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FOREWORD

This report was prepared by Argonne National Laboratory (Argonne) in support of an
economic analysis of operational restrictions at the Glen Canyon Dam (GCD) conducted for the
U.S. Department of Energy’s Western Area Power Administration (Western). Western markets
electricity produced at hydroelectric facilities operated by the Bureau of Reclamation. The
facilities known collectively as the Salt Lake City Area Integrated Projects include dams
equipped for power generation on the Colorado, Green, Gunnison, and Rio Grande rivers and on
Plateau Creek in the states of Arizona, Colorado, New Mexico, Utah, and Wyoming.

This report presents detailed findings of studies conducted by Argonne related to an ex post
economic analysis of Record of Decision operating criteria for GCD issued by the
U.S. Department of the Interior on October 9, 1996. Staff members of Argonne’s Decision and
Information Sciences Division prepared this report with assistance from staff members of
Western’s Colorado River Storage Project Management Center.
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Ex Post Power Economic Analysis of Record of Decision Operational Restrictions
at Glen Canyon Dam

by

T.D. Veselka, L.A. Poch, C.S. Palmer,” S. Loftin,” and B. Osiek”

ABSTRACT

On October 9, 1996, Bruce Babbitt, then-Secretary of the U.S. Department of the Interior
signed the Record of Decision (ROD) on operating criteria for the Glen Canyon Dam (GCD).
Criteria selected were based on the Modified Low Fluctuating Flow (MLFF) Alternative as
described in the Operation of Glen Canyon Dam, Colorado River Storage Project, Arizona,
Final Environmental Impact Statement (EIS) (Reclamation 1995). These restrictions reduced the
operating flexibility of the hydroelectric power plant and therefore its economic value. The EIS
provided impact information to support the ROD, including an analysis of operating criteria
alternatives on power system economics. This ex post study reevaluates ROD power economic
impacts and compares these results to the economic analysis performed prior (ex ante) to the
ROD for the MLFF Alternative. On the basis of the methodology used in the ex ante analysis,
anticipated annual economic impacts of the ROD were estimated to range from approximately
$15.1 million to $44.2 million in terms of 1991 dollars ($1991). This ex post analysis
incorporates historical events that took place between 1997 and 2005, including the evolution of
power markets in the Western Electricity Coordinating Council as reflected in market prices for
capacity and energy. Prompted by ROD operational restrictions, this analysis also incorporates a
decision made by the Western Area Power Administration to modify commitments that it made
to its customers. Simulated operations of GCD were based on the premise that hourly production
patterns would maximize the economic value of the hydropower resource. In 2000 and 2001,
electricity market prices experienced large price spikes and swings. Because of this event, many
people felt market prices during that time period were not good surrogates for determining
economic value of energy. To study the effect large electricity market price swings had on the
economic value of the ROD, two case studies were performed. The base case used actual market
prices during the entire study period. A sensitivity case adjusted prices in 2000 and 2001 using a
methodology to smooth the market price swings. The base case estimated that economic impacts
were on average $33.9 million in $1991, or $50 million in $2009. The sensitivity case estimated
that economic impacts were on average $26 million in $1991, or $38 million in $20009.

. Palmer, Loftin, and Osiek are employed by Western Area Power Administration, Colorado River Storage Project
Management Center, Salt Lake City, Utah.



1 INTRODUCTION

Constructed between 1957 and 1964, Glen Canyon Dam (GCD) is a concrete arch structure
located on the Colorado River 15 miles upstream from Lees Ferry. Currently, there are eight
generating units at Glen Canyon Powerplant (or the Powerplant) with a total sustained operating
capacity of approximately 1,320 megawatts (MW) and an instantaneous maximum output of
about 1,356 MW (Veselka et. al 1995). The first two Glen Canyon units began generating power
in September 1964, and the eighth and final unit came on-line in February 1966 (Form PO&M-
59). The reservoir formed by the dam, Lake Powell, has a total water storage capacity of
27 million acre-feet (MAF) when full. Lake Powell was filled for the first time in 1980 when it
reached a maximum reservoir water elevation of 3,710.6 feet (ft). When water is released from
the reservoir through power plant turbines, the energy generated serves the electricity demands
of consumers in several western states that are located in the Western Electricity Coordinating
Council (WECC) region of the North American Electric Reliability Corporation (NERC).

Except for a minimum water release requirement at GCD, the daily and hourly operations of
the dam initially were restricted only by the physical limitations of dam structures, Lake Powell,
and the Powerplant. However, the Bureau of Reclamation (Reclamation) and other interested
parties became increasingly concerned about the effects of GCD operations on the downstream
riverine environment, including the impact on several endangered species. In response to these
concerns, Reclamation began to restrict operations on June 1, 1990, when it conducted research
discharges as part of Glen Canyon Environmental Studies (GCES). Numerous test flows were
made during a 14-month period. The duration of an individual test flow ranged from four days to
several weeks. As a result of information and analysis conducted over the research discharge
period, Reclamation imposed interim flow operational constraints at GCD on August 1, 1991.
Interim flow restrictions were imposed until February 1997, when new operational rules and
project management goals were adopted to comply with the Glen Canyon Dam Environmental
Impact Statement (GCDEIS) Record of Decision (ROD) (Reclamation 1996). Restrictions
mandated in the ROD operating criteria limit both the operational range of water releases and the
rate that water releases are permitted to change over time.

Operating criteria reduced the flexibility of operations, diminished dispatchers’ ability to
respond to market price signals, and decreased the economic power benefits of the GCD. Studies
conducted by a team of analysts lead by Reclamation in support of the GCDEIS estimated the
economic costs of the ROD operating constraints under two different marketing arrangements:
hydrology and contract rate of delivery (CROD). The hydrology approach assumed that Western
Area Power Administration (Western) would sell only the capacity and energy generated by Salt
Lake City Area Integrated Projects (SLCA/IP) resources resulting from the available hydrology
each year. Customers would have to purchase firm capacity and energy elsewhere on an annual
basis to meet any additional needs. Annual economic costs using hydrology assumptions were
estimated at $15.1 million expressed in terms of 1991 nominal dollars ($1991). The net present
value (NPV) of costs over the study period was estimated at $174.6 million.

The CROD approach assumed that capacity and energy would be marketed according to the
post-1989 criteria. That is, Western would contract to provide its customers with long-term firm



capacity and energy based on the projected generating capability of SLCA/IP resources with
some acceptable level of risk. Under this arrangement, Western would purchase capacity and
energy to meet customer contracts in years when SLCA/IP generation was not sufficient because
of poor hydrology. In both the hydrology and CROD marketing approaches, it was the
customer’s responsibility to replace capacity and energy lost as a result of constrained GCD
operations. Annual economic costs assuming the CROD approach were $44.2 million in 1991
nominal dollars and an NPV of $511.2 million over the study period (Reclamation 1995).

In addition to revised operating criteria, the ROD created the Glen Canyon Dam Adaptive
Management Program (GCDAMP) to conduct scientific experiments and studies. Under the
GCDAMP, special releases are conducted to monitor and assess the effects of dam operations on
downstream resources. The special releases are exempt from the ROD operating criteria. Some
of the special releases include Beach/Habitat-Building Flows (BHBFs), Habitat Maintenance
Flows (HMFs), and steady flows to conduct aerial photography.

This ex post study reevaluates the economic impacts of the ROD on the power system based
on historical events that took place between 1997 and 2005. Data were primarily acquired
through public data sources. A comparison of this ex post analysis with the economic analysis
conducted prior (ex ante) to the ROD shows that the ex ante analysis produced a fairly accurate
projection of ROD economic impacts.



2 HISTORICAL BACKGROUND

This section provides a brief historical overview of GCD and its associated power plant. It also
describes the bundling of the Glen Canyon power resource with other hydropower plants in the
region and Western’s marketing of both power and energy to its preferred customers in the
Western United States. Finally, specific restrictions on the GCD operating criteria and their effects
on power production are presented, as well as Western’s marketing programs.

2.1 GLEN CANYON DAM AND PHYSICAL POWERPLANT CHARACTERISTICS

Glen Canyon Dam was built by Reclamation between 1956 and 1964. It is a 710-foot-high
concrete arch structure with a crest length of 1,560 ft containing 4,901,000 cubic yards of
concrete. The thickness of the dam at the crest is 25 ft, and its maximum base thickness is 300 ft.
The total capacity of its reservoir, Lake Powell, is 27.0 MAF, with an active capacity of
approximately 20.9 MAF. Under normal water surface elevation levels, the reservoir has a length
of 186 miles and a surface area of 161,390 acres.

GCD is part of the Colorado River Storage Project (CRSP) that was authorized by a special
Congressional Act on April 11, 1956, to develop the water resources of the Upper Colorado
River Basin and control a drainage basin of approximately 108,335 square miles. Besides GCD,
CRSP consists of three other projects: namely, Flaming Gorge Dam on the Green River in Utah
near the Wyoming border; Navajo Dam on the San Juan River in New Mexico near the Colorado
border; and Wayne N. Aspinall Dams (formerly Curecanti) on the Gunnison River in west
central Colorado. The power plants associated with Aspinall are Blue Mesa, Morrow Point, and
Crystal. GCD accounts for about three-fourths of the CRSP total nameplate capacity.

The project regulates the flow of the Colorado River such that water-use developments in the
Upper Colorado River Basin can take place while maintaining minimum water deliveries to the
Lower Basin as mandated by the Colorado River Compact. The benefits of the CRSP include
controlling floods, providing irrigation and recreation, supplying municipal and industrial water,
and enhancing fish and wildlife conservation. The power plant benefits of GCD consist of both
power (capacity) and energy (electricity generation) benefits (Western undated a).

Pondage hydro power plants such as the one at GCD have several unique physical attributes.
The Glen Canyon Powerplant can ramp-up or down very quickly in response to rapid load
changes. It can also quickly fill generation voids that result from abrupt unit forced outages. In
addition, pondage hydro power plants are also well suited to providing regulation and spinning
reserve services. Relative to other technologies, GCD has had low outage rates. Since it began
operation, individual units at GCD have an average availability factor of approximately 91.7%.
In comparison, the average availability factor for a large coal generating unit in the United States
is approximately 83.1% (NERC 2009). This high level of dependability is an important factor
that increases the value of its capacity, since less reserve capacity is needed to achieve an
equivalent level of system reliability.



The first two generating units at GCD, each with a nameplate capacity of 112.5 MW, began
to produce power in September 1964. Approximately a year and a half later, the eighth and final
unit began generating in February 1966, bringing the total Powerplant nameplate capacity to
900 MW. Subsequent to unit installations, several rewinds were performed and, as of
November 1985, the nameplate capacity of the Powerplant increased to approximately
1,356 MW. Further Powerplant improvements increased the nameplate capacity to about
1,373 MW by the end of the study period.

Major components of bulk power transmission at the Glen Canyon Powerplant include
hydraulic turbines, an isolated phase bus, power circuit breakers, disconnect switches, and step-
up transformers. When the Powerplant was commissioned, the ratings of these components were
as follows:

e Hydraulic turbines: 171.70 MW,

e |[solated phase bus: 168.27 million volt-amperes (MVA) (7,150 Amperes),
e Generator unit breakers: 167.32 MVA (7,000 Amperes),

e Generator disconnect switches: 167.32 MVA (7,000 Amperes), and

e Step-up transformers: 300.00 MVA (one for each pair of generators).

Initially, components’ rated output capacities exceeded the rated capacities of generating
units. However, over the lifetime of the Powerplant, unit rewinds were carried out, and unit re-
rates and up-rates were completed to the point where the electrical capacities of some
components were less than the nameplate capacity of the generating units.

After rewinds were completed between 1984 and 1986, four units had a nameplate capacity
of 173.68 MVA with a 0.95 power factor (pf), which exceeded the rated capacity of the unit
circuit breakers and disconnect switches at 167.32 MVA, and the rated capacity of the isolated
phase bus at 168.27 MVVA. However, each generator was constrained by a mechanical limit of
165 MW, which is below the breaker and disconnect-switch limits.

Table 2.1 shows a timeline of the Powerplant capacity improvements during the 1997-
though-2005 study period. A few months after ROD operating criteria were put into practice, the
armature of unit 8 was rewound in October 1997. A few years later, in August 2003, an armature
for unit 2 was also rewound. As a result of these improvements, both units increased the
electrical rating to 173.68 MVA at a power factor of 0.95. However, the mechanical rating of the
generator remained unchanged at 165 MW.

In 2000, the unit switchgear — including the unit circuit breakers and disconnect switches
for all eight generators — was replaced. This upgrade raised the capacity of the breakers and
switches from 167.32 MVA to 191.22 MVA. In addition, a portion of the isolated phase bus
(between the generators and the switchgear, and from the switchgear to the plant lower roof) was
replaced. The new bus sections have a 191.22 MVA rating. However, sections of the original bus
were not upgraded; therefore, the rating of the bus remains at its original level of 168.27 MVA.



The plant is arranged such that two generators share one step-up transformer. The combined
MVA output of generator pairs (330 MVA) exceeds the nameplate rating (300 MVA) of the
shared step-up transformer. Although the nameplate rating of the step-up transformers is lower
than the rating for two generators, industry standards allow operation of transformers above
nameplate rating if temperature limits are maintained. Operational experience has demonstrated
that the step-up transformers can be operated continuously with both connected generators at full
output without exceeding temperature limits.

Table 2.1 Glen Canyon Powerplant Improvements during the Study Period

Month, Event Total Plant Total Plant
Year Output Capacity  Output Capacity
(MW @ 1.0 pf) (MW @ 0.99 pf)
Feb. 1997 ROD operating criteria began 1,320.00 1,314.63
Oct. 1997 Unit 8 rewind 1,320.00 1,315.97
2000 New unit switchgear 1,320.00 1,315.97
Aug. 2003  Unit 2 rewind 1,320.00 1,317.31

Source: Reclamation (2004).

Environmental restrictions on GCD water releases that began in August 1991 reduced power
plant operations significantly below the transformer limits under all but the highest hydropower
conditions. The impact of environmentally driven operational criteria on the maximum power
plant production levels will be discussed in detail in Section 4.

The capacity in Table 2.1 differs somewhat from the economic analysis conducted for the
GCDEIS that assumed a winter Powerplant capacity of 1,407 MW and a summer capacity of
1,315 MW under the No Action Alternative (Reclamation 1995).

2.2 POWERPLANT CAPACITY AND MAXIMUM POTENTIAL POWER OUTPUT

Some equipment capacity limitations at the Glen Canyon Powerplant are hard constraints;
that is, there is a maximum level of operation governed by the laws of physics. One such
constraint is the maximum penstock flow rate that is primarily limited by the reservoir water
elevation. Other limitations are soft constraints in that the maximum rated level of operation can
be exceeded for various periods of time with little or no damage to the equipment. As discussed
in the previous section, Glen Canyon transformers can be operated routinely at 300 MVA. In
some cases, however, operating the machines above the maximum rated capacity for an extended
period of time may result in equipment degradation, shortened equipment lifetime, and higher
failure rates.

In 1997, at the beginning of the study period, the nameplate capacity of the Glen Canyon
Powerplant was about 1,356 MW. After the armature rewinding of unit 2 was completed, the
nameplate capacity increased to about 1,373 MW. However, these levels of power output cannot
be sustained continuously for long periods of time. The maximum possible output (continuous



capacity) from the Glen Canyon Powerplant is significantly lower than the nameplate capacity.
In addition, the maximum possible power output from the Powerplant varies as a function of
several factors that include: plant power factor, Lake Powell forebay elevation, maximum
penstock water flow rate, unit water-to-power conversion efficiencies, tailrace elevation, unit
availability, and transformer and circuit breaker limitations.

The constraints that limit the maximum power output at the Glen Canyon Powerplant differ
depending on the situation. At higher forebay elevation levels, the mechanical rating of the eight
units at 165 MW apiece (for a total of 1,320 MW) is the limiting factor. When the reservoir
water elevation is relatively low, the maximum penstock flow rate and the efficiency of the
turbine to convert water flow into electric power reduces the maximum power output to a lower
level.

Figure 2.1 shows Lake Powell elevation (primary y-axis) along with nameplate capacity,
continuous capacity at a power factor of 0.99, and maximum output capability (secondary y-axis)
during the study period. Lake Powell elevation data were obtained from Form PO&M 59 data.
Maximum output capabilities were computed monthly based on a Glen Canyon Powerplant
turbine flow rate equation that relates the maximum turbine flow rate to reservoir elevation. The
computed turbine flow rate is multiplied by a power conversion factor to obtain the maximum
output level. Its upper limit is constrained by the continuous capacity level. It is important to note
that when the Lake Powell water elevation rises above 3,677 ft, the maximum output capability
is set equal to the continuous capacity level. A more detailed explanation of the power
conversion factor is provided in the next section.

The continuous capacity level is based on a power factor of 0.99, which Glen Canyon
Powerplant operators have indicated is a typical operating level. This assumption is also
supported by historical operations shown in Figure 2.2.
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Figure 2.2 Powerplant Average Daily Power Factor for January 16-29, 2004



2.3 POWERPLANT GENERATION

Electricity generated from the Glen Canyon Powerplant has served consumer load in
several western states since September 1964. From the time it was first brought on-line through
the start of the ROD constraints in February 1997, the gross electricity generation from the Glen
Canyon Powerplant was more than 141,662 gigawatt-hours (GWh). This energy displaces
generation from other power sources that mainly burn depletable resources such as coal, oil, and
natural gas.

During the first several years of operation through the end of 1979, the amount of water
that was released for power purposes was relatively small, since some of the inflows into
Lake Powell were used by Reclamation to fill the reservoir. Lake Powell was completely filled in
1980, or about 16 years after the Powerplant began to operate. From 1965, the first full year of
Powerplant operations, through the end of 1979, the amount of water released per calendar year
for power generation ranged from between 6.3 MAF and 9.5 MAF. These release amounts were
in accordance with Lake Powell filling criteria established in July 1962 (GPO 1962). From 1980
through 2005, annual generation has varied by more than a factor of 2.6. Figure 2.3 shows that
annual generation after 1980 was as low as 3,299 GWh in 2005 and as high as 8,703 GWh in
1984. The minimum annual allowable release of 8.23 MAF, which includes both turbine and
non-turbine water during a water year (WY), was reached in several drought years. However, if
drought conditions continue for an extended period of time, the minimum annual release may not
be attainable in the future. The high level of generation variability of the Glen Canyon
Powerplant since 1980 is mainly attributable to annual variations in precipitation levels in the
Upper Colorado River Basin. Generation variability reduces the value of the resource because it
adds to the overall uncertainty of the power system and increases the risk of not serving system
load.

The annual generation amounts shown in Figure 2.4 display a continuous decline in
production through the study period. The fifth-highest generation year occurred in 1997, the first
study year, while the last four years, 2002 through 2005 inclusive, were the lowest on record.
The average annual generation during the study period is more than 400 GWh lower than that of
the overall 26-year historical period, that is, about 8% lower than the long-term average. Annual
generation during the study period also displayed a wide range of hydropower conditions, from a
low of 3,299.4 GWh in 2005 to a high of 7,435.3 GWh in 1997.
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Figure 2.3 Annual Generation from the Glen Canyon Powerplant in Calendar Years 1980
through 2005

Monthly generation levels during the study period (shown in Figure 2.4) display a decreasing
power production trend over time. Also evident in the monthly bar chart is a cyclical trend that is
repeated annually. Figure 2.5 shows monthly generation averages during the study period.
Generation tends to be highest during January, July, and August, while September and October
have the lowest generation levels. In general, this monthly pattern of electricity generation from
the Glen Canyon Powerplant has been beneficial from a power systems viewpoint, since
relatively large amounts of energy are generated when it has the greatest value. The months with
the highest generation levels coincide with peak demand periods that occur during the summer.
Electricity produced during the summer has a high economic value since it displaces generation
from sources that have 