Production Cost ($m) for different cases for the TEPPC Scenario
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Properties BAU w/o  BAU w/AS IH w/ AS Recip w/ Case 13 Case15-  Case
AS Trade Trade Trade AS Trade -Case Case 11b  17-Case
11 1b
Case 11 Case 11b Case 13 | Case 15 Case 17
SMUD | Production Cost (M$) 285 248 242 243 247 (37) (43) (5) (1)
BA Import Cost (Energy) (M$) 22 23 20 22 20 1 (2) @) (2)
Export Revenue (Energy) (M$) 100 68 66 65 66 (33) (34) 3) 2)
Import Cost (A/S) (M$) - 6 - 1 6 6 - (5 (0)
Export Revenue(A/S) (M$) - 1 - 5 1 1 - 4 0
AS Cost to Load 34 32 21 22 32 (2) (13) (10) (1)
Net Prod. Cost (0% AS Cost) 207 208 196 196 206 2 (10) (12) (2)
Net Prod. Cost (100% AS cost) 241 235 217 217 232 (6) (24) (18) (2)
Rest of | Production Cost (MS$) 4,967 5,005 5,003 5,005 5,004 38 36 0 (1)
CA Import Cost (Energy) (M$) 485 449 449 447 447 (37) (36) (2) (2)
Export Revenue (Energy) (M$) 26 24 23 22 22 (3) 4 @) (1)
Import Cost (A/S) (M$) - 1 - 5 1 1 - 4 0
Export Revenue(A/S) (M$) - 6 - 1 6 6 - (5 (0)
AS Cost to Load 332 333 330 329 331 0 2) 4 (1)
Net Prod. Cost (0% AS Cost) 5,426 5,425 5,430 5,433 5,424 (2) 4 8 (1)
Net Prod. Cost (100% AS cost) 5,758 5,757 5,760 5,757 5,755 2) 2 0 2)
NWPP | Production Cost (M$) 849 850 848 846 851 1 (1) 4) 1
Import Cost (Energy) (M$) 903 904 902 900 905 1 (1) 4 1
Export Revenue (Energy) (M$) 957 958 956 954 959 1 (1) 4) 1
AS Cost to Load 6,956 6,949 6,933 6,928 6,946 (7) (24) (22) 4
Net Prod. Cost (0% AS Cost) 849 850 848 846 851 1 (1) 4) 1
Net Prod. Cost (100% AS cost) 957 958 956 954 959 1 (1) 4) 1
Total Net Prod. Cost (0% AS Cost) 6,482 6,483 6,475 6,475 6,481 1 (7) (8) (2)
Study | Net Prod. Cost (100% AS cost) 6,956 6,949 6,933 6,928 6,946 7 (24) (22) 4)
Area

Table 7-6 Comparison of Production Cost ($m) for different cases for the CA High-Wind and WI TEPPC Renewable Scenario
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Properties BAUw/o BAU w/AS IH w/ AS Recip w/
AS Trade Trade Trade AS Trade Case Case

12b- 16-Case
Case 12 1 12b

Case 12 Case 12b Case 14 | Case 16 Case 18
SMUD | Production Cost (M$) 261 198 192 186 194 (63) (69) (13) (4)
BA Import Cost (Energy) (M$) 15 17 15 17 16 2 1 0 (1)
Export Revenue (Energy) (M$) 143 92 93 88 90 (51) (50) (4) (2)
Import Cost (A/S) (M$) - 8 - 1 7 8 - 7 (1)
Export Revenue(A/S) (MS$) - 0 - 4 0 0 - 3 0
AS Cost to Load 39 35 23 25 35 (4) (16) (10) 1
Net Prod. Cost (0% AS Cost) 133 131 115 112 128 (1) (18) (19) 4)
Net Prod. Cost (100% AS cost) 172 158 138 136 156 (13) (34) (22) (2)
Rest of | Production Cost (M$) 3,951 4,018 4,004 4,007 4,012 67 53 (12) (6)
CA Import Cost (Energy) (MS$) 463 404 413 412 407 (59) (50) 8 3
Export Revenue (Energy) (M$) 43 42 36 36 41 (1) (8) (6) (2)
Import Cost (A/S) (M$) - 0 - 4 0 0 - 3 0
Export Revenue(A/S) (M$) - 8 - 1 7 8 - (7) (1)
AS Cost to Load 369 369 368 368 371 0 (1) (1) 2
Net Prod. Cost (0% AS Cost) 4,371 4,372 4,381 4,385 4,373 1 10 14 1
Net Prod. Cost (100% AS cost) 4,740 4,741 4,749 4,750 4,743 1 9 9 2
NWPP | Production Cost (M$) 812 816 809 807 813 4 (3) (9) (3)
Import Cost (Energy) (M$) 867 870 863 861 867 4 (4) (10) (3)
Export Revenue (Energy) (M$) 921 925 917 915 922 4 (4) (10) 3)
AS Cost to Load 5,833 5,824 5,804 5,800 5,821 (9) (29) (24) (3)
Net Prod. Cost (0% AS Cost) 812 816 809 807 813 4 (3) (9) (3)
Net Prod. Cost (100% AS cost) 921 925 917 915 922 4 4) (10) (3)
Total Net Prod. Cost (0% AS Cost) 5,316 5,319 5,305 5,304 5,313 3 (12) (15) (6)
Study | Net Prod. Cost (100% AS cost) 5,833 5,824 5,804 5,800 5,821 9) (29) (24) 3)
Area

Table 7-7 Comparison of Production Cost ($m) for different cases for the CA High-Mix and WI TEPPC Renewable Scenario
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Properties . Case6 - Case7 - Case8 -
FS IH Remp Case4b Case4b Case4b
Plus AS | Plus AS
Trading | Trading
Case4 | Case4b | CaseS | Case 6 Case 7 Case 8
SMUD | Production Cost (M$) 201 182 136 137 157 169 (65) (45) (25) (12)
BA Import Cost (Energy) (M$) 44 46 55 57 51 49 11 10 5 3
Export Revenue (Energy) (M$) | 33 21 26 25 25 22 (7) 4 4 1
Import Cost (A/S) (M$) - 4 - 0 2 2 - (4) (3) (3)
Export Revenue(A/S) (M$) - 5 - 6 6 3 - 1 0 (3)
AS Cost to Load 35 35 22 26 34 35 (13) (8) (1) 1
Net Prod. Cost (0% AS Cost) 212 206 165 163 179 196 (47) (43) (26) (10)
Net Prod. Cost (100% AS cost) | 247 236 187 189 211 229 (60) (47) (24) (6)
Rest of | Production Cost (M$) 2,875 2,906 2,886 | 2,887 2,891 2,888 12 (19) (15) (18)
CA Import Cost (Energy) (M$) 398 385 412 422 396 391 14 37 12 6
Export Revenue (Energy) (M$) | 11 11 13 14 12 13 2 3 1 2
Import Cost (A/S) (M$) - 5 - 6 6 3 - 1 0 (3)
Export Revenue(A/S) (M$) - 4 - 0 2 2 - (4) (3) (3)
AS Cost to Load 356 355 355 354 356 357 (0) (0) 1 2
Net Prod. Cost (0% AS Cost) 3,262 3,276 3,285 3,295 3,274 3,266 23 19 (2) (10)
Net Prod. Cost (100% AS cost) | 3,618 3,630 3,641 3,649 3,630 3,623 23 19 (1) (8)
NWPP | Production Cost (M$) 745 743 749 748 747 748 4 5 4 6
Import Cost (Energy) (M$) 4 4 4 4 4 4 (0) 0 0 0
Export Revenue (Energy) (M$) | 403 403 432 443 415 410 29 40 12 7
AS Cost to Load 122 122 123 122 122 123 0 0 0 1
Net Prod. Cost (0% AS Cost) 347 344 321 308 336 342 (26) (35) (7) (1)
Net Prod. Cost (100% AS cost) | 469 465 444 431 459 465 (25) (35) (7) (1)
Total Net Prod. Cost (0% AS Cost) 3,821 3,825 3,772 3,766 3,804 (49) (59) (36) (21)
Study | Net Prod. Cost (100% AS cost) | 4,334 4,332 4272 | 4,268 4,317 (62) (63) (32) (14)
Area

Table 7-8 Comparison of Production Cost ($m) for different cases for the High-Wind (everywhere) Renewable Scenario
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Properties BAU w/AS | IH w/oAS | IH w/ AS Recip w/ Casel9b- Case20- Case2l-  Case22-
Trade trade Trade AS Trade Casel9 Casel9 Casel9b Casel9b
Casel9 | Casel9b Case2( Case2l Case22
SMUD | Production Cost (M$) 191 162 107 107 143 (28) (83) (56) (19)
BA Import Cost (Energy) (M$) 24 22 29 31 28 (2) 5 9 7
Export Revenue (Energy) (M$) | 69 46 45 43 46 (23) (24) (3) (1)
Import Cost (A/S) (M$) - 8 - 0 2 8 - (8) (5)
Export Revenue(A/S) (M$) - 3 - 5 3 3 - 2 (0)
AS Cost to Load 40 38 25 31 40 3) (15) (7) 3
Net Prod. Cost (0% AS Cost) 145 142 92 90 125 3) (54) (52) (17)
Net Prod. Cost (100% AS cost) | 185 172 117 120 163 (13) (68) (52) 9)
Rest of | Production Cost (M$) 2,486 2,539 2,514 2,515 2,515 53 28 (24) (24)
CA Import Cost (Energy) (MS$) 385 349 393 389 368 (36) 8 40 19
Export Revenue (Energy) M$) | 11 11 14 14 14 0 3 3 2
Import Cost (A/S) (M$) - 3 - 5 3 3 - 2 (0)
Export Revenue(A/S) (MS$) - 8 - 0 2 8 - (8) (5)
AS Cost to Load 402 404 402 397 402 2 (1) (7) (2)
Net Prod. Cost (0% AS Cost) 2,860 2,872 2,892 2,894 2,870 12 32 23 (2)
Net Prod. Cost (100% AS cost) | 3,262 3,272 3,294 3,286 3,269 10 32 14 (4
NWPP | Production Cost (M$) 379 390 353 352 372 11 (26) (38) (17)
Import Cost (Energy) (M$) 440 450 414 412 433 11 (26) (38) (17)
Export Revenue (Energy) M$) | 501 511 474 473 494 11 (26) (38) (17)
AS Cost to Load 3,948 3,955 3,885 3,879 3,925 7 (63) (76) (30)
Net Prod. Cost (0% AS Cost) 379 390 353 352 372 11 (26) (38) (17)
Net Prod. Cost (100% AS cost) | 501 511 474 473 494 11 (26) (38) (17)
Total Net Prod. Cost (0% AS Cost) 3,384 3,403 3,337 3,336 3,367 19 (47) (67) (36)
Study Net Prod. Cost (100% AS cost)
Area 3,948 3,955 3,885 3,879 3,925 7 (63) (76) (30)

Table 7-9 Comparison of Production Cost ($m) for different cases for the CA High-Mix and WI High-Wind Renewable Scenario
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Table 7-10: Comparison of Production Cost ($m) for different cases for the High-Solar Renewable Scenario

Rest of CA Production Cost AS Trading IH Plus AS Trading Caseb - Casedb
Case 4b Case 6
SMUD BA Production Cost 221 204 17
Import Cost (Energy) 42 45 3
Export Revenue (Energy) 26 27 1
Import Cost (A/S) 3 - (3)
Export Revenue(A/S) 1 - (1)
AS Cost to Load 26 18 (8)
Net Production Cost (plus 0% AS Cost to Load) 236 222 (14)
Net Production Cost (plus 50% AS Cost to Load) 249 231 (18)
Net Production Cost (plus 100% AS Cost to Load) 262 240 (22)
Rest of CA Production Cost 27 27 (0)
Import Cost (Energy) 1 - 1)
Export Revenue (Energy) 3 - (3)
Import Cost (A/S) 340 336 (5)
Export Revenue(A/S) 3,562 3,559 (3)
AS Cost to Load 3,733 3,727 (6)
Net Production Cost (plus 0% AS Cost to Load) 3,562 3,559 (3)
Net Production Cost (plus 50% AS Cost to Load) 3,733 3,727 (6)
Net Production Cost (plus 100% AS Cost to Load) 3,903 3,895 (8)
NWPP Production Cost 514 512 (2)
Import Cost (Energy) 569 567 (2)
Export Revenue (Energy) 625 622 (3)
AS Cost to Load 4,790 4,757 (33)
Net Production Cost (plus 0% AS Cost to Load) 514 512 (2)
Net Production Cost (plus 50% AS Cost to Load) 569 567 (2)
Net Production Cost (plus 100% AS Cost to Load) 625 622 (3)
Total Study Area | Net Production Cost (plus 0% AS Cost to Load) 4,312 4,293 (20)
Net Production Cost (plus 50% AS Cost to Load) 4,551 4,525 (26)
Net Production Cost (plus 100% AS Cost to Load) 4,790 4,757 (33)
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The following observations can be made, beyond the details given earlier:

If 100% of AS cost to load reductions are counted, Iowa Hill is more valuable, both to
the SMUD BA and to the study region. It is not clear exactly how much of this should
be counted, but it is shown to be relatively important to the overall results.

If AS trading is allowed, the value to the study area increases, but the value to the
SMUD BA decreases. This shows that from a total societal benefit, allowing lowa
Hill to sell into other markets increases savings, however not all of these savings will
accrue to the SMUD BA (see later for how lowa Hill revenue is increases, even
though the SMUD BA costs savings are reduced)

The highest saving in the SMUD BA is to reduce production costs by approximately
36% (for the case with no AS trading and no AS cost to load in the High Mix CA-
High Wind WI scenario), whereas the lowest is approximately 0.5% (TEPPC scenario
with no costs to load and with AS trading). This shows the range of value lowa Hill
can provide. Again, the MIP gap of 0.5% should be considered here, which is for the
entire WI. This could therefore be read that in the base case, benefits are marginal,
whereas in a high wind/solar scenario, benefits could be very significant (though
plant mix is likely not correct for those high penetrations).

For the study area, the reductions are obviously far smaller, with the range from close
to 0% to 2% of total costs depending on scenario and case.

The High Solar cases, only examined for AS trading with and without Iowa Hill,
shows that value is not as high for solar integration, due to the different nature of the
resource; even though same energy is met by variable generation, the fact it happens
during the day reduces arbitrage opportunities for lowa Hill.

In general, NWPP, which has a lot of hydro, sees a reduction in costs when lowa Hill
is added (except in base case where its use is increased), whereas California (not
including the SMUD BA) sees a varying impact on costs when lowa Hill is added. In
the case with AS trading allowed, costs are generally reduced, whereas in the case
with AS trading not allowed, costs are often increased (likely as generation from rest
of California is used to store energy in lowa Hill, but then Iowa Hill uses this to meet
the SMUD BA load and AS).

The impact on net import cost is shown in Figure 7-3 — this is for import costs to and
from the study area only — net imports from the WI are fixed based on the simulations
described earlier. This shows a number of things about the SMUD BA net imports (note
this isn’t actual imports but import costs, but this would be very similar). As can be seen,
adding Iowa Hill in the base case means the SMUD BA moves from paying for imports
to receiving money from exports. However, in all other cases, adding lowa Hill actually
increases net imports costs for the SMUD BA; this is likely due to the fact that the
SMUD BA can take advantage of cheaper energy to import at off-peak times. The
difference is greater in the cases with higher wind in the WI as expected. Also expected
would be the fact that the SMUD BA is a net exporter (based on costs) when California
has higher penetrations and the WI doesn’t, but as the WI sees higher wind penetrations,
imports increase. Again, the fact that the higher penetrations may not be based on an
optimal (or even likely) generation mix for high wind/PV should be considered — in
reality the results may not differ as much at higher penetrations.
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Figure 7-3: SMUD BA net import costs with and without lowa Hill, with AS trading

System Reserve Shortage and Provision by lowa Hill and Existing pumped
storage

This subsection presents the reserve provision and shortage from the simulations for the
study areas of SMUD-CA-NW. One of the key benefits of lowa Hill is expected to be in
the area of reserve provision, which becomes more valuable with increased penetrations
of wind and solar, which increase requirements as described to Chapter 3. Note that what
is described in Chapter 3 as ‘RUC’ reserve is described here as ‘extra capacity’.

In the model, flexible down reserve is designed to have lower penalty price (15$/MWh)
because it was observed there were a lot of over-generation that made the LMP price
negative when flexible down shortage penalty was high (900$/MWh). Because of low
penalty price, flexible down reserve exhibited more shortage than other types of reserve
(in general other reserve types didn’t see significant shortages and so aren’t shown here).
One thing to note here is that flexible down reserves are currently not carried; however
CAISO and others are worried enough about overgeneration and the need to be able to
reduce generation output that this product may be carried in the future. It should also be
noted that in some cases it may be possible for wind or PV to contribute some of their
expected production to this reserve. As this reserve is mainly to cover increases in wind
and solar, then it may be possible in those hours when there is not significant flexible
down reserves, wind and solar could contribute. In those hours, it is likely that they may
be curtailed anyway, as those hours are often associated with overgeneration. However,
by providing flexibility down reserve, these are not actually curtailed, but only scheduled
to be curtailed if the flex down is called upon, which may not happen often. On the other
hand, if they cannot contribute, then it may be more likely that they get curtailed as it is
cheaper to pay the penalty price. It should also be noted that in reality, fossil generation
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may reduce minimum stable levels (at a capital, O&M and/or efficiency cost) and thus
reduce the number of hours flexible down reserves cannot be met.

The changes in flexible down reserve shortages are shown in Table 7-11 and Table 7-12
for change in GWh shortage and % change respectively (negative numbers in brackets
indicate reduction) In the SMUD BA, the flexible down reserve shortage was reduced by
11% to 67% (1 to 160 GWh) when lowa Hill is introduced into the system. With AS-
trading allowed the flexibility down reserve shortfall is reduced, as expected, and
reduction due to lowa Hill are also reduced. In the whole study area, the flexible down
shortage changes from 6% to 12% depending on scenario, while it changed from 10% to
18% when AS trading was allowed. Recip units didn’t impact the shortage obviously
compared with Iowa Hill. It was also observed during simulation that most of shortage
occurred in Winter and Spring and much less in Summer; as before, solar saw less
shortages than wind due to the different nature of the resources. In general, this shows
that lowa Hill can contribute significantly to improving reserve provision and thus
reliability, both within the SMUD BA and across the study area, especially with high
wind/solar penetrations (again note that the plant mix may not be optimal here, leading to
more shortages than might be seen in reality).

Table 7-11: Flexible Down Shortages for the different scenarios (GWh change)

. SMUD BA Study Areas of SMUD-CA-NW

Scenario IH-BAU, IH-BAU,  Recip-BAU, IH-BAU, IH-BAU,  Recip-BAU,
w/o AS w/ AS w/ AS w/o AS w/ AS w/ AS
trading trading trading trading trading trading

TEPPC (1) (0.5) 0.1 (5.6) (16.8) (4.6)

High Wind (1.8) (1.2) (0.1) (37.4) (33.2) (0.9)

CA, WI

TEPPC

High Mix CA, | (20.2) (14.8) 0.4 (150.7) (151.0) (23.0)

WI TEPPC

High Wind (160.8) (78.5) 6.5 (331.2) (369.0) (7.1)

High Solar (K1) (276)

High Mix CA, | (148.2) (94.0) 3.8 (342.0) (426.8) (60.4)

High Wind

Wil

Table 7-12: Flexible Down Shortages for the different scenarios (% change)

SMUD BA Study Areas of SMUD-CA-NW
. IH-BAU, IH-BAU, Recip- IH-BAU, IH-BAU, w/ Recip-BAU,
Scenario wioAS  w/AS  BAU,w/  wio AS AS trading | w/ AS
trading trading AS trading trading trading
TEPPC -45% -50% 14% -6% -18% -5%
High Wind CA, WI | -11% -10% -1% -12% -11% 0%
TEPPC
High Mix CA, WI -40% -33% 1% -12% -12% 2%
TEPPC
High Wind -67% -32% 3% -9% -10% 0%
High Solar -13% -7%
High Mix CA, -59% -34% 1% -8% -10% -1%
HighWind WI
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The following tables compare the reserve provisions from pumped hydro storage units or
reciprocating generators for different reserve types. This is shown for both the SMUD
BA and the Study Area. Obviously, some of the reserve types are higher value —
regulation and spinning reserves in particular are more important than some of the other
categories, so these should be considered more important. Generally, adding Iowa Hill to
the mix increases balancing resources in the SMUD BA and the rest of California, and
reduces the use of pumped hydro in the Northwest. The increases in the SMUD BA are
roughly the same for all mixes, with slightly more for high wind in WI cases, and less for
low wind and solar case. The increase in California depends on WI renewables - higher
wind increases the use of balancing resources. This is mainly due to the fact that
requirements are increases, as shown in Chapter 3. NWPP balancing resources are used
less in all cases other than high wind case when wind is added. Additionally, the high
wind everywhere case shows that fixed speed pumped hydro makes significantly less
contribution to regulation reserves, as expected.

In general, the down reserve in particular are helped a lot by the variable speed pumped
hydro; note that in the rest of California there are also new pumped hydro units, but these
are in all cases. It is noticeable that the downward reserve provision from the all of the
balancing pumped hydro resources are increased in the higher renewable scenario than in
the base TEPPC scenario.

As with the other results, therefore, the use of lowa Hill to provide reserve in the SMUD
BA depends on the renewable mix both in the SMUD BA and the rest of California and
in the Western Interconnection in general. For example, compare regulation up provision
in the SMUD BA across all scenarios, as shown in Figure 7-4 (only for As trading case in
high solar). As can be seen there, trading of AS has more of an impact as to how
regulation is provided than renewable scenarios. However, it is clear that increasing
penetrations, both in California and WI-wide, increase the use of lowa Hill for regulation.

800

700

600

500

400

300

200

GWh Regulating Reserve Provided

100 +——

O 4
TEPPC CA High-Wind, CA High-Mix, High-Wind CA High-Mix, WI High-Solar
TEPPCWI TEPPCWI High-Wind

W With trading Reg Up Withouttrading Reg Up ~ EWithtrading Reg Down  EWithouttrading Reg Down

Figure 7-4: Regulation provision in the SMUD BA for different scenarios and cases
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Table 7-13 shows a summary of the proportion of total reserve requirements met by lowa
Hill in various scenarios and cases. This is graphed for the SMUD BA region for the case
with and without AS trading in Figure 7-5. One thing that can be seen here is that reg
down in particular is mostly met by lowa Hill in many cases (it’s not clear in reality
whether operators would prefer to have reserves met by more than one unit). Otherwise,
at least 10% on average of all requirements are met by lowa Hill. In general, flexibility
up and extra capacity reserve, which can be met by offline units easily, are not provided
significantly, (also, these requirements tend to be bigger). Another aspect which is not
surprising is that in the case without AS trading, more of the SMUD BA’s requirements
are met by lowa Hill as it cannot take advantage of potentially higher prices in CAISO or
the NW.
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Figure 7-5: Percentage of each reserve category provided by lowa Hill for different
scenarios and cases
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Table 7-13: Comparison of Reserve Requirement and Provision of reserves by lowa Hill and Recip for different cases and scenarios

RPS Scenario Reserve Category SMUD BA SMUD BA, CA, NW
IH, w/o AS IH, w/ AS Recip, w/ AS IH, w/o AS IH, w/ AS Recip, w/ AS
trading trading trading trading trading trading
TEPPC Non Spin 493 65% 39% 0% 13,701 2.3% 1.4% 0.0%
Spin 493 35% 27% 1% 13,701 1.3% 1.5% 0.0%
Flexible Down 478 60% 47% 2% 13,695 2.1% 2.7% 0.1%
Flexible Up 507 15% 13% 6% 14,016 0.5% 0.7% 0.2%
Reg Down 300 79% 79% 0% 6,055 3.9% 9.4% 0.0%
Regulation Up 294 46% 25% 0% 6,060 2.2% 1.5% 0.0%
Extra Capacity 499 49% 25% 0% 11,376 2.1% 1.1% 0.0%
High-wind Non Spin 493 35% 20% 0% 13,701 1.3% 0.7% 0.0%
Spin 493 46% 34% 2% 13,701 1.7% 1.6% 0.1%
Flexible Down 639 62% 36% 0% 14,904 2.6% 2.3% 0.0%
Flexible Up 652 22% 17% 5% 15,212 0.9% 0.8% 0.2%
Reg Down 403 85% 82% 13% 6,808 5.0% 9.6% 1.0%
Regulation Up 388 59% 42% 0% 6,825 3.4% 2.9% 0.0%
Extra Capacity 1,068 17% 10% 1% 15,925 1.2% 0.7% 0.0%
CA High-wind and WI TEPPC Non Spin 493 54% 28% 0% 13,701 1.9% 1.0% 0.0%
Spin 493 36% 29% 2% 13,701 1.3% 1.4% 0.1%
Flexible Down 639 57% 40% 1% 14,654 2.5% 2.4% 0.0%
Flexible Up 652 18% 15% 4% 14,996 0.8% 0.9% 0.2%
Reg Down 403 80% 81% 1% 6,668 4.9% 10.3% 0.0%
Regulation Up 388 45% 24% 0% 6,694 2.6% 1.6% 0.0%
Extra Capacity 1,068 33% 16% 1% 14,203 2.5% 1.2% 0.0%
CA High-Mix and WI TEPPC Non Spin 493 38% 21% 0% 13,701 1.4% 0.8% 0.0%
Spin 493 39% 28% 2% 13,701 1.4% 1.3% 0.1%
Flexible Down 653 52% 37% 1% 14,996 2.3% 2.2% 0.0%
Flexible Up 679 17% 14% 2% 15,277 0.8% 0.7% 0.1%
Reg Down 463 81% 79% 3% 7,046 5.3% 9.9% 0.2%
Regulation Up 444 53% 34% 0% 7,157 3.3% 2.4% 0.0%
Extra Capacity 1,094 24% 11% 1% 15,688 1.7% 0.8% 0.0%
) Non Spin 493 29% 13,702 35%
High Solar Spin 493 2% 13,702 7%
Flexible Down 460 66% 14,081 23%
Flexible Up 493 16% 14,227 4%
Reg Down 347 180% 6,647 56%
Regulation Up 338 6,745 30%
Extra Capacity 524 22% 13,689 13%
i i i i Non Spin 493 31% 18% 0% 13,701 1.1% 0.7% 0.0%
CA High-Mix and W1 High-wind [ "gpin 493 45% 31% 3% 13,701 1.6% 1.3% 0.1%
Flexible Down 653 54% 32% 0% 15,246 2.3% 2.1% 0.0%
Flexible Up 679 21% 16% 5% 15,493 0.9% 0.8% 0.2%
Reg Down 463 83% 79% 17% 7,186 5.3% 9.4% 1.4%
Regulation Up 444 60% 44% 0% 7,289 3.6% 3.0% 0.0%
Extra Capacity 1,094 16% 9% 1% 17,410 1.0% 0.6% 0.1%

Table 7-14: Comparison of Reserve Requirement and Provision by pumped hydro storage and Reciprocating Engines for the TEPPC
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Scenario

IH w/ AS
Trade
Case2b

Reserves Category
(GWh)

Recip w/ AS
Trade
Case3

Res Reqt ‘ S IH w/o AS

(GWh) Trading trade
Case 2

‘ Caselb

SMUD BA | Non Spinning Reserve 493 - - 319 191 - - 319 | 191 -
Spinning Reserve 493 - - 175 199 6 - 175 1199 6
Flexible Down 478 - - 288 365 13 - 288 | 365 13
Flexible Up 507 - - 77 95 33 - 77 95 33
Regulation Down 300 - - 239 568 1 - 239 | 568 1
Regulation Up 294 - - 134 89 - - 134 | 89 -
Extra Capacity 499 - - 243 123 1 - 243 | 123 1
Rest of CA | Non Spinning Reserve 8,012 6,011 | 5,978 6,040 6,011 5,968 (33) | 29 33 (10)
Spinning Reserve 8,012 2,338 | 2,319 2,301 2,317 2,359 19 | 37 | (2 40
Flexible Down 7,600 1,375 | 1,393 1,373 1,365 1,353 18 (2) | (28) | (40)
Flexible Up 7,835 551 543 513 518 570 (8) (38) | 26) | 27
Regulation Down 3,462 1,177 | 1,182 1,188 1,190 1,182 6 12 7 0
Regulation Up 3,457 943 935 931 917 940 8) 12) | A7) |5
Extra Capacity 4,536 1,977 | 1,972 2,025 2,026 1,957 (5) 48 54 (15)
NWPP Non Spinning Reserve 5,197 212 218 218 206 208 6 6 12) | 10
Spinning Reserve 5,197 66 62 66 69 66 (4) 0) |7 4
Flexible Down 5,618 1,569 | 1,567 1,545 1,539 1,549 (2) 24) | 28) | (17)
Flexible Up 5,673 21 21 20 22 24 (1) (1 |2 3
Regulation Down 2,293 1,611 | 1,614 1,607 1,612 1,611 3 @ |2 (3)
Regulation Up 2,309 240 237 232 233 248 4) ® | @ 12
Extra Capacity 6,342 123 131 135 128 136 8 12 (3) 5
Study Area | Non Spinning Reserve 13,701 6,223 | 6,196 6,577 6,409 6,176 (27) | 354 | 212 (21)
Spinning Reserve 13,701 2,404 | 2,381 2,542 2,585 2,431 (23) | 138 | 204 51
Flexible Down 13,695 2,944 | 2,960 3,206 3,269 2,915 16 262 | 309 (44)
Flexible Up 14,016 573 564 610 635 627 9) 37 71 63
Regulation Down 6,055 2,787 | 2,796 3,033 3,370 2,795 9 246 | 574 (2)
Regulation Up 6,060 1,183 | 1,171 1,297 1,239 1,188 (12) | 113 | 68 17
Extra Capacity 11,376 2,100 | 2,104 2,404 2,277 2,094 4 304 | 174 (10)
Table 7-15: Comparison of Reserve Requirement and Provision by pumped hydro storage and Reciprocating Engines for the CA High-
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Wind and WI TEPPC Renewable Scenario

Reserve Type Reserve BAU | AS IH IH Plus Recip Case
Requirement Trading AS Plus AS 11b-
(GWh) Trading Trading Case
Case 11b Case 15 Case 17
SMUD BA Non Spinning Reserve 493 - - 265 140 - - 265 140 -
Spinning Reserve 493 - - 177 193 10 - 177 193 10
Flexible Down 639 - - 363 356 6 - 363 356 6
Flexible Up 652 - - 119 128 26 - 119 128 26
Regulation Down 403 - - 324 690 2 - 324 690 2
Regulation Up 388 - - 174 106 - - 174 106 -
Extra Capacity 1,068 - - 355 167 7 - 355 167 7
Rest of CA Non Spinning Reserve 8,012 6,140 | 6,151 6,221 | 6,197 6,132 11 81 45 (19)
Spinning Reserve 8,012 2,229 | 2,239 2,233 | 2,250 2,239 10 4 12 1
Flexible Down 8,397 1,453 | 1,451 1,424 | 1,413 1,437 2) (29) (38) (13)
Flexible Up 8,670 520 526 524 516 535 6 4 (10) 9
Regulation Down 3,972 1,447 | 1,437 1,427 | 1,426 1,440 9 (20) (1D) 3
Regulation Up 3,997 1,087 | 1,085 1,070 | 1,070 1,093 2) (17) (15) 8
Extra Capacity 6,793 2,316 | 2,297 2,397 | 2,406 2,321 (19) 81 109 24
NWPP Non Spinning Reserve 5,197 227 242 239 227 230 16 12 (15) (12)
Spinning Reserve 5,197 65 67 62 65 64 2 (2) (2) (3)
Flexible Down 5,618 1,548 | 1,539 1,541 | 1,516 1,530 9 () (24) (10)
Flexible Up 5,673 23 24 22 21 23 1 )] (2) (1)
Regulation Down 2,293 1,603 | 1,593 1,595 | 1,590 1,598 (10) () (3) 5
Regulation Up 2,309 249 247 245 247 248 (1) 4 (1) 0
Extra Capacity 6,342 140 131 134 139 134 9 (6) 7 3
Total Study Non Spinning Reserve 13,701 6,367 | 6,393 6,725 | 6,564 6,362 27 358 170 (32)
Area Spinning Reserve 13,701 2,293 | 2,305 2,472 | 2,508 2,313 12 178 203 8
Flexible Down 14,654 3,001 | 2,990 3,327 | 3,284 2,973 (11) 326 294 (17)
Flexible Up 14,996 543 550 665 666 584 7 122 116 33
Regulation Down 6,668 3,050 | 3,030 3,346 | 3,705 3,041 (20) 296 675 10
Regulation Up 6,694 1,336 | 1,332 1,489 | 1,422 1,341 4 153 90 8
Extra Capacity 14,203 2,456 | 2,428 2,887 | 2,711 2,462 27) 431 283 34
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Table 7-16: Comparison of Reserve Requirement and Provision by pumped hydro storage and Reciprocating Engines for the CA High-
Mix and WI TEPPC Renewable Scenario

Region Reserve Type Reserve BAU AS IH IH Plus Recip Casel2b- Casel4- | Casel6- Casel8-
Requirement Trading AS Plus AS Casel2 Casel2 | Casel2b Casel2b
(GWh) Trading Trading
Casel2 \ Casel2b Casel4 Casel6 Casel8

SMUD BA | Non Spinning Reserve 493 - - 189 103 - - 189 103 -
Spinning Reserve 493 - - 191 174 8 - 191 174 8
Flexible Down 653 - - 343 336 5 - 343 336 5
Flexible Up 679 - - 117 112 12 - 117 112 12
Regulation Down 463 - - 375 698 12 - 375 698 12
Regulation Up 444 - - 237 169 - - 237 169 -
Extra Capacity 1,094 - - 262 125 8 - 262 125 8

Rest of CA | Non Spinning Reserve 8,012 5,331 5,339 5,480 5,425 5,286 8 149 86 (52)
Spinning Reserve 8,012 2,051 2,018 2,040 2,046 2,027 (32) (11) 28 8
Flexible Down 8,725 1,406 1,413 1,382 1,373 1,404 7 (24) (41) (C)
Flexible Up 8,924 476 461 458 470 463 (15) (18) 9 1
Regulation Down 4,290 1,709 1,718 1,715 1,703 1,714 9 6 (15) 4
Regulation Up 4,405 1,472 1,474 1,449 1,460 1,475 2 (23) (14) 1
Extra Capacity 8,253 1,944 1,946 2,062 2,061 1,950 2 118 115 4

NWPP Non Spinning Reserve 5,197 180 196 194 199 187 16 14 4 (8)
Spinning Reserve 5,197 101 90 84 87 98 (11) (17) (4) 8
Flexible Down 5,618 1,580 1,571 1,558 1,546 1,572 C)] (22) (25) 1
Flexible Up 5,673 21 25 24 17 21 3 3 ) 4
Regulation Down 2,293 1,617 1,620 1,618 1,610 1,615 3 1 (C) (&)
Regulation Up 2,309 309 306 296 296 318 (€)) (13) (10) 12
Extra Capacity 6,342 104 102 110 114 113 1) 7 12 10

Total Study | Non Spinning Reserve 13,701 5,510 5,534 5,863 5,727 5,474 24 353 193 (61)

Area Spinning Reserve 13,701 2,152 2,109 2,315 2,307 2,132 (44) 163 199 24
Flexible Down 14,996 2,987 2,985 3,283 3,255 2,981 2 297 271 3)
Flexible Up 15,277 498 486 599 599 495 (12) 102 113 9
Regulation Down 7,046 3,326 3,338 3,709 4,011 3,341 12 383 673 3
Regulation Up 7,157 1,781 1,780 1,982 1,925 1,792 @)) 201 145 12
Extra Capacity 15,688 2,048 2,048 2,434 2,300 2,070 0 387 252 22
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Table 7-17: Comparison of Reserve Requirement and Provision by pumped hydro storage and Reciprocating Engines for the High-wind
(everywhere) Renewable Scenario

Reserves Type Reserve BAU @ AS IH IHPlus FSIH Recip Case5 Case6 @ Case7  Case8
Requirement Trading AS Plus AS | Plus AS -

(GWh) Trading Trading | Trading Case4 Case4db Casedb Casedb

Case 4b | Case Case 6 Case 7 Case 8
;

SMUD BA Non Spinning Reserve | 493 - - 174 97 308 - 174 97 308 -
Spinning Reserve 493 - - 229 216 74 9 229 216 74 9
Flexible Down 639 - - 394 | 338 26 1 394 338 26 1
Flexible Up 652 - - 143 126 56 32 143 126 56 32
Regulation Down 403 - - 343 655 118 70 343 655 118 70
Regulation Up 388 - - 229 195 27 0 229 195 27 0
Extra Capacity 1,068 - - 185 105 479 8 185 105 479 8
Rest of CA Non Spinning Reserve | 8,012 4,066 | 4,050 4,204 | 4,235 4,125 4,085 138 184 75 35
Spinning Reserve 8,012 2,219 | 2,236 2,254 | 2,256 2,245 2,241 36 20 9 5
Flexible Down 8,397 1,778 | 1,779 1,756 | 1,767 1,760 1,756 (22) (12) (18) (22)
Flexible Up 8,670 394 395 420 | 411 405 401 26 16 10 6
Regulation Down 3,972 1,651 | 1,647 1,631 | 1,612 1,635 1,638 19 (36) (13) ©)]
Regulation Up 3,997 1,400 | 1,402 1,409 | 1,395 1,403 1,407 8 (@) 1 5
Extra Capacity 6,793 956 935 984 | 997 958 949 28 62 22 14
NWPP Non Spinning Reserve | 5,197 163 170 165 170 171 168 2 0 1 @))
Spinning Reserve 5,197 107 111 107 105 105 112 0) (6) (6) 1
Flexible Down 5,867 1,850 | 1,849 1,879 | 1,861 1,856 1,843 29 12 7 (6)
Flexible Up 5,890 21 18 18 20 19 19 3 2 0 1
Regulation Down 2,433 1,810 | 1,806 1,815 | 1,813 1,814 1,800 5 6 8 @))
Regulation Up 2,440 440 | 427 403 407 418 433 37 (20) () 6
Extra Capacity 8,064 91 83 99 88 88 96 8 5 5 13
Total Study Area | Non Spinning Reserve | 13,701 4,229 | 4,220 4,544 | 4,502 4,605 4254 315 282 384 34
Spinning Reserve 13,701 2,326 | 2,347 2,590 | 2,577 2,423 2,362 264 230 76 15
Flexible Down 14,904 3,627 | 3,627 4,028 | 3,966 3,643 3,600 401 338 15 (28)
Flexible Up 15,212 415 413 581 557 479 453 166 143 66 40
Regulation Down 6,808 3,461 | 3,454 3,789 | 4,080 3,567 3,508 328 626 113 54
Regulation Up 6,825 1,840 | 1,828 2,041 | 1,997 1,848 1,840 200 168 19 12
Extra Capacity 15,925 1,047 | 1,018 1,269 | 1,191 1,525 1,053 222 172 506 35
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Table 7-18: Comparison of Reserve Requirement and Provision by pumped hydro storage and Reciprocating Engines for the CA High-
Mix and WI High-Wind Renewable Scenario

Region Reserve Type Reserve BAU AS IHw/o IH w/ Recip Casel9b- Case20- | Case21- Case22-
Requirement Trading AS AS w/ AS Casel9 Casel9 | Casel9b Casel9b
(GWh) trade Trade Trade
Casel9 \ Casel9b Case20 Case2l  Case22

SMUD BA | Non Spinning Reserve 493 - - 169 90 - - 169 90 -
Spinning Reserve 493 - - 206 178 13 - 206 178 13
Flexible Down 653 - - 344 333 2 - 344 333 2
Flexible Up 679 - - 127 111 21 - 127 111 21
Regulation Down 463 - - 375 684 38 - 375 684 38
Regulation Up 444 - - 254 197 0 - 254 197 0
Extra Capacity 1,094 - - 229 111 10 - 229 111 10

Rest of CA | Non Spinning Reserve 8,012 4,967 4,926 5,111 5,099 4915 (41) 144 174 (10)
Spinning Reserve 8,012 2,069 2,106 2,086 2,084 2,073 37 17 (22) (33)
Flexible Down 8,725 1,449 1,445 1,419 1,427 1,467 4 (30) (18) 22
Flexible Up 8,924 451 445 445 436 430 (7 (7) 9) (15)
Regulation Down 4,290 1,702 1,693 1,709 1,701 1,706 9 7 8 13
Regulation Up 4,405 1,555 1,555 1,538 1,540 1,539 (1) (17) (15) (15)
Extra Capacity 8,253 1,668 1,665 1,783 1,788 1,676 4 115 123 12

NWPP Non Spinning Reserve 5,197 164 176 182 184 174 12 18 8 (2)
Spinning Reserve 5,197 126 120 116 118 133 (6) 9) (2) 13
Flexible Down 5,867 1,712 1,710 1,682 1,677 1,690 2) (30) (33) (20)
Flexible Up 5,890 20 19 17 17 17 (0) 2) (3) (2)
Regulation Down 2,433 1,742 1,739 1,751 1,737 1,725 2) 9 (2) (14)
Regulation Up 2,440 373 375 354 360 382 2 (19) (15) 7
Extra Capacity 8,064 128 136 147 159 142 7 18 23 6

Total Study | Non Spinning Reserve 13,701 5,131 5,101 5,462 5,374 5,089 (29) 332 272 (12)

Area Spinning Reserve 13,701 2,194 2,225 2,408 2,379 2,219 31 214 154 @)
Flexible Down 15,246 3,160 3,155 3,445 3,437 3,160 (5) 284 282 5
Flexible Up 15,493 471 464 589 563 467 @) 118 100 4
Regulation Down 7,186 3,444 3,433 3,834 4,123 3,469 11 390 690 37
Regulation Up 7,289 1,928 1,930 2,146 2,097 1,921 2 217 167 9
Extra Capacity 17,410 1,797 1,800 2,160 2,057 1,828 4 363 257 27
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Table 7-19: Comparison of Reserve Requirement and Provision by IH for the High-solar Renewable Scenario

Region Reserves Provided by PSHs (GWh)  Reserve Requirement (GWh) | AS Trading | IH Plus AS Trading = Case31-Case30b
Case30b Case31

SMUD Non Spinning Reserve 493 0 141 141

Spinning Reserve 493 0 160 160

Flexible Down 460 0 303 303

Flexible Up 493 0 79 79

Regulation Down 347 0 623 623

Regulation Up 338 0 157 157

Extra Capacity 524 0 113 113

Rest of CA Non Spinning Reserve 8,012 4,392 4,504 112

Spinning Reserve 8,012 2,010 2,033 23

Flexible Down 7,977 1,395 1,384 -11

Flexible Up 8,044 396 402 6

Regulation Down 3,989 1,483 1,496 13

Regulation Up 4,072 1,461 1,452 -10

Extra Capacity 6,619 1,439 1,497 58

NWPP Non Spinning Reserve 5,197 126 136 10

Spinning Reserve 5,197 177 158 -19

Flexible Down 5,644 1,511 1,513 2

Flexible Up 5,690 16 17 1

Regulation Down 2,311 1,592 1,608 17

Regulation Up 2,335 441 416 -25

Extra Capacity 6,546 118 113 -5

Total Study Area | Non Spinning Reserve 13,702 4,518 4,781 263

Spinning Reserve 13,702 2,187 2,351 164

Flexible Down 14,081 2,906 3,200 294

Flexible Up 14,227 412 498 86

Regulation Down 6,647 3,075 3,727 653

Regulation Up 6,745 1,902 2,025 122

Extra Capacity 13,689 1,557 1,723 166
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The following table summarizes the lowa Hill contributions to a variety of reserves in a variety of renewable scenarios. From the
summary, we can observe that contributes to a variety of reserves, and that the contributions increase as the renewable energy
penetration level increases in the system. For example, for the SMUD BA, Iowa Hill contributes 79% of regulation down reserve and
46% of regulation up reserve for the TEPPC scenario. lowa Hill contributes 83% of regulation down reserve and 60% of regulation
down reserve in the CA high-mix and WI high-wind renewable scenarios.

Table 7-20: Comparison of Reserve Requirement and Provision by lowa Hill and Recip for different scenarios and cases (high solar not
shown here due to small number of cases run for that scenario)

RPS RPS Scenario SMUD BA SMUD BA, CA, NW SMUD BA SMUD BA, CA,
Scenario NW

Reserve | Reserve Provision by IH and | Reserve | Reserve Provision by [H Reserve Provision Reserve Provision by
Require | Recip (GWh) Require | and Recip (GWh) by IH and Recip (%) IH and Recip (%)

ment IH, w/o | IH,w/ | Recip, | ment IH, IH, w/ Recip , IH, Reci IH, IH, Reci
(GWh) AS AS w/ AS | (GWh) w/o AS AS , W/ w/ p, W/ w/o w/ p, W/
trading | trading | trading trading trading  AS AS AS AS AS AS
tradin i tradi | tradi tradi | tradi @ tradi
ng ng ng ng ng

TEPPC | Non Spin 493 319 191 - 13,701 319 191 - 65% | 39% | 0% 2.3% | 1.4% | 0.0%
Spin 493 175 135 6 13,701 175 199 6 35% | 27% | 1% 1.3% | 1.5% | 0.0%
Flexible Down | 478 288 223 10 13,695 288 365 13 60% | 47% | 2% 2.1% | 2.7% | 0.1%
Flexible Up 507 77 67 33 14,016 77 95 33 15% | 13% | 6% 0.5% | 0.7% | 0.2%
Regulation 300 239 237 1 6,055 239 568 1 79% | 79% | 0% 3.9% | 9.4% | 0.0%
Down
Regulation Up 294 134 73 - 6,060 134 89 - 46% | 25% | 0% 22% | 1.5% | 0.0%
Extra Capacity | 499 243 123 1 11,376 243 123 1 49% | 25% | 0% 2.1% | 1.1% | 0.0%
High- Non Spin 493 174 97 - 13,701 174 97 - 35% | 20% | 0% 1.3% | 0.7% | 0.0%
wind Spin 493 229 170 9 13,701 229 216 9 46% | 34% | 2% 1.7% | 1.6% | 0.1%
Flexible Down | 639 394 233 1 14,904 394 338 1 62% | 36% | 0% 2.6% | 2.3% | 0.0%
Flexible Up 652 143 111 32 15,212 143 126 32 22% | 17% | 5% 0.9% | 0.8% | 0.2%
Regulation 403 343 329 51 6,808 343 655 70 85% | 82% | 13% | 5.0% | 9.6% | 1.0%
Down
Regulation Up 388 229 165 0 6,825 229 195 0 59% | 42% | 0% 3.4% | 2.9% | 0.0%
Extra Capacity 1,068 185 105 8 15,925 185 105 8 17% | 10% | 1% 1.2% | 0.7% | 0.0%
CA Non Spin 493 265 140 - 13,701 265 140 - 54% | 28% | 0% 1.9% | 1.0% | 0.0%
High- Spin 493 177 142 10 13,701 177 193 10 36% | 29% | 2% 1.3% | 1.4% | 0.1%
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RPS RPS Scenario SMUD BA SMUD BA, CA, NW SMUD BA SMUD BA, CA,

Scenario NW
Reserve | Reserve Provision by IH and | Reserve | Reserve Provision by IH Reserve Provision Reserve Provision by
Require | Recip (GWh) Require | and Recip (GWh) by IH and Recip (%) IH and Recip (%)
ment IH, w/o | IH, w/ | Recip, | ment IH, IH, w/ Recip s IH, IH, &
(GWh) AS AS w/ AS w/o AS AS , W/ , w/o w/ p, W/
trading | trading | trading trading trading  AS AS AS AS
tradin i tradi  tradi = tradi
ng ng ng
wind Flexible Down | 639 363 256 5 14,654 363 356 6 57% | 40% | 1% 2.5% | 2.4% | 0.0%
and WI | Flexible Up 652 119 101 26 14,996 119 128 26 18% | 15% | 4% 0.8% | 0.9% | 0.2%
TEPPC | Regulation 403 324 326 2 6,668 324 690 2 80% | 81% | 1% 4.9% | 10.3 | 0.0%
Down %
Regulation Up 388 174 93 - 6,694 174 106 - 45% | 24% | 0% 2.6% | 1.6% | 0.0%
Extra Capacity | 1,068 355 167 7 14,203 355 167 7 33% | 16% | 1% 2.5% | 1.2% | 0.0%
CA Non Spinning 493 189 103 - 13,701 189 103 - 38% | 21% | 0% 1.4% | 0.8% | 0.0%
High- Reserve
Mix and | Non Spin 493 191 138 8 13,701 191 174 8 39% | 28% | 2% 1.4% | 1.3% | 0.1%
WI Spin 653 343 243 4 14,996 343 336 5 52% | 37% | 1% 2.3% | 2.2% | 0.0%
TEPPC | Flexible Up 679 117 97 12 15,277 117 112 12 17% | 14% | 2% 0.8% | 0.7% | 0.1%
Regulation 463 375 365 12 7,046 375 698 12 81% | 79% | 3% 53% | 9.9% | 0.2%
Down
Regulation Up | 444 237 152 - 7,157 237 169 - 53% | 34% | 0% 3.3% | 2.4% | 0.0%
Extra Capacity | 1,094 262 125 8 15,688 262 125 8 24% | 11% | 1% 1.7% | 0.8% | 0.0%
CA Non Spin 493 153 89 - 13,701 153 89 - 31% | 18% | 0% 1.1% | 0.7% | 0.0%
High- Spin 493 220 153 15 13,701 220 181 15 45% | 31% | 3% 1.6% | 1.3% | 0.1%
Mix and | Flexible Down | 653 354 211 0 15,246 354 317 1 54% | 32% | 0% 2.3% | 2.1% | 0.0%
WI Flexible Up 679 145 109 37 15,493 145 120 37 21% | 16% | 5% 0.9% | 0.8% | 0.2%
High- Regulation 463 383 364 79 7,186 383 678 98 83% | 79% | 17% | 5.3% | 9.4% | 1.4%
wind Down
Regulation Up | 444 265 197 0 7,289 265 221 0 60% | 44% | 0% 3.6% | 3.0% | 0.0%
Extra Capacity | 1,094 179 97 12 17,410 179 97 12 16% | 9% 1% 1.0% | 0.6% | 0.1%
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Impact of lowa Hill on Emissions

This subsection presents the impact of lowa Hill and reciprocating generators to the
system emission production. To better understand emissions, the total emissions in the
business as usual cases (with AS trading from the SMUD BA) are shown in Figure 7-6.
This is shown for the entire study footprint as adding lowa Hill in the SMUD BA may
change emissions elsewhere. As expected, increasing penetrations of wind and solar
reduce emissions — it can again be seen that having wind added in the rest of the W1 can
also reduce emissions in California, while . Trading of AS also reduces emissions. A
similar pattern is seen for NOx and SO2 emissions A similar pattern is also seen for the
SMUD BA alone, though when AS trading is allowed, there is a slight reduction in
emissions in CA versus the no-trading case. However, it is hard to extract the emissions
reductions in the SMUD BA from total area, so this is main focus here.
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Figure 7-6: CO2 emissions for the SMUD BA for AS trading base case for each scenario

The next result to examine is the reduction in emissions due to addition of Iowa Hill. The
reduction in tons of CO, the total study area is shown in. For the total study area
(including the SMUD BA), emissions benefits of lowa Hill follow no clear pattern; for
lower penetrations there is an increase in total emissions in the study area — for higher
penetrations, the high wind case shows a reduction in emissions whereas for the high
mix/high wind case, it depends on AS trading. Note here that SO2 emissions are not
shown in figures; tables later show that the difference is very small. Again, the high solar
case doesn’t show the case without AS trading; also emissions are seen to go up.
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Figure 7-7: Change in CO2 due to lowa Hill for different scenarios and cases in study area

Figure 7-8 shows the change in NOx emissions. System wide Iowa Hill increases NOx
emissions at most wind and solar penetrations, as other plant are used more when
charging lowa Hill, particularly at part load.

The final figure of interest shows the reduction in NOx and CO, emissions in the SMUD
BA as a percentage of business as usual emissions. Both CO2 and Nox can be seen to
follow very similar patterns, with increasing benefits as wind and solar penetrations
increase system wide. Note also that AS trading results in lowa Hill being less beneficial
in all cases However, it is also important to note here that SMU may be reducing
emissions in its footprint, but when accounted for though increased imports, they may
increase.

Overall, the CO, emissions are shown to change in the SMUD BA between a reduction of
2000 ton or increase of 370 tons per MW installed per year. Study area wide, the change
is between an increase of 400 tons and reduction of 1250 tons per MW. This shows how
much the emissions are based on the particular study scenario. This is for a case of zero
carbon costs, so carbon is in no way optimized, and thus it would be expected that there

is no clear emissions benefit to lowa Hill, other than allowing more variable generation to
be integrated. In order for storage to actually contribute to reducing emissions, there
would need to be a cost associated with them. The emissions are summarized in Table
7-21, and then detailed results are given for each scenario in Table 7-22 to Table 7-26.
These show more detailed results which inform the figures shown here.
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Figure 7-8: Change in NOx emissions due to lowa Hill
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Table 7-21: Summary of Emission Production Differences for a Variety of Renewable Scenario (GWh)

RPS Emission SMUD BA Study Areas of SMUD-CA-NW
Scenario IH, w/o AS- IH, w/ AS- Recip, w/ AS- IH, w/o AS-  IH, w/ AS- Recip, w/ AS-
Trading Trading Trading Trading Trading Trading
TEPPC CcO2 (5,989) 146,202 (23,839) 39,694 43,461 (54,310)
NOx 10 109 (11) 79 67 (23)
SO2 (1) (1) (1) 11 10 ()
CA High- Cco2 (415,264) (10,479) (37,425) 84,794 74,123 (18,050)
Wind and WI | NOx (263) 1 (21) (20) 51 (34)
TEPPC SO2 ) . - 28 37 9
CA High-Mix | CO2 (691,584) (97,195) (61,470) 163,708 200,300 10,319
and WI NOx (442) (60) (39) 11 129 (59)
TEPPC SO2 ; - ; 305 326 (2,179)
WI High- Cco2 (611,573) (391,517) (194,807) (101,009) (71,856) (13,927)
Wind NOx (396) (259) (132) 133 231 211
SO2 - - - 470 519 450
WI High- Cco2 (134,413) 123,394
Solar NOx (80) 122
SO2
CA High-Mix | CO 2 (797,847) (289,388) (501,011) 104,593 (129,481) 137,446
and WI High- | NO_x (517) (196) (333) 358 25 521
Wind SO 2 (0) (0) (0) 702 513 1,065
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The above table summarizes the differences between different scenarios and different cases for the addition of lowa Hill and
reciprocating engines, with and without ancillary services trading. Notice that, compared to most other results, the impact of
reciprocating engines on emissions is close to the impact of lowa Hill (in most other cases reciprocating engines have far less benefit

than Iowa Hill).

Table 7-22: Comparison of Emission Production for the TEPPC Scenario

Zone Emission BAU AS- IH Plus Recip Caselb - Case2-Casel Case2b - Case 3 -

(ton) Trading AS- Plus AS- Caselb Caselb

. . Case 1
Trading Trading
Caselb Case 2 Case2b Case3

SMUD | CO2 3,627,505 | 3,530,182 | 3,621,517 | 3,676,384 | 3,506,343 | (97,32 | -2.7 | (5,989 | -0.2 14620 | 4.1 -23839 | -0.7
BA 4) ) 2

NOx 2,405 2,343 2,415 2,452 2,332 (62) -2.6 10 0.4 109 4.7 -11 -0.5

SO2 1 1 0 1 1 (0) -20.6 | (1) -69.7 | -1 -553 | -1 -45.4
Rest of | CO2 76,243,80 | 76,351,96 | 76,299,25 | 76,258,40 | 76,352,72 | 108,16 | 0.1 55,451 | 0.1 -93557 | -0.1 763 0.0
CA 0 6 1 9 8 6

NOx 56,171 56,225 56,235 56,176 56,237 55 0.1 64 0.1 -49 -0.1 12 0.0

SO2 5,896 5,896 5,896 5,896 5,896 (0) 0.0 1 0.0 0 0.0 0 0.0
NWPP | CO2 20,148,40 | 20,146,82 | 20,138,63 | 20,137,63 | 20,115,59 | (1,579 | 0.0 (9,769 | 0.0 9185 | 0.0 -31233 | -0.2

2 3 3 9 0 ) )

NOx 14,097 14,093 14,102 14,100 14,069 3) 0.0 5 0.0 6 0.0 -25 -0.2

SO2 18,407 18,411 18,419 18,421 18,409 4 0.0 12 0.1 10 0.1 -2 0.0
Total CO2 100,019,7 | 100,028,9 | 100,059,4 | 100,072,4 | 99,974,66 | 9,264 |0 39,694 | 0 43,461 | 0 - -0

07 71 01 32 1 54,310
NOx 72,673 72,661 72,752 72,728 72,638 -12 -0 79 0 67 0 -23 -0
SO2 24,304 24,308 24315 24,318 24,306 4 0 11 0 10 0 -2 -0
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Table 7-23: Comparison of Emission Production for the CA High-Wind and WI TEPPC Renewable Scenario

Emission BAU AS- IH IH Plus = Recip Case 11b - Case Case 13- Case Case 15-Case @ Case 17 - Case
(ton) Trading AS- Plus AS- 11 11 11b 11b
Trading | Trading

Case 11 Case13 | Case1l5 | Casel7
SMUD CcO2 3,052,27 | 2,652,66 | 2,637,01 | 2,642,18 | 2,615,23 | (399,611 | 13% | (415,26 | 14 (10,479) | 0% (37,425) | -1%
BA 5 5 1 5 9 ) 4) %
NOx 2,035 1,773 1,773 1,774 1,752 (262) 13% | (263) 13 1 0% (21) -1%
%
SO2 1 1 0 0 0 0) 31% | (1) 96 0) - (0) -
% 88% 54%
Rest of CcO2 67,631,6 | 68,030,1 | 68,091,5 | 68,107,6 | 68,032,7 | 398,482 1% | 459,891 | 1% | 77,575 0% | 2,587 0%
CA 31 13 21 88 00
NOx 52,664 52,827 52,888 52,878 52,816 163 0% | 224 0% | 51 0% (10) 0%
SO2 5,880 5,880 5,882 5,882 5,881 0 0% |3 0% |2 0% |0 0%
NWPP CcO2 19,128,1 | 19,137,9 | 19,168,2 | 19,145,0 | 19,154,7 | 9,874 0% | 40,168 0% | 7,028 0% 16,788 0%
06 80 74 08 69
NOx 13,665 13,672 13,683 13,671 13,670 7 0% 18 0% | (0) 0% (2) 0%
SO2 18,240 18,236 18,267 18,272 18,245 4) 0% | 26 0% | 35 0% 8 0%
Total CcO2 89,812,0 | 89,820,7 | 89,896,8 | 89,894,8 | 89,802,7 | 8,746 0% | 84,794 0% | 74,123 0% -18,050 0%
12 58 06 81 08
NOx 68,364 68,272 68,344 68,323 68,238 -92 0% | -20 0% | 51 0% -34 0%
SO2 24,121 24,117 24,149 24,154 24,126 -4 0% | 28 0% | 37 0% 9 0%
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Table 7-24: Comparison of Emission Production for the CA High-Mix and WI TEPPC Renewable Scenario

Emission BAU AS- IH Plus | Recip Casel2b - Casel4 - Casel6 - Casel8 -
(ton) Trading AS- Plus AS- | Casel2 Casel2 Casel2b Casel2b
Trading Trading

Casel2 Casel2b Casel4 ‘Case16 Casel8

SMUD | CO2 2,758,47 | 2,093,99 | 2,066,89 | 1,996,80 | 2,032,52 | (664,47 |- (691,58 | - (97,19 | -5% | (61,470 | -3%
BA 5 7 1 2 6 8) 24% | 4) 25% | 5) )
NOx 1,838 1,408 1,396 1,348 1,369 (429) - 442) |- (60) 4% | (39) 3%
23% 24%
SO2 0 0 0 0 0 (0) - (0) - (0) - (0) -
63% 99% 100% 90%
Restof | CO2 552712 | 55,9444 | 559515 | 56,0016 | 55,9418 | 673,216 | 1% | 680,321 | 1% | 57,162 | 0% | (2,642) | 0%
CA 48 63 69 25 21
NOx 47380 | 47,669 | 47,675 | 47,661 | 47,607 | 289 1% | 295 1% | (8) 0% | (61) 0%
S02 5,813 5,811 5,824 5,825 5,269 ©) 0% | 10 0% |13 0% | (543) | -9%
NWPP | CO2 17,296,5 | 17,2751 | 17.471,5 | 17,515,5 | 17,349,5 | (21,369) | 0% | 174,971 | 1% | 24033 | 1% | 74,432 | 0%
36 67 07 00 99 3
NOx 12,875 | 12,859 |13,033 | 13,056 | 12,901 | (16) 0% | 159 1% | 197 2% | 42 0%
S02 17,688 | 17,677 | 17982 | 17,989 | 16,040 | (11) 0% | 294 2% | 312 2% | (1,637) | -9%
Total Cco2 75,3262 | 75,313,6 | 75,4899 | 75,5139 | 75,3239 | -12,632 | 0% | 163,708 | 0% | 200,30 | 0% | 10,319 | 0%
59 27 67 27 46 0
NOx 62,093 | 61,936 | 62,104 |62,065 |61,877 |-157 0% | 11 0% | 129 0% | -59 0%
S0O2 23,501 | 23488 | 23,806 |23.814 |21309 |-13 0% | 305 1% | 326 1% | 2,179 | -9%
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Table 7-25: Comparison of Emission Production for the High-wind (everywhere) Renewable Scenario

Emis BAU AS- IH IH Plus Recip CaseS - Case4  Case6 - Casedb Case7 - Casedb Case8 -
sion Trading AS- Plus AS- Case4b
Trading Trading

SMUD | CO2 |2,090,49 | 1,879,91 | 1,478,91 | 1,488,39 | 1,664,8 | 1,685,10 | (611,57 |- (391,51 | - (215,08 | - (194,80 | -

BA 1 6 9 9 27 9 3) 29% | 7) 21% | 9) 11% | 7) 10

%

NOx | 1,394 1,264 998 1,005 1,121 1,132 (396) |- (259) |- (143) |- (132) |-

28% 21% 11% 10

%

SO2 |0 0 0 0 0 0 () - () - () - (0) -

100 99% 96% 83

% %

Restof | CO2 | 39,883,4 | 40,041,6 | 40,216,7 | 40,1452 | 40,118, | 40,023,3 | 333,295 | 1% | 103,617 | 0% | 76,610 | 0% | (18,324 | 0%
CA 59 79 55 96 289 54 )

NOx | 37,119 | 36,928 | 37,448 | 37,200 | 37,177 | 37,063 | 329 1% | 272 1% | 248 1% | 135 0%

S02 | 4875 4,839 4,920 4,904 4887 | 4,869 44 1% | 65 1% | 49 1% | 31 1%

NWPP | CO2 | 9,690,28 | 9,572,40 | 9,867,54 | 9,788,44 | 9,761,3 | 9,771,61 | 177,267 | 2% | 216,044 | 2% | 188,964 | 2% | 199,20 | 2%
1 5 8 9 69 0 5

NOx | 7,009 6,364 7,209 7,082 7067 | 7,072 200 3% | 218 3% | 203 3% | 208 3%

SO2 | 8,320 8,013 8,745 8,467 8,443 | 8,433 425 5% | 454 6% | 430 5% | 420 5%

Total | CO2 | 51,6642 | 51,494,0 | 51,563,2 | 51,422,1 | 51,544, | 51,480,0 | - 0% | -71,856 | 0% | 50,485 | 0% | -13,927 | 0%

31 00 22 44 485 73 101,009
NOx | 45,522 | 45056 | 45,655 | 45287 | 45365 | 45267 | 133 0% | 231 1% | 309 1% | 211 0%
SO2 | 13,195 | 12,852 | 13,665 | 13371 | 13,330 | 13,302 | 470 4% | 519 4% | 478 4% | 450 4%

132



Table 7-26: Comparison of Emission Production for the CA High-Mix and WI High-Wind Scenario

Emission BAU AS IH Plus Recip Casel9b- Case20-Casel9 Case22- Case21-
(ton) Trading AS Plus AS Casel9 Casel9b Casel9b
Trading | Trading
Casel9b Case22 ‘ Case21

SMUD CO 2 1,939,08 | 1,634,23 | 1,141,23 | 1,344,84 | 1,133,22 | (304,84 | - (797,84 | - (289,38 | -18% | (501,01 | -31%
BA 4 6 7 8 5 8) 16% | 7) 41% | 8) 1)

NO x 1,290 1,101 773 904 767 (189) - (517) - (196) -18% | (333) -30%

15% 40%
SO 2 0 0 - - - 0) -4% | (0) 0% | (0) - 0) -
100 100
% %

Rest of CO 2 35,136,3 | 35,622,5 | 35,747,2 | 35,547,1 | 35,817,3 | 486,214 | 1% | 610,977 | 2% | (75,349 | 0% 194,839 | 1%
CA 01 15 78 66 54 )

NO x 35,084 35,411 35,657 35,389 35,791 326 1% | 573 2% | (22) 0% 381 1%

SO 2 4,846 4,846 4,928 4,875 4,939 1) 0% | 81 2% | 29 1% 94 2%
NWPP CO 2 8,725,58 | 8,548,05 | 9,017,04 | 8,783,31 | 8,991,67 | (177,52 | 2% | 291,463 | 3% | 235,257 | 3% 443,619 | 5%

3 9 6 6 7 4)

NO x 6,196 6,008 6,498 6,252 6,482 (187) -3% | 302 5% | 244 4% 474 8%

SO 2 6,909 6,543 7,531 7,028 7,514 (366) -5% | 621 9% | 484 7% 971 15%
Total CO 2 45,800,9 | 45,804,8 | 45,905,5 | 45,675,3 | 45,942,2 | 3,843 0% | 104,593 | 0% | (129,48 | 0% 137,446 | 0%

68 10 60 29 57 1)
NO x 42,570 42,520 42,928 42,545 43,041 (50) 0% | 358 1% | 25 0% 521 1%
SO 2 11,756 11,389 12,458 11,903 12,454 367) -3% | 702 6% | 513 5% 1,065 9%
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Impact on Curtailment of Renewable Resources

A key benefit of energy storage is the ability to reduce curtailments. lowa Hill (or other
PHS) can pump during periods of overgneration (typically off-peak, but with increasing
wind and solar, this may also happen during the day). As can be seen in scenarios Table
and Figure 7-10, most of the lower penetration scenarios do not have significant
curtailment to begin with, so Iowa Hill cannot reduce it significantly. What can be seen is
that, including AS trading increases the amount of reduction in the entire study area; on
the other hand in the SMUD BA region the case with no AS trading sees a greater
reduction; the mode of trading does make a significant difference. Comparing the 3™ and
5™ scenarios, where the main difference is additional wind added to the regions outside
California, it can be seen that much of the reduction in curtailment is related to
overgeneration which happens more often when there is a lot of wind WI-wide, and
therefore the SMUD BA and California in general cannot export its own wind and solar.
Iowa Hill allows for storage of this wind and solar for use in the future. Future work will
examine when this happens. It can be seen from the figure that lowa Hill is about twice as
good at reducing curtailment than recips.

By multiplying the curtailment reduction by $22/MWh (an approximate value for the
PPA price of wind), an additional savings can also be found. For example, in the case of
the SMUD BA only, this results in an additional savings of between zero and $638,000
for recips, or zero and $1.45m for lowa Hill. Similarly, system wide, this is between zero
and $7.5m for lowa Hill or $3.3m for recips. These results would need to be treated with
caution as they are not in the optimization; however they do show an upper bound on
curtailment savings due to lowa Hill.

Table 7-27: Comparison of Renewable Energy Curtailment for different scenarios

RPS Scenario Renewable Energy Curtailment Renewable Energy Curtailment Reductions
SMUD BA Study Areas of SMUD-CA-NW SMUD BA Study Areas of
SMUD-CA-NW
BAU W/ H, w/ Recip, BAU IH, w/ Recip, H- Recip - H - Recip -
AS AS w/ AS W/ AS AS w/ AS BAU, BAU, :7.\V} BAU, w/
Trading  trading | trading Trading | trading trading w/AS w/ AS w/AS AS
trading  trading  trading trading
TEPPC - - - 12 12 12 - - (0) (0)
High-Wind 75 29 52 1,134 810 1,043 (46) (23) (324) (91)
High Solar 9 2 - 309 262 - -7 - -47 -
CAHigh- - - - 19 17 19 - - (2) (0)
Wind,WI
TEPPC
CAHigh-Mix,WI 17 8 15 383 373 381 (9) (2) (10) (2)
TEPPC
CAHigh- 109 43 80 1,789 1,449 1,639 (66) (29) (340) (149)
Mix, WIHigh-
Wind
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Figure 7-10: Impact on Renewable Curtailment when