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FOREWORD

This report waprepared by Argonne National Laboratory (Argoninesupport of an
economic analysis of operational restrictions at the Glen Canyon Dam (GCD) conducted for the
U.S.Departmet of Energyés Western Area Power Admin
electricity produced at hydroelectric facilities operated by the&uof Reclamatiornhe
facilities known collectively as the Salt Lake City Area Integrated Projects include dam
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 reportpresents detailed findings of studies conducted by Argonne rétatedex post
economic angkis of Record of Decisiooperating criteria for GCD issued by the
U.S.Department of the Interioron Octoker, 1996. Staff members of Ar
Information Sciences Division prepared theportwith assistance ém staff members of
Westernbés Colorado River Storage Project Mana



CONTENTS

ACRONYMS AND ABBREVI ATIONS ... IX
UNITS OF MEASURE ... .ttt X
ABSTRACT .. e e e 1
1 INTRODUCTION ..ot e e s 2
2 HISTORICAL BACKGROUN Du...ovtiiiiiiiiiiiiiieeiiiiiiieesi e eeeeeevrveeevvneeee s 4

2.1 GLENCANYON DAM AND PHYSICAL POWERPLANTCHARACTERISTICS..4
2.2 POWERPLANTCAPACITY AND MAXIMUM POTENTIALPOWEROUTPUT....6

2.3 POWERPLANTGENERATION. .. .ottt ettt mnne e 9
2.4  POWERPLANTEFFICIENCY.....tttiiiiiiiiiiiiiieie ettt mmne e 12
2.5 GLENCANYON DAM OPERATINGCONSTRAINTS.......ccccvvvriiriieeeeeee s eeeeeeeenees 13
2.6 BEACH/HABITAT-BUILDING FLOWSAND EXPERIMENTALRELEASES.....20
2.7 SALTLAKE CITY AREAINTEGRATEDPROJECTS.........ccooiiiirivrireeesiies 22
2.8 MARKETING OFGLEN CANYON DAM POWERAND ENERGY.............ccce. 23
2.9 CRSPDISPATCHPRACTICES.... ..ttt ettt a e e e e e e s ammnan e e e e e e 27
2.10 EVOLUTION OFWECCPOWERMARKETS ......ccoiiiiiiiiiiiiiiiiieeeevveeeeeeeeeee 28
3 METHODS AND MODELS ....ootiiiiiiiiiiiceeee e mmee e 33
3.1  SCENARIOASSUMPTIONS . ....ooiiiiiiiiiiii e ee e 33
3.2 CONSTRUCTINGSLCA/IPFIRM CONTRACTS.....ccoccvirvieinneeeeeseeeneeeeerenneeeeees 36
3.3 CUSTOMERSCHEDULINGALGORITHM .....cuttiiiiiiiiiiiiiiiiieiieeeeieee e 40
3.3.1 Schedules for Large and Small CUSIOMELS............ccooiiuimimmmniiiiiiieeeeeeeees 41
3.3.2 Customer Scheduling Algorithm Objectives and Constraints........................41
3.3.3 Total SLCA/IP Hourly FIrm LOAAS........uuuuuiiiiiiiiiiiiiieeeiiiieeeeeeeee e 44
3.4 WECCMARKET HUBPRICES..........coiiiitiiiiiieees e eners e 44
3.4.1 Daily Minimum and Maximum PriCES...........coouriiiiiiiiieee e 45
3.4.2 Shaping Hourly Prices with WECC Total LoadS.............ccoeeiiiiiieeeiiiiieeeeeee 46
3.5 SIMULATION OFSLCA/IPHOURLY DISPATCHAND
MARKET TRANSACTIONS. ..ot eeeee e e 49
3.5.1 GTMax Model Input Data for Power Plants and ReServoir.................ccceeeueee. 49
3.5.2 GTMax Model Input Data, Loads, and Market Prices.............cccvvvvvvimeeeeeeennnn. 51
3.5.3 GTMaAX TOPOIOGIES. ... .uuuuuiiiiiiiiiiiieeet ettt ettt et e e e e e e e e e seeme e e e e et e e e e e e e e e e e e e e e e s sanee 53
3.5.4 ANCIIAIY SEIVICES.....ccii i i ittt e e e e e e e e e emenns 58
3.6 CALCULATING ECONOMICVALUE .......coooiiiiiiiieeeeeeeiee e 60
4 ECONOMIC COST OF THE ROD.....ccciiiiiiiiiiiiieiieieees e eennsssaseeeeeees 61
4.1 COSTOFRODIN WY 1997....cciiiiiiiiii oot eees e 63
4.2 COSTOFRODIN WY 1998......ccciiiiiiiiiiiiiiiiiiemme e e s nensssssseesseeeeeees 66
4.3 COSTOFRODIN WY 1999......cciiiiiiiiiiiiiiiiciiieeee e eees e 68
4.4 COSTOFRODIN WY 2000........ccccciiiiiiiiiuennimnnneesssennnnnsesnnseeeeesemmssssssseseeeeeeeeesd 1
45 COSTOFRODIN WY 200L......cccoiiiiiiiiieiciiiieees e e esccisnsnnsesneeeeessssssssssssssessesseeesdd D
46 COSTOFRODIN WY 2002......cccceiiiiiiiiiiiiiininnnseesssnsnnsessnseeeeesemsssssssnseeeeeeeeeees d 8
4.7 COSTOFRODIN WY 2003.......ccccieiieieiiiiiiiiciimmme e e e e s e s s seeessnnssssaesnnnneees 381



CONTENTS (Cont.)

4.8 COSTOFRODIN WY 2004.......c i eeeerris s anmess e e e e e 85
4.9 COSTOFRODIN WY 2005.......cccuttiiiiiiiiiiirriiiii s amss e 87
410 SUMMARY OFRODCOSTIN STUDY PERIOD.........cccooiiiiiiiiiiiiiiieee e 91
S5 REFERENCES.. ... 97
5.1 REP O R T S 97
5.2 FORMS ... e 98



TABLES

Table 2.1 Glen Canyon Powerplant Improvements during the Study Period..................... 6
Table 2.2 Summary of Hydropower Operational ScenariQs...........cccccvvvvveemeeeeeeeeeeennnnnnnns 14
Table 2.3 List of Historical Experimental Flow Periods from 1997 through 2005............. 22
Table 2.4 SLCA/IP Divisionahllocations under the Po41989 Marketing Criteria............... 25
Table 2.5 SLCA/IP Divisional Allocations under the PB804 MarketincCriteria................. 25
Table 3.1 Overview of Scenario ASSUMPLIONS..........uuuuuuuuuiiiieereererinirse e e e e e e e e srenrns 35
Table 3.2 Aggregate Annual SLCA/IP Contract Terms Under the Without ROD

and With ROD SCENAIIOS.......cccoiuuuuiiiiiiiiiieeesiiinisirsreseeeeeeeeeessesssssseeeeeaeaaaeaaaeeees 37
Table 3.3 Monthly Project Capacity Use, by CUSIOMET........cccoooeiiiiiiiieeeiie e 52
Table 3.4 Monthly Project Energy Use, by CUSIOMEY...........uueiiiiiiiiieeeeceinee e 52



FIGURES

Figure 2.1 Powerplant Capacity and Output Capability in the Study Period..................... 8
Figure 2.2 Powerplant Average Daily Power Factor for Janudrg.@004............ccccceeeennn... 8
Figure 2.3 Annual Generation from the Glen Canyon Powerplant

in Calendar Years 1980 through 2005............iiiiiiiniieeeiiir e eeeen 10
Figure 2.4 Monthly Energy Production during the Study Period..............ccccccoiicccviiiiinnnns 11
Figure 2.5 Average Monthly Energy Production during the Study Period....................... 11
Figure 2.6 Powerplant CapacitgchOutput Capability in the Study Period.................ooee... 12
Figure 2.7 Powerplant Capacity and Output Capability in the Study Period.................... 13
Figure 2.8 Glen Canyon Releases over a Single Day Prior

to More Stringent Operating Restrictions (July 20, 1989, is shawn)............... 15
Figure 2.9 Glen Canyon Releases over a Single Day under Interim Operatingti@estri....16
Figure 2.10 Glen Canyon Releases over a Single Dagr iR@D Restrictions..................... 18
Figure 2.11 Glen Canyon Releases over a Singleundgr ROD Restrictions..................... 19
Figure 2.12 Glen Canyd2004 BHBF RelaSES...........cccceviiiiiiiiieeee e 21
Figure 2.13 lllustration of SHP and AHP Capacity Offers...........ccccocvvvvimmmniniiiiiiiiiieee 26
Figure 2.14 lllustration of the Markétrice Driven Dispatch Guideline

under Flexible Hydropower OPerations...............uueeeeeeeieeeurmrreieieeieieeeeeeeeeeeeane 28

Figure 2.15 Projected Versus Actual Delivered Cost of Fuel to Electric Utility Power Rl2%s
Figure 2.16 Daily Spot Market Prices at the Palo Verde.Hub................cooooccee 31
Figure 2.17 Daily Spot Market Price Sads at Palo Verde Hub................cccoovvieeee 32
Figure 3.1 Modeling ProCesS OVEIVIEW.........ccouiiiiiiiieeee e eees e 34

Figure 3.2 lllustration of SLCA/IP Dispatch when Maximizing Economic Value of ResoG&es
Figure 3.3 Aggregate Monthly SLCA/IP Contract Offers in 1999

under the Without ROD SCENAIIQ. ........ccuuiiiiiiiiiiieeee e 38
Figure 3.4 Aggregate Monthly SLCA/IP Contract Offers in 1999

under the With ROD SCENAKIO........cccuuiiiiiiiiiiiieeeiiiiririeieeeeeeeeeeeesesenseeeeeeeeeaaeens 38
Figure 3.5 SLCA/IP Capacity drMinimum Schedule Requirementis.............ccccuvvvevvieeennns 39
Figure 3.6 Aggregate Monthly SLCA/IP Contract Offers in 2003

under the Without ROD SCENACIQ..........uuuuiiiiiiieeecceeiiiieneeeeeeeeeeneeeeineeeeeeeeeen . 40
Figure 3.7 Aggregate Monthly SLCA/IP Contract Offers in 2003

under the With ROD SCEeNANI0.........ccceeeeeiiiieeeeieeee e 40
Figure 3.8 Conceptual lllustration of an SLCA/IP Customer Scheduling Energy............. 43
Figure 3.9 Customer HolyrDemands for Energy under SLCA/IP Firm Contracts............. 44
Figure 3.10 Process for Estimating Hourly WECC Market Hub Prices................cceeceeee. 45

Figure 3.11 Process for Estimating Total Hourly Loads in the U.S. portion of WECC....47
Figure 3.12 lllustration of Load Duration Curve Shaping to Match a Target Load Facto#8

Figure 3.13 Original and Shaped Chronological Load CUIVE.............oooviiiiicceeeeee s 48
Figure 3.14 Sequence of Operations for Simulating SLCA/IP Marketing

and SyStEM OPEIratiONS.......cceiiieeeieiie i 54
Figure 3.15 Tpology Used for Flaming Gorge Dispatch and Jensen Gauge Simulatian$5
Figure 3.16 SLCA/IP Topology Used for Powerplant DispatchuBations..............cccccee.... 57
Figure 3.17 Operating Rangeeduction When Providing Ancillary Services...................... 58
Figure 4.1 Monthly Water Releases in WY 1997.........cccovviiiiiiimmniiiece e 63
Figure 4.2 Energy Component of ROD Cost and Price Spread in WY.1997................... 64

Vi


file:///E:/Western/Post%20ROD/Post-ROD%202010/GlenCanyonDam_Post-ROD_Final_Rev2.docx%23_Toc267323573

FIGURES (Cont.)

Figure 4.3 Operating Range and Outage Factor at Glen Canyon Dam in WY..1997....... 64

Figure 4.4 Cost of Capacity and Energy Components in WY .1997...........ccccoviiiaannnnnnn 65
Figure 4.5 Monthly Water Releases in WY 1998............cccoiiiiiieeeii e 66
Figure 4.6 Energy Component of ROD Cost and Price Spméaty’ 1998..............ccvvvvveeeeen. 67

Figure 4.7 Operating Range and Outage Factor at Glen Canyon Dam in W..1998....... 67
Figure 4.8 Capacity Factors of Without ROD and With ROD Scenarios in WY..1998.....67

Figure 4.9 Cost of Capacity and Energy Components in WY .1998...............iemeeennnnd) 68
Figure 4.10 Monthly Water Releases in WY 1999..............ouiiiiicciiiiiiiiiiiiinse e 69
Figure 4.11 Energy Component of ROD Cost and Price Spread in WY.1999................. 70
Figure 4.12 Operating Range and Outage Fatt@len Canyon Dam in WY 1999............. 70
Figure 4.13 Cost of Capacity and Energy Components in WY.1999.................ccceeeennn. 70
Figure 4.14 Water Release Pattern During Low Summer Steady Flow in WY..2000....... 71
Figure 4.15 Monthly Water Release in WY 2000............uuuiiiiiisieeeeeeeiiiiseeeeeeeeeeeesaneeanns 72
Figure 4.16 Energy Component of ROD Casdl #rice Spread in WY 2000....................... 12

Figure 4.17 Operating Range and Outage Factor at Glen Canyon Dam in W.Y..2000.....73
Figure 4.18 Comparison of Lake Powell Elevations and Power Conversion Factor

Figure 4.19 Cost of Capacity and Energy Components in WY .2000...........cccccovveeeennnnen. 75
Figure 4.2 Monthly Water Releases in WY 200L...........coovviiiiiiicccieeeeiiiiiienee e e eeeenns 76
Figure 4.21 Energy Component of ROD Cost and Price Spread in WY.2001................. 76
Figure 4.22 Operating Range and Outage Factor at Glen Canyon Dam in W.Y..2001.....77
Figure 4.23 Cost of Capacity and Energy Components in WY .2001...........cccccvvvieennnnenn. 78
Figure 4.24 Monthly Water Releases in WY 2002...............uuuuuiicccieeeiiiiiiiinsee e e eeeenns 79
Figure 4.25 Energy Component of ROD Cost and Prwed®l in WY 2002...............ccceeee 79
Figure 4.26 Operating Range and Outage Factor at Glen Canyon Dam in W.Y..2002.....80
Figure 4.27 Cost of Capacity and Energy Components in WY .2002............cccccoevieeennnnn. 81
Figure 4.28 Monthly Water Releases in WY 2003.............oouiiiiicccieeeeieeeiieee e 82
Figure 4.29 Energy Component of ROD Cost and Price Spread in WY.2003................. 82
Figure 4.30 Cost of Capacity and Energy Congodg in WY 2003..........ccceeviiieeeeeeeieeeieennn 84
Figure 4.31 Operating Range and Outage Factor at Glen Canyon Dam in WY.2003.....84
Figure 4.32 Monthly Water Releases in WY 2004.............oouiuiiiicccieeeeiieiienee e 85
Figure 4.33 Energy Component of ROD Cost and Price Spread in WY.2004................. 86
Figure 4.34 Cost of Capacity and Energy Congodf in WY 2004...........ccccoevveeeeeeeeiieeeieennn. 87
Figure 4.35 Operating Range and Outage Factor at Glen Canyon Dam in WY.2004.....87
Figure 4.36 Monthly Water Releases in WY 2005..............uuuuiiiicccieeeeiiiiiiieee e 88
Figure 4.37 Energy Component of ROD Cost and Price Spread in WY.2005................. 89
Figure 4.38 Operating Range and Outage Factor at Glen Canyon Dam in WY..2005.....90
Figure 4.39 Cosdf Capacity and Energy Components in WY 2005..........ccvvvviiiiiiieennnnnn. 90
Figure 4.40 Annual Water Releases during the Study Period..............ooovvimemriiiiiennend 91

Figure 4.41 Energy Component of ROD Cost and Price Spread during the Study. Perio82
Figure 4.42 Operating Range and Outage Factor at Glen Canyon Dam

during the Study PeriQd............cccuiiiiiiiiiieeiiiii e a3
Figure 4.43 Cost of Capacity and Energy Components in Study Reriod....................e.... 93
Figure 4.44 Comparison of Lake Powell Elevations and Power Conversion Factor

during the Study PeriQd............coouuiiiiiiiieeee e 4

Vii



FIGURES (Cont.)

Figure 4.45Comparison of Actual Monthly Electricity Prices/Price Spreads during California
Energy Crisis to Those Values with California Energy Crisis Remaved........ 95

Figure 4.46 Energy Component of ROD Cost and Price Spread during the Study. Rerio@5

Figure 4.47 Cost of Capagiand Energy Components in Study Period..................cccccceee. 96

viii



ACRONYMS AND ABBREVIATIONS

The following is a list of the acronyms and abbreviations (including units of mease
in this document.

AEO
AHP
Argonne
APSF
AZNM
BHBF
CallsO
CalPX
CAMX
CDP
CROD
CRSP
Csu
Deseret
DOE
DOI
EIA

EIS
EOM
EPM-EIS
FERC
FGEIS
F.R.
GCD
GCDAMP
GCDEIS
GCES
GPA
GTMax
HF
HMF
ICE
LDC

LF

LP
LSSF
LTF

MC
MLFF
MSR
NAPI
NERC

Annual Energy Outlook

Available Hydropower

Argonne National Laboratory

Aerial Photography Steady Flow

Arizona, New Mexico, and Southern Nevada Power Area
Beach/HabitaBuilding Flows

California Independent System Operator
California Power Exchange

California and Mexico Power Area

Customer Displacement Power

Contract Rate of Delivery

Colorado River Storage Project

Colorado Springs Utilities

Deseet Generation & Transmission Cooperative
U.S. Department of Energy

U.S. Department of the Interior

Energy Information Administration
Environmental Impact Statement

End of Month

Electric Power Marketing Environmental IngiéStatement
Federal Energy Regulatory Commission
Flaming Gorge Environmental Impact Statement
Federal Register

Glen Canyon Dam

Glen Canyon Dam Adaptive Management Program
Glen Canyon Dam Environmental Impact Statement
Glen Canyon Environmental Studies

Glen Canyon Protection Act

Generation and Transmission Maximization
High Flow

Habitat Maintenance Flow

Intercontinental Exchange

Load Duration Curve

Low Flow

Linear Programming

Low Summer Steady Flow

Long-Term Firm

Management Centéof the CRSP)

Modified Low Fluctuating Flow

Minimum Schedule Requirement

Navajo Agricultural Products Industry

North American Electric Reliability Corporation



NNFSF Non-Native Fish Suppression Flow

NPV Net Present Value

NTUA Navajo Tribal Utility Authority

NWPP Northwest Power Pool

PO&M-59  Power Operations and MaintenanEerm 59
PRPA Platte River Power Authority

QP Quadratic Programming

Reclamation Bureau & Reclamation

RMPA Rocky Mountain Power Area

ROD Record of Decision

RRP Replacement Resources Process

Secretary  Secretary of the Interior
SCADA Supervisory Control and Data Acquisition

SHP Sustainable Hydropower

SLCA/IP Salt Lake City Area Integrateddjects

SRP Salt River Project

SSARR Streamflow Synthesis and Reservoir Regulation

Tri-State Tri-State Generation & Transmission Association/Plains Electric Generation &
Transmission Cooperative
UAMPS Utah Associated Municipal Power Systems

UMPA UtahMunicipal Power Agency

USGS U.S. Geological Survey

WECC Western Electricity Coordinating Council
Western Western Area Power Administration
WRP Western Replacement Power

WTTD Water Time Travel Distribution

wy Water Year

UNITS OF MEASURE

AF acrefeet

cfs cubic feet per second
ft feet

GWh gigawatthour(s)

hr hour(s)

kw kilowatt

MAF million acrefeet
MMBtu millions of British thermal units
MVA million volt-amperes
MW megawatts

MWh megawatthour(s)

pf power factor

TAF thousand acréeet

yr year



Ex Post Power Economic Analysis of Record of Decision Operational Restrictions
at Glen Canyon Dam

by

T.D. Veselka, L.A. Poch, C.S. Palme8. Loftin,” and B. Osiek

ABSTRACT

On October 91996, Bruce Babbitt, theBecretary 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 Fluctuatiogy EMLFF) Alternative as
described in th@®peration of Glen Canyon Dar@plorado River Storage Project, Arizona,
Final Environmental Impact StatemdiiS) (Reclamationl995. These restrictions reduced the
operating flexibility of the hydroelectric powplant 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. Exipoststudy reevaluates ROD power economic
impacts and compares these results to the economic analysis performeexpaia@to the
ROD for the MLFF Alternative. On the basis of the methodology used iextaeteanalysis,
anticipated annual economic impsof the ROD were estimated to range from approximately
$15.1million to $44.2million in terms of 1991 dollars ($1991). Thex postanalysis
incorporates historical events that took place between 1997 and 2005, including the evolution of
power marketsn 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 Areower Administratioto modify commitmentshiat 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 restu2@00 and 2001,
electricity market prices experienced large price spikesaims Because of thisvent many
people feltmarket prices during théitne period were not good surrogater determining
economic value of energyo study the effect large electricity market price swings had on the
economic value of the ROD, twosmstudiesvere performedThe base case used actual market
prices during the entire study period. A sensitig#égeadjusted prices in 2000 and 2001 using a
methodology to smooth the market price swings. The base case estimaa&tbnomic impacts
wereon averagé&33.9million in $1991,or $50million in $2009.Thesensitivitycaseestimated
that economic impacts were on average $26 million in $1991, or $38 million in $2009.

’ Palmer, Loftin, and Osiek ammployed byWestern Area Power Administration, Colorado River Storage Project
Management Center, Salt Lake City, Utah.



1 INTRODUCTION

Constructed between 1957 and 1964, Glen Canyon (&) is a concrete arch structure
located on the Colorado River hiiles upstream from Lees Ferry. Currently, there are eight
generating units at Glen Canyon Powerplanthe Powerplantyith a total sustained operating
capacity of approximately 1,32flegawatts (MW) and an instantaneous maximum output of
about 1,356MW (Veselkaet.al 1995). The first two Glen Canyon units began generating power
in Septembet 964, and the eighth and final unit camelioe in February1966 (FormPO&M-

59). The reservoirdrmed by the dam, Lake Powell, has a total water storage capacity of

27 million acrefeet MAF) when full. Lake Powell was filled for the first time in 1980 when it
reached a maximum reservoir water elevation of 3,7fB@65(ft). When water is releasedifn

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 RelidpiCorporation (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 dancstres, Lakdéowell,
and the Pow@lant. 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 regfibase t
concerns, Reclamation began to restrict operations onlJur®0, when it conducted research
discharges as part of Glen Canyon Environmental Studies (GCES). Numerous test flows were
made during a Hnonth period. The duration of an individualttdew 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 Aydigfl.
Interim flow restrictions were imposedtil Februaryl997, 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) (Reclam&886). Restrictions
mandated in the ROD operating eria. 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
respond to market price signals, atetreased 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 ontract rate of delivery (CROD). The hydrology approach assumeWigtern
Area Power Administratiorfestern) would sell only the capacity and energy generatSalby
Lake City Area Integrated ProjecSLCA/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 ab15.1million expressed in terms of 1991 nominal dollars ($1991). The net present
value (NPV) of costs over the study period was estimated at $thitids.

The CROD approach assumed that capacity and energy would be marketed according to the
post1989 citeria. That is, Western would contract to provide its customers withtemgfirm

0



capacity and energy based on the projected generating capability of SLCA/IP resources with

some acceptable level of risk. Under this arrangement, Western would pur@pasigycand

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 6s responsibil ity tresultofeopdtraineceGCDapaci ty
operations. Annual economic costs assuming the CROD approach werenildr2in 1991

nominal dollars and an NPV of $511riillion over the study period (Reclamati@895).

In addition to revised operating criteria, the ROBated 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 releasegxempt from the ROD operating criteria. Some
of the special releases include Beach/HaiBiatding Flows (BHBFs), Habitat Maintenance
Flows (HMFs), and steady flows to conduct aerial photography.

This expost study reevaluates the economic impattee 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 éixipostanalysis with the economic analysis
conducted priorgx antg¢ to the RODshows that thex anteanalysis 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 Glenn@an power resource with other hydropower plants in the
region and Westernodos marketing of both power &
Western Unitedbtates. Finally, specific restrictions on the GCD operating criteria and their effects
onpowepr oducti on are presented, as well as Weste

2.1 GLEN CANYON DAM AND PHYSICAL POWER PLANT CHARACTERISTICS

Glen Canyon Dam was built by Reclamation between 1956 and 1964. It isfeofiltigh
concrete arch structure with a crest lengjtii,560ft containing 4,901,000ubic yards of
concrete. The thickness of the dam at the crestig a6d its maximum base thickness is 300
The total capacity of its reservoir, Lake Powell, is 248F, with an active capacity of
approximately 2@ 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 April1, 1956 to develop the water resources of the Upper Colorado
River Basin and control a drainage basin of approximately 108@&&re miles. Besides GCD,
CRSP consists of three other projects: namely, Flaming Gorge Dam on the Green River in Utah
near the Wyomindporder; 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 thrfirths of the CRSP total nameplate capacity.

The project regulates the flow of the Colorado River such thatwagedevelopments in the
Upper Colorado River Basin can take place while maintaining minimum delieeries 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. Tbhever plant benefits of GCD consist of both
power (capacity) and energy (electricity generation) benefits (Wasteiated).

Pondage hydro power plants such as the one at GCD have several unique physical attributes.
The Glen Canyon Powerplant can raogpor 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 serces. 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 timt UnitedStates
is approximately 83.1% (NERZ009. 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 ofMI¥2,BHegan
to produce power in SeptembdEd64. Approximately a year and a half later, the eighth and final
unit began generating in February 1966, bringingdked Poweplant namepla& capacity to
900MW. Subsequent to unit installations, several rewinds were performed and, as of
Novemberl985,the nameplate capacity of the Poplant increased tgpproximately
1,356MW. Further Powegslant improvements increased the nameplate captacitiyout
1,373MW 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 switchieg and s
up transformers. WhenétPoweplant was commissioned, the ratings of these components were
as follows:

Hydraulic turbines: 171.70 MW,

Isolated phase bus: 168.27 million valperes (MVA) (7,150 Amperes),
Generator unit breakers: 167.32 MVA (7,000 Amperes),

Generator disconnestitches: 167.32 MVA (7,000 Amperes), and
Stepup transformers: 300.00 MVA (one for each pair of generators).

Il nitially, components6 rated output capacitdi
units. Howeer, over the lifetime of the Powsant,unit rewinds were carried out, and uni re
rates and wpates 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 1886 units had a nameplate capacity
of 173.68MVA with a 0.95power factor (pf), which exceeded the rated capacity of the unit
circuit breakers and disconnect switches at 16M82, and the rated capacity of the isolated
phase bus at 168.MVA. However, each generator was constrained by a mechanical limit of
165MW, which is below the breaker and disconrgweitch limits.

Table2.1 shows a timeline ahe Poweplant capacity improvements during the 1997
though2005 study period. A few months after R@perating 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 1788 MVA at a power factor of 0.95. However, the mechanical rating of the
generator remained unchanged at 165 MW.

In 2000, the unit switchgeér including the unit circuit breakers and disconnect switches
for all eight generator8 was replaced. This upgde raised the capacity of the breakers and
switches from 167.3RMVA to 191.22MVA. 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 $®ns have a 191.29VA rating. However, sections of the original bus
were not upgraded; therefore, the rating of the bus remains at its original level of MG&RA27



The plant is arranged such that two generators share ongpstemsformer. The comied
MVA output of generator pairs (33@VA) exceeds the nameplate rating (3AYA) of the
shared steqip transformer. Although the nameplate rating of the-sgefransformers is lower
than the rating for two generators, industry standards allow opeadtiansformers above
nameplate rating if temperature limits are maintained. Operational experience has demonstrated
that the stequp transformers can be operated continuously with both connected generators at full
output without exceeding temperature kisni

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 operatingriteria 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

SourceReclamation (2004).

Environmental restrictions on GCD water releases that begamgnst 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 discusseddetail in Sectiont.

The capacity in Tabl2.1 differs somewhat from the economic analysis conducteddor th
GCDEIS that assumed a winter Poplant capacity of 1,40MW and a summer capacity of
1,315MW under the No Action Alternative (Reclamatih8%).

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 tB 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 equigxsaliscussed
in the previous section, Glen Canyon transformers can be operated routinel\WafA30h
some cases, however, operating the machines above the maximum rated capacity for an extended
period of time may result in equipment degradationrtehed 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 1,386/V. After the armature rewinding of unit 2 was completed, the
nameplate capacity in@ased to about 1,3MW. 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 maximurpossible power output from the Popwkamt varies as a function of
several factors that include: plant power factor, Lake Powell forebay elevation, maximum
penstock water flow rate, unit waterpower conversion efficiencies, taite 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 mechanivglofatine eight
units at 165VIW apiece (for a total of 1,32AW) 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 redutiee maximum power output to a lower
level.

Figure2.1 shows Lake Powell elevation (primargayis) along with nameplate capacity,
continuous capacity at a power factor of 0.99, and maximum output capability (secoactés) y
during the study period.dke Powell elevation data were obtained from FB@&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
computeddrbine 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 3i6lie maxmum 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
Powerplat operators have indicated is a typical operating level. This assumption is also
supported by historical operations shown in Figug



3,720 T 1.500
3,700 +
+ 1,400
3,680 W_
""""""""""""""""""""" 4 1,300

+ 1,200

3

c

$ 2
E .D
> o
K !
w g
> et
z g
‘S‘ 3,640 - — Average Reservoir Elevation (ft) ’§‘
= | e Maximum Water Surface Elevation (ft} =
W 3620 4 {1100 3
> — Crest Elevation (ft) ' 0
Y 38004 — -Maximum Output Capability (MW) -§
< 1 . + 1000 §
= 2880 4 -==-Continuous Capacity @ 0.99 pf (MW) pag
g ' -+ Nameplate Capacity @ 1.0 pf (MW) §
a . + 900 -
W 3,560 -

4

3

3540 47— —— 77— 800
1997 1998 1999 2000 2001 2002 2003 2004 2005
Year

Figure 2.1 Powerplant Capacity and Output Capability in the Study Reriod

1.000 4

0.998 4

0.996 o

0.994 4

0.992 4

0.990 4

0.988 4

0.988 A

Daily Average Power Factor

0.984 4

0.982 A

0.980

‘_J-.i-._‘

I i)
S e )
-~~"Dgg8~,  -Ogsg 0999

hat™ -
L —

0.999 0.999

ﬁﬂﬂﬁh

b
“ﬂ.&h ﬁ“ﬂa& «1.'@

o Loh ob "
R “.L».,\“ m\'fdgh R ﬂ‘ﬂ-ﬂﬁh ﬂ'l.'ﬁa
Date

o «fiﬂbh «ﬂw «11"’"0&

i F

Figure 2.2 Powerplant Average Daily Power Factor for January 1629, 2004



2.3 POWERPLANT GENERATION

Electricity generated from the Glen Canyon Powerplant has served consumer load in
several western states since Septeribér. From the time it was first brought-time through
the start of the ROD constraints in Februb®@7, the gross electricity geaéion from the Glen
Canyon Powerplant was more thbil,662gigawatthours (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 op@on through the end of 1979, the amount of water
that was released for power purposes was relatively small, since some of the inflows into
LakePowell were used by Reclamation to fill the reservoir. Lake Powell was completely filled in
1980, or about 1§ears after the Powglant began to operate. From 196@%e first full year of
Poweplant operations, through the end of 1979, the amount of water releasadepeiar year
for power generation ranged from betweenMAF and 9.5MAF. These release amoamere
in accordance with Lake Powell filling criteria established in 19§2(GPO 1962) From 1980
through 2005, annual generation has varied by more than a factor of 2.6.Fg&shews that
annual generation after 1980 was as low as 328% in 206G and as high as 8,7@WNh in
1984. The minimum annual allowable release of 823, which includes both turbine and
nortturbine water during a water year (WY), was reached in several drought years. However, if
drought conditions continue for an extenghediod 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 RiveBasin. 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 Fi@uedisplay a continuous daw® in
production through the study period. The fifttyhest 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 peviodre than 40GWh lower than that of
the overall 26year historical period, that is, about 8% lower than the-teng average. Annual
generation during the study period also displayed a wide range of hydropower conditions, from a
low of 3,299.4GWh in2005 to a high of 7,4353Wh in 1997.



10

9,000 -
] — Annual Generation (GWh)
8,000 26 Years  Study Period | ¢—— Analysis Period —,
| Statistic | (1980-2005) (1997-2005) |} -
= 7,000 Maximum 8,702.6 7,435.3 '
; Average 4,958.1 4,546.6 :
o Minimum | 3,299.4 32994 |if | :
~ 6,000 H | _ '
c — '
o — — 5
+ 5,000 - — | | '
2 a3 | :
T 4,000 A 8lla(18[& | —— B | —
_ = ) — 1 ] 1 — '
9 = ~ - [~ 2llo T
@© 4 i o
S 300018 g sllgfl [|=]|=
N ] 5|1y AR
< ] =& sllallellRllol|l8B]|L|l~ l QN5 w0 ||
< 2009 18l< 23S EE 5|5 | 122|288
1,000 - I
0 T T T T T T T T T T T LIr' T T T T T 1
O 4 N M S W1 O N~ 0 O O oA N M ST WO N DO O A N ® S W
D O W W W W B O B O RN DNDND N O O OO O O
O O O O O O O O O 6O O O & O O O O O OO0 O O O O O O O
— A — — - A « — - A — — N N N AN N N

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 Figuedisplay 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 duringudam, 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 amonts 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 disgaeestign
from sources that have the highest production costs. These sources tend to be units that are
relatively inefficient and burn more expensive fuels, such as fuel oil and natural gas. Historically,
relatively high levels of generation have also oot during December and January,
corresponding with the peak winter demand period.-geweration months are March and April
in the spring and October in the fall. These months have relatively lower electricity demands,
and energy is typically less valuab
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2.4 POWERPLANT EFFICIENCY

The efficiency at the Glen Canyon Powerplant is primarily a function of the water elevation
level in Lake Powell and the flow rate of water through the turbines. For this analysis, historic
power conversion factors were based on data contairfeorm PO&M59 and shown in
Figure2.6. The power conversion factor is the ratio of the monthly gross generation at the plant
in megawatthours (MWh) to the monthly water power release in-éee¢ AF). As shown in the
figure, the computed power convensifactor (secondary-&xis) is highly dependent on the
water elevation in Lake Powell (primaryaxis). This high level of dependency is also shown in
Figure2.7. As the reservoir water level increases, the change in height between the forebay and
tailwater elevations (i.ehead) rises, thereby increasing the potential energy of the falling water.
Other factor® such as power plant unit commitment schedules and dispatch, individual turbine
efficiency curves, water turbine flow rates, and the temperafute water (i.e.density)d all
influence the power conversion factor, resulting in a slight difference between the observations
in Figure2.7 (individual point) and the trend line.
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Figure 2.7 Powerplant Capacity and Output Capability in the Study Period

2.5 GLEN CANYON DAM OPERATING CONSTRAINTS

Operational limitations at GCD wenginimal from 1964 through Ma¥990.As shown in
Table2.2, minimum releases from Lake Powell were 1 Q(lfic feet of water per second (cfs)
from Labor Day to Easter and 3,068 during the rest of the year. These minimums are only a
small fraction, apmximately 3% to 9%, of the physical maximum turbine flow rate of 330800
at full reservoir.
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Table 2.2 Summary of Hydropower Operational Scenarios

Minimum Maximum Maximum
Release Release Daily Up-Ramp Down-Ramp
Scenario/ Rate Rate Fluctuation Rate Rate
Power Plant (cfs) (cfs) (cfs/day) (cfs/hr) (cfs/hr)

Prior to Environmental Constraints

Glen Canyon 1,0002 or 31,500 NRb NR NR
3,000¢

Interim Flow Restrictions (August 1991 through the end of January 1997)

Glen Canyon 8,000 or 5,000¢ 20,000e 5,000, 6,000, 2,500 1,500
or 8,000f

Post-ROD (after January 1997)

Glen Canyon 8,000 or 5,000d 25,000¢ 5,000, 6,000, 4,000 1,500
or 8,000f

a Labor Day to Easter.

b NR denotes no restriction.

¢ Easter to Labor Day.

d 8,000 (7:00 a.m.d7:00 p.m.); 5,000 (all other hours).

e During wet years, the maximum flow rate may be exceeded; however, flows during this time must
be steady at or above 25,000 cfs.

f Limite d to 5,000 cfs/day for months with water releases of less than 600 thousand acre -feet (TAF);
6,000 cfs/day for months with water releases of 600 TAF to 800 TAF; and 8,000 cfs/day for
months with water releases greater than 800 TAF.

The maximum releasate for power generation was limited only by the generating
capability of the plant and the forebay elevation, that isyi@mum physical water release
through power plant turbines. There were no institutional limitations on either hourly or daily ramp
rates. The relatively slow minimum release rate requirement, combined with limits that were only
constrained by the physical power plant and dam characteristics, allowed for very flexible
hydropower operations.

Figure2.8 sltows GCD water releases on Jaly, 1989, before more stringent restrictions
were imposed on dam operations. Water release was &@i5:00a.m. and increased
dramatically to 28,985 at 3:qdm.; representing a daily change in release of 25814
(Patno2008). In addition, during onehour period, water releases decreased by more than
11,263cfs between 11:00.m. and midnight. The largest hourly ramping up of releases was
5,993cfs/hr. Although this particular day had greatenusual changes in release levels, this
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example ilustrates the large degree of latitude that dispatchers were allowed to exercise in the
past to follow customer firm load and to respond to market prices.

The practice of large fluctuations in water releases began to change when Reclamation and
other inerested parties became increasingly concerned about the effects of GCD operations on
the downstream riverine environment, including the impact on several endangered species.
Reclamation began to restrict operations on yuri®90, when it conducted resgadischarges
as part of the GCES. Numerous test flows were conducted duringrarith period that
concluded at the end of Jul@91. The purpose of these research discharges was to collect and
analyze data at different flow levels in order to investitja¢eeffects of discharge patterns on the
riverine environmentiownstream othe GCD. Only limited conclusions could be drawn from
the information that was available before this research began. The National Academy of Sciences
recommended that the GCES effort focus on studying specific flow levels. In Otagser
negotiations wh the GCES office, Reclamation, and Western over the types, extent, and
duration of the research discharges were initiated.

30,000 1 Ramp Rate - 6,000

—Release Rate

I 4,000
25,000 1
I 2,000

20,000 A

I -2,000

15,000 1
[ -4,000

Water Release Rate (cfs)

10,000 A Release Rate I -6,000

(4y/syo) @rey dwey AjunoH abelany

Minimum (cfs) 3,471
Maximum (cfs) 29,268 L 8,000
Max Up Ramp (cfs/hr) 5,993
5,000 1 Max Down Ramp (cfs/hr) 11,263
Day Change (cfs/day) 25,797 I -10,000
July 20, 1989
0 T T T T T T T T T T T T T T T T T T T T T T T '12,000

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour in Day

Figure 2.8 Glen Canyon Releases over a Single Day Prior to More Stringent Operating
Restrictions (July 20, 1989, is shown)

Interim flow restrictions were imposed from Augd®91 until February997, when new
operational rules and project management goals wepedlto comply with the GCDEIS ROD.
Relative to the period of minimal operational restrictions, interim flow limitations raise the
minimum release rate, reduce the maximum release rate, and restrict both hourly and daily
fluctuations in releases. As shownTable2.2, the minimum release through GCD was required
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to be at least 8,00€fs between the peak hours of 7dfn. to 7:0.m., and 5,00@fs or more at
night. The maximum allowable release from GCD was limited to 2@G&00 he interim
operating dteria also limited the allowable release fluctuations in ani1@4r period. The
amounts vary depending on the amount of water released in a month. The allowable daily
fluctuation was 5,000fs/24hours for months in which scheduled water releases thiitvegh
dam were less than or equal to 600,860(or 600thousand acréeet [TAF]) during the month.
Daily fluctuations were restricted to 6,00f3/24hours for months in which scheduled releases
were more than 600AF to less than 800AF, and at 8,00@fs/24 hours for months with
releases greater than or equal to 88@/month. Finally, the interim operating criteria also
limited the rate at which the generators may ramp up or down. The maximum power plant ramp
rate was 2,500fs/hr when increasing and D@®cfs/hr when decreasing.

Interim flow restrictions diminished the economic benefit of the Glen Canyon Powerplant,
since the hydropower energy could not be used to its fullest extent to displace generation from
more expensive peaking units. Fig@r® fiows that the hourly generation pattern for Jify
1994, was significantly different from the pattern on Jfly 1989, as shown in Figu2e8. The
daily fluctuation in release levels was between 10@4@nd 18,04@fs. The largest upamp
rate was B40cfs/hr, while the largest dowramp rate was 1,47€s/hr.
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Figure 2.9 Glen Canyon Releases over a Single Day under Interim Operating Restrictions
(July 14, 1994, is shown)
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The GCDEIS process was colefed when the ROD was signed by #&ecretary of the
Interior Bruce Babbitt on Octob®&; 1996. The ROD affirmed the selection of the preferred
alternative, Modified Low Fluctuating Flow (MLFF), for operating GCD. Reclamation issued
Operating Criteria fo Glen Canyon Danm early 1997(GPO 1997)The 1997 Operating
Criteria expanded the operational criteria contained in the GCDEIS and ROD and provided
Western and Reclamation operations staffs with the dam operation guidance. The 1997
Operating Criteria we first implemented in Februaf97 and are, in many respects, similar to
those of the interim flow. However, the hourly-tgmp rate constraint was relaxed from
2,500cfs/hr to 4,00C&fs/hr. In addition, the maximum flow rate limit is 5,000 leigher han the
interim flow restrictions, that is, 20,0@@s under interim flows versus 25,0008 under the 1997
Operating Criteria. There are maximum flow rate exceptions to accommodate different types of
flows that are conducted under the GCDAMP (see Se2tfor details). One such release is
the Beach/HabitaBuilding Flow (BHBF), which initially occurred in March996. Maximum
release rate exceptions are also allowed to avoid spills or flood flow release during high runoff
years.Under very wet hydrologal conditions in which an average release rate of more than
25,000cfs is required to release the target monthly volume, no hourly or daily ramping is
permitted (flat flow releases).

Figure2.10 shows the hourly generation pattern for 19ly1999, wheimydropower
conditions were at nearormal levels. Under ROD constraints, the range of flows and hourly
ramping rates are relatively small compared to those in F&j8revhen operating criteria were
less restrictive but somewhat larger than operatiodsmunterim flow criteria. When
hydropower conditions are significantly above normal, releases must be a constant. This ROD
requirement was applicable in JUl997. Figure2.11 shows that on JuB; 1997, releases were
nearly constant at about 26,5€f8. This operation is compliant with the ROD, which requires a
constant release rate when the 25,6@(low rate is exceeded to accommodate monthly release
targets. Because the release rate was nearly constant, the ramp rates throughout the day were
very smél.
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Figure 2.10Glen Canyon Releases over a Single Day under ROD Restrictions (Normal
Condition) (July 19, 1999, is shown)
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Figure 2.11 Glen Canyon Releases over a Single Day under ROD Restrictions (Wet
Condition) (July 2, 1997, is shown)

The operational restrictions affect the economic benefits of the hydropower resource in two
ways. First, the loss of operable capability must evelytbal replaced. Second, the hydropower
energy cannot be used to its fullest extent to reduce the need for generation from expensive
peakingunitsMa xi mum fl ow restrictions reduce Gl en Ca
approximately 36%, and rampratelimitabns decr ease Westernds abildi
Depending on reservoir conditions, theramp rate constraint limits hourly increases in power to
about 900 105MW, and the dowsramp rate constraint limits hourly power decreases to 54 to
65MW.Dependi ng on Recl amationdés monthly release |
daily fluctuations are limited to approximately 185 to 8A. Under dry hydropower conditions,
ramp rate constraints will not permit Western to reach the 2800 aximum low constraint on
a daily basis and further reduce the Glen Cany
at Glen Canyon is reduced, operations at other SLCA/IP hydropower plants may, at times,
fluctuate more frequently and more rapidly.
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2.6 BEACH/HABITAT -BUILDING FLOWS AND EXPERIMENTAL RELEASES

Before the Glen Canyon Dam was constructed, Colorado River flow rates through the Grand
Canyon were relatively high in the spring of most years because of snowmelt in the Rocky
Mountains. The snowmettroduced flooding events, which transported time large quantities of
sediment into the Grand Canyon, creating and maintaining sandbars. Sandbars supply camping
beaches for the riverds runners and hiKers, p
resources from weathering and erosion, and create habitats used by native fish and other wildlife.
For example, sandbars create areas of stagnant areloaity flow that are used as rearing areas
by humpback chub and other native fishes.

The ROD cread the GCDAMP to monitor and assess the effects of dam operations on
downstream resources. An activity of the GCDAMP is to conduct special and experimental
releases, which are exempt from the ROD operating criteria for the duration of the release. One
specal flow mimics natural flood events by releasing large volumes of water from GCD. These
flows are known as Beach/Hab#atilding Flows (BHBFs). Based on a predefined set of
triggers, Reclamation mimics spring flooding by releasing large volumes of fnaater
Lake Powell during controlled floods to build beaches and habitats along the banks of the
Colorado River downstream of the GCD. Some of
release does not generate electricity, since reservoir release ratestieadaduine flow rate
limits. Thus far, three BHBFs have been conducted by Reclamation.

A few months before the ROD was implemented, the first BHBF was conducted for research
purposes during a iday period in late March and early Apti96. Steady rehses at 8,00€fs
were maintained for a-day period from MarcR2 through Marci25. On Marci26 at
approximately 2:0@&.m., releases were ramped up at a rate of £80& until a maximum flow
of 45,000cfs was attained at 12:0@on. A 45,00€cfs relese rate was sustained for seven days.

Water releases were then ramped down to 8800y using three different ramp rates,
depending on the flow rate. From 45,008 to 35,00&fs, the ramglown rate was 1,50€fs/hr;
from 35,000cfs to 20,00@fs, he rampdown rate was 1,00€fs/hr; and below 20,00€fs, the
rampdown rate was 506fs/hr. A flow rate of 8,00@fs was maintained for approximately four
days, namely, from 8:00 a.m. on Apfiuntil 2:00 a.m. on Apri8, 1996. Reclamation estimated
thatduring March and April, water releases during the spike flow werel 4Bohigher than the
amount that would have been released without the spike flow. Of that amount, approximately
217 TAF of water bypassed the Powtant (Harpmari997).

A second BHBF eent took place from Novemb&0 to Decembet, 2004. As shown in
Figure2.12, the event lasted Hhys, or six days shorter than the 1996 BHBF. On Sunday,
November21, releases were ramped up during 4@Gr period to achieve a release rate of just
under40,000cfs. This rate was maintained for BOurs, during which time water was routed
through bypass tubes at a rate of 15,080 Releases were then ramped down overlaol®
period to reach 8,00€fs and were maintained at that level for about fiwesda

In addition to the high release experiments associated with BHBFs, the GCDAMP conducts
several other special and experimental releases. In many of these releases, periods of strictly
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steady releases are observed, while in other releases, the rates fluctuate. A list of all experimental
flows from 1997 through 2005 is provided in TaBl8. Because special and experimental
releases are authorized in the ROD, they are included in thesR&fario.

50,000

Bypass m Power release

45,000

40,000

35.000

30,000

25,000

20,000

Flow Rate (cfs)

15,000

10,000

5,000

0 ot

Figure 2.12 Glen Canyon 2004 BHBF Releases
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Table 2.3 List of Historical Experimental Flow Periods from 1997 through 2005

Experimental Flow | Period Description
Aerial Photography | 8/30/1997 to | Steady 8,000 cfs release
Steady Flow (APSF) 9/2/1997
Habitat Maintenancq 11/3/1997 to | 48 hours of high releases at maximum turbine flow
Flow (HMF) 11/5/1997 (~30,700 cfs)
APSF 9/4/1998 to | Steady 15,000 cfs release
9/8/1998
APSF 9/3/1999to | Steady 15,000 cfs release
9/7/1999
Low Summer Steady 3/25/2000 to | Alternating periods of low (LF) and high (HF) steady
Flows (LSSF) 9/30/2000 flows:
LF @ 8,000 cfs: 3/254/6, 6/1 9/4, 9/9 9/30
HF @ 13,000 to 30,000 cfd/6i 5/31, 9/49/9
APSF 6/28/2001 to | Steady 8,000 cfs release
7/2/2001
APSF 5/24/2002 to | Steady 8,000 cfs release
5/31/2002
Non-native Fish 1/1/2003 to | Prescribed hourly release pattern ranging from abot
Suppression Flows | 3/31/2003 5,000 cfs to 20,000 cfs each day
(NNFSF)
APSF 5/23/2003 to | Steady 8,000 cfs release
5/27/2003
NNFSF 1/1/2004 to | Prescribed hourly release pattern ranging from abot
3/31/2004 5,000 cfs to 20,000 cfs each day
APSF 5/28/2004 to | Steady 8,000 cfs release
5/31/2004
APSF 11/17/2004 to| Steady 8,000 cfs release
11/20/2004
BHBF 11/21/2004 to| 11-day BHBF with maximum flow of ~40,000 cfs for
11/25/2004 | 60hours. Bypass releases reached 15,000 cfs
APSF 11/26/2004 to| Steady 8,000 cfs release
11/30/2004
APSF 12/3/2004 to | Steady 8,000 cfs release
12/5/2004
NNFSF 1/1/2005 to | Prescribed hourly release pattern ranging from abot
3/31/2005 5,000 cfs to 20,000 cfs each day

2.7 SALT LAKE CITY AREA INTEGRATED PROJECTS

Glen Canyon does not operate and is not marketed as an isolated entity. Instead it is one
component of a larger hydropower system, and it is packaged along with other power plants for
marketing purposes. Capacity and energy from the CRSP, including flemmGahyon, the
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Seedskadee Project, the Collbran Project, and the Rio Grande Project, are bundled and marketed
by Western as the Salt Lake City Area Integrated Projects (SLCA/IP) to preferred customers in
Arizona, Utah, Colorado, New Mexico, Nevada, Wyomiagd Texas. The combined installed
capacity of the 15LCA/IP power plants is 1,81W, and they serve cities and towns, rural
electric cooperatives, agricultural irrigation districts, and Federal and state agencies. Capacity
and energy are sold on the elasale market under lofstgrm firm (LTF) contracts. When energy
exceeds LTF contractual obligations or when operational regulations result in generation levels
above load, energy is sold on the spot market in order to maximize the value of the hydropower
resource. The benefits of the Glen Canyon Powerplant also include serving the energy
requirements of special project uses, such as irrigation, and fulfilling utility system requirements
for spinning reserves and regulation services.

The Seedskadee Projgatparticipating project of the SLCA/IP, is in the Upper Green River
Basin in southwestern Wyoming. It provides storage and regulation of the flows of the Green
River for power generation, municipal and industrial use, fish and wildlife, and recrdateon.
Fontenelle Dam is the only power plant associated with the Seedskadee Project.

The Collbran Project, located in west central Colorado abounil8S northeast of Grand
Junction, was authorized by Congress in 19l§2.1t developed a major part of thnater in
Plateau Creek and its principal tributaries. Major project works include Vega Dam and
Reservoir, two power plants, two major diversion dams, abontil@s of canal, and about
18 miles of pipeline and penstock. East Fork Diversion Dam and F€aaha, along with the
BonhamCottonwood Collection System, carry water to Bonham Reservoir, which supplies
water to operate the Molina power plants.

The Rio Grande Project, which is 12#les north of EPaso, Texas, began operation in 1916
after the RidGrande Reclamation Project congressional act in 1905 established -a eedleu
irrigation project on the Rio Grande River in south central New Mexico and west Texas. The only
dam with a power plant at the Rio Grande Project is Elephant Butte Dam.

The Ddores Project is located in the San Juan and Dolores River basins of the Upper Colorado
River Basin in southwestern Colorado. It extends through portions of Montezuma and Dolores
counties andises water from the Dolores River for irrigation, municipal iaddstrial use,
recreation, fish and wildlife, and production of hydroelectric power. There are hydroelectric
power plants at the McPhee Dam and the Towaoc Canal.

2.8 MARKETING OF GLEN CANYON DAM POWER AND ENERGY

After GCD was built and connected to thedgiReclamation was responsible for marketing
and selling power generated by the Glen Canyon Powerplant. This responsibility was transferred
in 1977 to Western, a newly formed Federal power marketing administration, created within the
U.S.DepartmentofEmegy ( DOE) . Western al so assumed Recl
marketing other hydropower plants within and outside of the Colorado River Basin and for
transmitting electricity. The marketing of SLCA/IP, including the Glen Canyon component, is
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currentyunder the auspices of Westerndés CRSP Mana:
Lake City, Utah. Westernodés principal marketin
at LTF rates. Reclamation retained responsibilities for the construction,iopgeatd

maintenance of dams and power plants and for water (Yakegernundated).

Western considers many factors when establishing LTF capacity and energy commitment
levels, such as hydroelectric generator capability, transmission limitations, annual rainfall
guantities, environmental constraints, and reservoir levels. When the RCilirgperiteria were
first implemented in 1997, Western sold LTF capacity and energy under #s9@8stmarketing
criteria. The post1989 level was selected by Western as the SLCA/IP preferred alternative,
following an extensive public process and prepanadf an Electric Power Marketing
Environmental Impact Statement (EFMS) (DOE 1996) Table2 . 4 s hows Westernos
allocations by division. The contract rate of delivery (CROD) is the maximum amount of
capacity that can be scheduled by the SLCAlBomer each season through the contract
period. (In Table.4, the terms CROD and capacity are synonymous.)

Although thepost1989 marketing criteriaontracts expired in 2004, they were revised and
reissued to customers in 2004. A summary ofgo8¢ contracts, which were valid through the
end of 2008, are shown in Taldé. Although the total amounts of capacity sold under both
marketing criteria are similar, less energy has been sold under tH20pdstriteria because of
persistent drought cortehns. In addition, the pog&004 criteria increased the amounts of both
capacity and energgvailableto the Southern Division at the expense of the Northern Division.
More detailed information about capacity and energy allocations to individual cusiemers
provided in Sectios.

Except for BHBF events, the amount of energy generated by the Glen Canyon Powerplant is
only marginally affected by operational criteria. However, the maximum allowable output is
restricted below continuous capacity levels g tiiaximum flow and the daily change
restrictionsn accordance with the Glen Canyon Protection Act (GPA) of 1992, Western
establResphleac amént Resources Processo (RRP) to
maximum power production levels that coulddmhieved and sustained on a daily basis
(referred to in this report as operational capacity) at the Glen Canyon Powerplant. The GPA
requires identification of economically and technologically feasible methods for replacing power
resources made unavailalale a result of changes in leteym operating criteria of hydroelectric
generating facilities at GCD.

The RRP is dependent on and interrelated wit
Westernods fir m antemupible. Menefors Westeraustracquire power from
others when SLCA/IP resources cannot fully supply contractually guaranteed quantities. Since
Western has an extensive transmission network across several Western states, purchases or
exchanges can be made with a large numberildfast and generating resources. Western
acquires power on the spot market on a stawrh basis not only in response to shortfalls in
hydroelectric generation, but for various other reasons, including the relief of operational
constraints such as trangsion limitations (Westerh998).
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Table 2.4 SLCA/IP Divisional Allocations under the Post1989 Marketing Criteria

Winter Season Summer Season
Division Capacity Energy | Capacity Energy
(MW) (MWh) (MW) (MWh)
Southern
Desert Southwest 119.0 264,842 210.0 463,854
Southern Division Total 119.0 264,842 210.0 463,854
Northern
Rocky Mountain 535.2 1,240,563 4931 1,117,187
CRSP MC 752.4 1,598,617 611.1 1,322,547
Northern Division Total 1,287.6 2,839,180 1104.1 2,439,734
Total of All Areas 1,406.6 3,104,022 1314.1 2,903,588

Table 2.5 SLCA/IP Divisional Allocations under the Post2004 Marketing Criteria

Winter Season Summer Season
Division Capacity Energy | Capacity Energy
(MW) (MWh) (MW) (MWh)
Southern
Desert Southwest 157.1 291,681 246.5 447,013
Southern Division Total 157.1 291,681 246.5 447,013
Northern
Rocky Mountain 499.9 954,706 460.6 859,744
CRSP MC 746.7 1,311,777 610.6 1,086,865
Northern Division Total 1,246.7 2,266,483 1071.2 1,946,609
Total of All Areas 1,403.8 2,558,164 1317.8 2,393,622

In response to the implication of GCD operating criteria on power plant operating capability,
Western amendadts firm contracts, with input from its customers. The amended contract closes
the gap between the CROD and the capacity and energy that can be supplied by the SLCA/IP
resources. The amendments established atknng commitment level of sustainable
hydropower (SHP), which sets the minimum commitment level of both capacity and energy that
will be provided by Western to all SLCA/IP customers through a LTF contract period. The cost
of purchases or exchanges by Western to fulfill the SHP commitment duririgtare/period
will be included as part of SLCA/IP wholesale fupower rates. A longerm SHP for each
season is based on a 10% risk level and the anticipated hydrological conditions through the long
term contract period.

When anticipated hydropower cotidns less project use commitments (such as providing
power for irrigation) exceed the SHP level, additional capacity or energy or both are offered to
customers for an upcoming month as available hydropower (AHP). As shown in Eig8ran
AHP capacity fer varies between SHP, which is the contractual minimum, and CROD, which
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is the contractual ceiling. The amount of energy offered also varies by month, depending on the
aggregate SLCA/IP hydropower condition consistent with AHP capacity offers.

Themin mum amount of energy that customers mus:
minimum schedule requirement (MSR). Under prior power marketing criteria, this level was set
to 35% of the CROD. However, beginning in early 2001 and because of persistegtttdr
conditions, downward adjustments to this requirement were made on a monthly basis to provide
customers with a reasonable amount of energy to schedule SLCA/IP peaking capacity. The 35%
CROD level acts as a ceiling for the MSR.

Maximum SLCA/IP
Less Losses & Project Use

Surplus

CRSP Firm Firm Offer 2 SHF, but
Contract < < Seasonal CROD
Range
Hydro
Capacity + 35% Seasonal CROD
Firming Ceiling
Purchases

Contract

> MSR
Range

Figure 2.13lllustration of SHP and AHP Capacity Offers

The amended contracts also address replacement of power, either by Western through
Western Replacement Power (WRP), or by individual customers through Customer
Displacemat Power (CDP). Based on the price of WRP, customers can authorize Western to
make the purchase, or they can decline the offer. Customers that do not contract for WRP may
procure CDP up to their CROD. Customer displacement power can either be provided from
customer6s internal resources or, 1 f acquired
with Western, transmitted by Western to the c
capacity. Acquisition costs for WRP at the request ofstéotner and for CDP are passed through
to individual customers and are not included as part of the SLCA/IP wholesalaofiver rates.
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2.9 CRSP DISPATCH PRACTICES

The GCD restrictions shown in Tal2e2 describe operational boundaries; however, within
these limitations are innumerable hourly release patterns and dispatch drivers that comply with a
given set of operating limits. Although the operational range wadisantly wider prior to the
ROD than afterward, a wide range of R@Bmpliant operational regimes still exists. In addition
to operational constraints at the GCD, other SLCA/IPs must also comply with operational
limitations. For example, Flaming Gorgdaases are patterned such that downstream flow rates
comply with Jensen Gauge flow restrictions. Aspinall releases also cannot result in reservoir
elevations that are outside of specified elevation limits, which include both upper and lower
elevation bounsl and limits on changes in reservoir elevations over ame threeday periods.

Prior to 1990, SLCA/IP power plant dispatch was primarily driven by market price signals.
This dispatch philosophy, coupled with a high level of operating flexibility at 3IRSAallowed
Western to produce energy at levels that were often distinctly different from its firm loads. As
illustrated in Figure.14, Western routinely purchased energy duringpe#k periods to meet firm
loads, storing the water for power generationng onpeak periods when prices were higher and
energy was more expensive. Using price as the main driver for SLCA/IP power plant operations,
Western was able to maximize the economic value of electricity sales from Glen Canyon.
Although total daily SCA/IP energy is short of total load in the example shown in Figdve
the net purchase cost is minimized because purchases are concentrated in hours when prices are
relatively inexpensive, while sales are made when prices are highest.
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Figure 2.14 lllustration of the Market -Price-Driven Dispatch Guideline under Flexible
Hydropower Operations

2.10 EVOLUTION OF WECC POWER MARKETS

The electric power industry in WECC has changed dramatically since the mid 1990s when
Reclamation completed its economic analyses for the GCDEIS. In California, the industry
transformed from a vertically integrated system to an open market in which gamerat
transmission, and distribution components are treated institutionally as separate entities. Market
design and structural changes in California had a profound impact on prices throughout WECC,
resulting in more competition among utilities. In additiomestructuring, other events took
place that directly affected the industry. When the GCEIS economic analyses were conducted,
many of these event®uld not be foreseesr antiédpated and several critical projections did not
occur. Two significant evestthat were not projected were (g steep rise in fuel prices for
petroleum and natural gas, and t® 2000 California energy crisis.

Figure2.15 shows that, about the time that the GCDEIS economic analyses were being
conducted, prices for naturalgydelivered to electric utility power plants were relatively low
compared to the prices that actually prevailed during much of the study period. From 1990
through 1995, natural gas prices remained fairly constant; in several years, a slight price decline
was experienced when measured in terms of constant 1991 cents per million British thermal units
(MMBtu). Projections of natural gas prices made by the Energy Information Administration
(EIA) in its Annual Energy Outlook 199AEQ094) (EIA1994) anticipated steady but modest
increase in natural gas prices, as shown by the thin dashed line in Eithurdlatural gas prices
are critical components of the analyses, because bids from power plants that burn this fuel often
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set the market price for electricity jperiods of high demand. Furthermore, fuel costs generally
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Figure 2.15Projected Versus Actual Delivered Cost of Fuel to Elecir Utility Power Plants

While coal prices in the early 1990s were declining over time, a very slow price increase was
projected in the AEO94 forecast. As shown by the thick solid line in Figure 2.15, delivered
prices for coal actually continued to deelithrough about 2003 and then began to increase

uni

slowly thereafter. WECC bids from power plants that burn coal often set market prices during
periods of low demand.

The price spread between natural gas and coal is a key factor in the estimation of economic
costs of ROD operating criteria at GCD. Except for the BHBF spills, which lowesddhte

Powell reservoir forebaglevation, the ROD has a relatively small effect on the amount of

electricity generated by the Glen Canyon Powerplant over the courgeaf.ahe ROD,

however, tends to shift water releases and power generation from times of the day when

electricity prices are high (and energy expensive) because of the cost of natural gas to times of
the day when electricity has a lower value becauseeafdbkt of coal. The greater the difference

between ofpeak and offpeak prices, the higher the economic cost of the ROD criteria. The

absolute price tends to be of little or no importance. For example, if the price of electricity is

constant at $1,0000Wh during a month, the ROD criteria do not incur an economic cost since
the criteria merely affect the hourly timing of releases, not the total amount of water released
during the month.

Note that coal prices in the AEO94 forecast were projected to indérsdsad of decline and,

t o

at the same time, natural gas prices were projected to increase at a slower rate than what actually
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occurred. Therefore, the fuel price spread forecast by the AEO94 significantly underestimated
what actually occurred.

In additionto much highethananticipated fuel price spreads, various entities did not
anticipate how the WECC power market would evolve. Federal Energy Regulatory Commission
(FERC) Orders 888 and 889 were put in place in 1996, which paved the way for creatweg an o
power market in California. The FERC orders allowed for wholesale trading of electricity.
California fostered competition with the passag@&lué Electric Utility Industry Restructuring
Act (Assembly Bill 1890) on Septemb28, 1996. Prior to restruaing, a single utility provided
each customer with generation, transmission, and distribution of electricity and metering and
billing services. As of MarcB1, 1998, the new structure allowed customers in most electric
utility service areas to select a pamsupplier. Because generation companies outside of the state
can sell into the California market, the clearing prices in California strongly influenced
wholesale prices throughout WECC. All power suppliers in WECC are connected via the
transmission syste; therefore, the price in California sets the opportunity cost for selling and
consuming energy. Consequently, the California market had a significant effect on the value of
Glen Canyon.

Although transmission facilities in California were owned by irdlingil companies, the
California Independent System Operator (CallSO) was established as the power grid operator to
provide fair and equitable access to all market participants. The CallSO is also responsible for
assuring the reliability of the higéoltagetransmission system. Initially, the market structure
established the California Power Exchange (CalPX), which solicited bids from electricity buyers
and generators and chose the lowest generation services bidders to meet power requests.
However, in 2001 e CalPX filed for Chaptekl bankruptcy protection and ceased operation.

Mar ket prices in Californiabs whol esal e powe
year and a half after the market began operation. However, the price of wholesatgtglscid
through the CalPX started escalating in J2d@0, and by Decemb2000, wholesale clearing
prices on the CalPX were many times more expensive than the average price the previous
December. California also experienced a significant increasaaengency conditions that, in
some instances, necessitated involuntary power cuts. Subsequent actions taken by California and
Feder al Government authorities helped resol ve
these actions, market prices evenrudécreased (see
http://www.eia.doe.gov/cneaf/electricity/california/california.hflA undated]).

Figure2.16 shows estimated maximum and minimum daily prices at tobeleatle market
hub from the beginning of 1997 through the end of 2005. It is of note that the large price spikes
beginning in the spring of 2000 though the middle of 2001 occurred during the height of the
California energy crisis. During the crisis, pri@@xeeded levels that cannot be explained by
production costs (fuel plus other operating expenses) alone. Once market difficulties were
alleviated, electricity prices once again began to reflect marginal production costs. Note that
electricity prices trened upward as the cost of fuel increased in 2005.


http://www.eia.doe.gov/cneaf/electricity/california/california.html
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Figure 2.16 Daily Spot Market Prices at the Palo Verde Hub

As explained earlier, the price spread is of critical importance when estimating the economic
cost of ROD criteria. Figur2.17 shows historical price spreads at the Palo Verde market hub.
Except for the year 2001 when the California market was in crisis, a seasonal cycle of price
spreads is evident, with relatively high spreads occurring dureagummer months.
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Figure 2.17 Daily Spot Market Price Spreads at Palo Verde Hub (OnPeak minus OffPeak
Price)

Actual market prices can often be used as a surrogate for the economic value of energy when
prices are in line with the marginal cost of electricity production. However, when market prices
deviate from production costs, such as during the California crisis, price is a poor yardstick for
measuring the economic value of hydropower resources. lfimaapgyoduction costs are
$20/MWh, economic costs are identical whether electricity is sold for $1/MWh or $500/MWh.

At a price of $500/MWh, there is a transfer of wealth from the energy consumer to the energy
producer, which enhances the financial conditié the producer.
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3 METHODS AND MODELS

This section discusses the methods, models, and data used to estimate economic costs
attributed to implementing GCD ROD operating criteria. It also describes the modeling process
that computes the economic vahfeenergy and capacity, reflecting not only ROD constraints
but also changes to firm contracts sold by Western and the revision of SLCA/IP dispatch
guidelines that were implemented as a direct response to ROD constraints. The modeling process
uses an intagted set of tools that share historical data, simulation results, and other information.
Some modeling components were constructed specifically for this study, while others were based
on existing tools with modifications to meet the specific requirenwdritss study. As will be
discussed in greater detail, operating criteria costs are computed as the difference between the
economic benefits of the SLCA/IP hydropower system when operating the GCD with ROD
operating constraints compared to the economiefiisrof operating the dam under less
restrictive operating rules.

An overview of the modeling framework is shown on FigBiue The first step in the process
is to construct Westernbés LTF contracts in te
resources at GCD and other SLCA/IP facilities. Contracts are influenced by operational
constraints along with dispatch goals and objectives. The contracts are then input into an
algorithm that simulates customer hourly requests for SLCA/IP energy dediiegquests are
within the terms of the firm contract and are
WECC market prices. Using SLCA/IP historical hydropower information and aggregate
customer hourly energy requests, the hourly operation @LtR&/IP hydropower system is
then simulated by using tl@eneration and Transmission Maximizat(@il Max) model. The
power plant dispatch is based, in part, on Glen Canyon operating criteria, operational limitations
at all other SLCA/IP supply resourcesdadispatch goals and objectives. The final step of the
process computes the economic value of the GCD hydropower resource. The differences in
benefits between the two scenarios measure the economic cost of implementing ROD operating
criteria, including egerimental flows.

3.1 SCENARIO ASSUMPTIONS

Net costs for energy and capacity incurred by both SLCA/IP customers and Western are
computed under two scenari os: npAaimgliedyyitsi Wi t h R
name, the With ROD scenario assumes thatadjpmal restrictions specified in the GCD ROD
issued by the U.S. Department of the Interior (DOI) on Oct®p&®96, are put into practice
beginning in Februar¥997.0perating criteria under the Without ROD scenario are assumed to
be identical to the as practiced prior to 1991 when constraints were less strir@gcdause
research flow events, such as BHBFs, that took place during the study period occurred as a result
of implementing the ROD, they are included in the With ROD scenario but not in theuVi
ROD scenario. This inclusion allows determination of the economic costs of implementing the
ROD. A detailed description of operating criteria in terms of limitations on minimum and
maximum release rates, daily changes in flow rates, and hourly edespwere discussed in
Section2.5 and summarized in Tal?e?.
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Figure 3.1 Modeling Process Overview

In addition to the operating criteria, specific SLCA/IP firm contract terms and guidelines for
SLCA/IP hydropower dispatch are unique to each scenario. Assumptions made for the two
scenarios are summarized in TaBl&é. Operating criteria not only affect&LD operations, they
also influenced the terms under which Western was able to sell its firm energy and capacity.
Under the Without ROD scenario, it is assumed that Western typically would have sold higher
levels of firm capacity with total monthly energgles and minimum schedule requirements that
are identical to the With ROD scenario. As documented in the M&@8 report entitled
NfRepl acement Resource Pr ocea. $998j firmeohtradlet hod s
modifications were needed to raftehe impact of operating criteria on the maximum production
level from the Glen Canyon Powerplant. Contract modifications began in199@, that is,
about 14 months after the ROD operating criteria were implemented.

R
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Although Western adopted operagiguidelines following the ROD for dispatching SLCA/IP
hydropower plants, these guidelines were not required by the ROD. Because the purpose of this
study is to determine the economic costs of implementing ROD requirements, those guidelines
were not useth simulating system operation in either scenario. Therefore, both scenarios use the
guidelines of maximizing economic value of the SLCA/IP resources. Figure 3.2 shows the
typical daily dispatch of SLCA/IP resources using these guidelines.

Table 3.1 Overview of Scenario Assumptions

Scenario Element Without ROD With ROD

Operating Criteria | Prior to stringent environmental PostROD operating criteria define(
constraints defined in Table 2.2 in Table 2.2

SLCA/IP Contract | Based on posi978 marketing | Effective April 1998, posii989

Terms approach marketing with replacement
resource process modifications

Dispatch e Maximize economic value of| Same as Without ROD, as long as

Objectives & SLCA/IP resources with ROD criteria are satisfied.

Goals market purchases of lew

priced energy for increased

sales during higipriced hours
¢ No restriction on daily releas

levels during weekends

Experimental Do not occur Specified in ROD and occur as
Flows historicallyrecorded

AHP Values Same as With ROD scenario | Historical Values

Minimum Same as With ROD scenario | Historical Values

Schedule

Requirement
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=== Spot Market Sales
=== Spot Market Purchases
=== SLCA/IP Generation for Firm Load
= SLCA/IP Generation
Firm Loads

Sales

L\
Purchases I

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour of the Day

Figure 3.2 lllustration of SLCA/IP Dispatch when Maximizing Economic Value of Resources

3.2 CONSTRUCTING SLCA/IP FIRM CONTRACTS

Simulating hourly operation of the SLCA/IP hydropower system is initiated by constructing
the firm contracts that Western has with itstcasmer s. To simpl i fy this atl
customers were categorized as either large or small depending on their existing CRSP firm
power allocation. In contrast, smaller systems have limited or no generating resources and
principally rely on purchses to meet load requirements. Collectively, small customers account
for about 25% of total contract sales.

Because the majority of Glen Canyon Powerpl a
customers and because energy contracts were determdiedually for the large customer
group, a single aggregate contract was formulated to represent all small customers. For each
scenario, Western staff estimated monthly values for key contract specifications including
capacity, energy, and minimum schedtgquirements. Tab®2 shows contract terms for
aggregate customer offers under both scenarios. Of note is that beginning in 1998, the average
monthly capacity offered to customers under the With ROD scenario is lower than that offered
under the WithouROD scenario. This change reflects mod
were implemented in April998 as described in the replacement resource process. Lower
capacity offers are consistent with the reduced maximum output capability at the Glen Canyo
Powerplant resulting from the ROD operational criteria. The daily change requirement, in
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conjunction with the monthly water release limitation, accounts for the majority of loss in the
maximum power output.

Under the posi989 marketing criteria, eachu st omer 6 s MSR was 35% of
CROD. Initially, this rule was retained by Western after instituting the ROD constraints and after
amending contracts by the RRP. However, as hydropower conditions deteriorated, very little
discretionary energy aboviee MSR was available for the customers to schedule. Therefore,
starting in April2001, Western relaxed the MSR to levels that were more consistent with the
sum of all SLCA/IP minimum generation levels. This adjustment is also shown in3 aple
where theMSR remains constant at 48N until 2001, when it begins to fluctuate annually.

Both scenarios use the same MSR values in this study because changes in the MSR resulted from
hydrological conditions and were not attributable to implementing the ROD.

Table 3.2 Aggregate Annual SLCA/IP Contract Terms Under the Without ROD and With
ROD Scenarios

Average Monthly Minimum Schedule Capacity
Capacity (MW) Requirement (MW) Factor (%)
Annual

Calendar | Energy | w/o with w/o with w/o with
Year (GWh) [ ROD | ROD | Change ROD ROD ROD | ROD
1997 5,833 1,263 | 1,263 0 476 476 52.7 52.7
1998 6,514 | 1,263 | 1,041 221 476 476 58.9 71.4
1999 7,002 1,283 | 1,065 219 476 476 62.3 75.1
2000 6,077 1,263 | 855 408 476 476 54.9 81.2
2001 4,558 1,263 | 694 569 336 336 41.2 75.0
2002 4,716 1,263 | 724 538 342 342 42.6 74.3
2003 5,536 1,263 | 748 515 347 347 50.0 84.5
2004 4,487 1,263 | 744 518 263 263 40.6 68.8
2005 4,404 | 1,263 | 744 518 265 265 39.8 67.5

The total energy offers to customers are identical under both scenarios because ROD
operatirg criteria primarily affect the timing of turbine water releases from the GCD but not the
total annual volume of turbine water releases. One exception is that ROD criteria will
occasionally trigger BHBF events, in which case large amounts of water asecktbough the
dam bypass tubes. The highest BHBF release rate needed to simulate a flood event exceeds the
maximum turbine flow rate, and bypass tubes are therefore opened sequentially over a specified
time period. The nopower releases associated vatBHBF ultimately reduce the amount of
water that flows through the power plant turbine and therefore annual generation levels. A BHBF
event also | owers Lake Powell water | evels, r
conversion factor. As stated ear] BHBFs and other experimental flows were accounted for in
the With ROD scenario but do not occur in the Without ROD scenario.

Monthly SLCA/IP aggregate offers constructed by Western staff for the year 1999 are shown
in Figures3.3 and 3.4 under the Without ROD and With ROD scenarios, respectively. Although
more pronounced in the Without ROD scenario, capacity and energy offér®tillow the
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general monthly load pattern in which loads are higher in the winter and summer months relative
to the spring and autumn. The MSR for both scenarios varies-maikh blocks, representing

winter (October through March) and summer (Agtiough September) for which different

CRODs are specified. Monthly capacity offers were patterned after customer loads and capped at
the CROD level.

mmmm SLCA/IP Capacity (MW) wes Minimum Take (MW)
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Figure 3.3 Aggregate Monthly SLCA/IP Contract Offers in 1999 under the Without ROD
Scenario
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Figure 3.4 Aggregate Monthly SLCA/IP Contract Offers in 1999 under the With ROD
Scenario
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Figure 3.5 shows the monthly capacity, energy, MSR, and SHP offeredhatdescenarios
during the study period. It is evident that the capacity offered under the With ROD scenario
starts dropping below that offered under the Without ROD scenario in &8 when the
contract modifications began. Then, from A@@01 to Apri 2002, the capacity offered by
Western drops below the SHP. This change resulted from a combination of low hydrological
conditions and sharp electricity market price spikes during the California energy crisis. Spot
market prices began spiking in mid 2088d continued into 2001. Because of low hydrological
conditions, Western purchased power to meet SHP levels. This approach quickly drained
Westernds monet ary r 208lpitcould acslongeuparbhase theappwebity Apr
needed to meet SHP kg unless the contract price was raised substantially. Customers received
power from Western on a rwof-river basis, namely, whatever Western could supply from its
hydro resources. Customers had to purchase any power that Western was unable to supply
through existing contracts with their other suppliers. By A20i02, electricity prices stabilized,
and AHP levels again equaled or exceeded SHP levels. Rduatso shows that beginning in
April 1998, the average CROIased capacity offered under the \MROD scenario is about
455MW less than that offered under the Without ROD scenario.

-——with ROD Capacity = -wio ROD Capacity ——with ROD CROD -#-w/o ROD CROD

1,600 4 + 800
~—with ROD MSR +-wio ROD MSR —+—SHP Capacity ——Energy (GWh)
1,400 A 3 - 700
\ Pi< % R !
P O T O Y
1,200 1 pOES TR Wi %600
1y Yy Yy
Yy ] Y
= 1,000 4 +50 m
§ =
o
- a
£ 800 / \ A A L 400 <
s 1)
1]
B / A =
O 600 - ) 4300 =
- ¥ anans F . Vs S s
400 A + 200
200 - + 100
e e e e 0

Month & Year

Figure 3.5 SLCA/IP Capacity and Minimum Schedule Requirements(note: SHP offering
began in April 1998)

Monthly SLCA/IP aggregate offers for 2003 are shown in Fig@rtésand 3.7 under the
Without ROD and With ROD scenarios, respectively, for comparison with Fi§u8emd 3.4,
which depict the situation before the MSR reduction. The monthly MSR and monthly energy
vary considerably compared to the way Western offered MSR before 2001.
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Figure 3.6 Aggregate Monthly SLCA/IP Contract Offers in 2003 under the Without ROD
Scenario
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Figure 3.7 Aggregate Monthly SLCA/IP Contract Offers in 2003 under the With ROD
Scenario
3.3 CUSTOMER SCHEDULING ALGORITHM

Western sells LTF contracts to about 132 wholesale power customers in six Western states.
Within the terms of the contracts described in the previous section, customers request hourly
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energy deliveries throughout the year. These requests are simulated@ystomer Scheduling
algorithm.

3.3.1 Schedules for Large and Small Customers

To simplify the modeling of energy requests
are categorized as either large or small depending on their firm power allocationuiighters
are placed into the large category. In general, these utilities own and operate generating resources
and have extensive electric transmission and distribution capabilities. In contrast, smaller systems
have limited or no generating resources amtcjpally rely on purchases to meet load
requirements. A small customer has a firm allocation of less than 2.5% of total Western LTF
capacity and energy sales. Collectively, small customers account for about 25% of total contract
sales.

Scheduling simulations are performed for each of the following eight large LTF customers:

- Colorado Springs Utilities (CSU)

- Deseret Generation & Transmission Cooperative (Deseret)

- Navajo Tribal Utility Authority (NTUA)

- Platte River Power Authority (PRPA)

- Salt River Project (SRP)

- Tri-State Generation & Transmission Association/Plains Electric Generation &
Transmission Cooperative (T8tate)

- Utah Municipal Power Agency (UMPA)

- Utah Associated Municipal Power Systems (UAMPS)

A ninth simulation is performedf a small customer aggregate schedule that represents the
combined energy request of the remaining 124 Western customers.

In July2001, TriSt at e acquired Plains Electric Gener a
loads, generation resources, and firm poalecations from Western. From that point forward,
Plains no longer existed as an electric utility system. This study modeled Plains as a separate entity
until the end of 2000.

3.3.2 Customer Scheduling Algorithm Objectives and Constraints

The CustomeBcheduling algorithm estimates hourly energy requests from a customer using
a quadratic programming (QP) optimization technique. The algorithm contains an objective
function that has the following two components:

(1) Maximize the total value of SLCA/IP delines, and
(2) Minimize the peak load that must be served by other supply resources.



42

Because these two objective components at times may be in conflict, weights are therefore
placed on each component. When all of the weight is placed on the component ithéesin
the peak load, prices have no influence on the schedule produced by the algorithm. Similarly, if
all of the weight is placed on the component that maximizes market value, customer loads are
not relevant. For this analysis, all of the weight is plame the objective to maximize the price
benefit.

The simulation process uses a customeros | oa
SLCA/IP hourly energy schedules. Customer hourly loads for the years 1997 through 2005,
inclusive, were obtaineddm Form FERE714. The compilation and derivation of customer
specific hourly prices are described in the next section

The Customer Scheduling algorithm constrains
both the monthly capacity offer and the MSRatidition, the total energy scheduled by a
customer is constrained by the monthly contract amibeither SHP energy or AHP energy. An
illustration of the methodology used to simulate hourly SLCA/IP energy schedules over a one
day period is shown in Fige8.8. The illustration depicts a contractual capacity limit totaling
150MW and a weekly energy amount of 1,980Vh. Contractually, the amount of energy that a
customer schedules is limited on a monthly basis; however, as a simplification, the illustratio
depicts only a single day of scheduled energy.

The simulation algorithm divides contract capacity into two blocks:sl80base block that
is set to be equal to the MSR, and a-M\ peak block. The entire SBIW base block is
always scheduled, accourgifor 1,200MWh of daily energy scheduled. The entire peak block
or some portion of it is scheduled hourly at the discretion of the customer. Total daily peaking
energy equals 710W. That amount equals the daily total energy limit of 1,M\@h minus the
1,200MWh of energy used to satisfy the MSR. The algorithm schedules this peaking energy
when demand and prices are the highest. As shown in the illustration in Eigutiee 10eMW
peaking block limit is applicable all hours of the day, but it is onhginig from hourd 2
through 16 inclusive.



43

Lowpice T T S Lo Fiic
350

Peaking Energy -~
300 | ™= Remaining Customer Load Ve
“ws Minimum Schedule Requirement /

— =Load
250 - /
/

200 -

150 -

100 -

50

SLCAIJIP Energy Requests and Loads (MWh)

Capacity
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour of the Day

Figure 3.8 Conceptual lllustration of an SLCA/IP Customer Scheduling Energy

The dotted lighigray area at the bottom of the chart combined with the soliddight area
at the top of the curve represents the total SLCA/IP eradfgging of 1,910MWh that a
customer schedules during the day. Any customer load that remains after hourly SLCA/IP
deliveries is shown as the dark gray area in the figure. It is asgbhatdtis load will be served
at | east cost via an economic dispatch of the
power purchase agreements.

The objective to minimize the remaining peak load is typically restricted by the SLCA/IP
capacity limtation. As shown in Figur8.8, the peak remaining load that occurs in Hauis
about 17Q0MW (i.e., 3 2 0 M WMW)5IfOmore SLCA/IP peak capacity was contracted, then
energy schedules from other hours of the day, such as®thwsgh 12 and 17 throudd,
would be shifted to hourk3 though 16 to further reduce the peak remaining customer load
(i.e.,tallest darkgray bar).

The objective to maximize the market value of energy deliveries over the day produces
SLCA/IP energy schedules that are thedatgluring the highest price hours. Without an
SLCA/IP capacity constraint, all of the contracted energy not used to serve the MSR would be
scheduled during the highest price hour. Since a capacity limit is specified in SLCA/IP contracts,
energy up to theontract limit is scheduled in the highgstced hour. If any energy remains, it
is then scheduled, up to the capacity limit, in the se¢ogidestpriced hour. This process of
scheduling energy in the nelighestpriced hour continues up to the pointewé all of the
contracted energy is scheduled.
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3.3.3 Total SLCA/IP Hourly Firm Loads

The Customer Scheduling algorithm is run individually for the eight large customers and for
the small customer aggregate. As noted earlier, customer hourly loads for tHEOg&atsrough
2005 inclusive, were obtained from FORBRG714. Figure3.9 shows that all of the hourly load
profiles are added together to produce a multiyear profile of total customer loads to be served by
Western. The derivation of hourly market hulzes is discussed in the next section.
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Figure 3.9 Customer Hourly Demands for Energy under SLCA/IP Firm Contracts

3.4 WECC MARKET HUB PRICES

The market prices in the WECC are one of the main driving forces for utility decision
making including both sheterm operations and lortgrm investments. As described in the
previous section, prices guide customer schedules. Prices are also oneegfitipaits into the
GTMax model for dispatching SLCA/IP resources. Hourly market hub prices for the 1997
through2005 time period are based on historical data and a routine that patterns prices to hourly

WECC loads.
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3.4.1 Daily Minimum and Maximum Prices

Hourly electricity prices were estimated using a multistep prozefise first of which is to
collect and process daily minimum and maximum prices. As shown in BdLOgethis process
uses market prices posted by two independent entities, namely, the ltenah Exchange
(ICE) and the CRSP Management Center in Salt Lake City, Utah. Data from ICE contains daily
minimum and maximum prices, along with an average daily price for several WECC market
hubs. The CRSP Management Center data are reported as weeklgk and ofpeak price
ranges for Four Corners, Central Rockies, and the Southwest. Monthga&rand ofpeak
price data were also collected for actual purchases made by the Energy Management and
Marketing Office in Montrose, Colorado. These dataenenly used for comparative purposes
and did not factor into the hourly price estimates used for economic evaluations.

Shaped WECC
Hourly Loads

Daily On- & Off-Peak
ICE Market Hub Prices

SLCA/IP &
Montrose Hourly Market Customer
Market Data Price Routine Hourly Market
Prices

Western
Website Price

Hub Price Priority
Ranking

Figure 3.10 Process for Estimating Hourly WECC Market Hub Prices

The ICE data serve as the primary data source for daily minimum and maximum prices. A
plot of these data for the Palo Verde hub was shown in FRyiée When ICE data are not
available for a specific day, the process uses CRSP prices as a surrogaaretadored for
each customer by pairing a utility with market hubs. For example, prices used by the Salt River
Project are based on Pinnacle Peak and Palo Verde data. When ICE data are not available,
weekly CRSP data for the Southwest are used to agtidaily prices.

The large price spike that began in the spring of 2000 though the middle of 2001 coincides
with the California energy crisis. During the crisis, prices exceeded levels that cannot be
explained by production costs (i.by, fuel plus otler operating expenses) alone. Many attributed
these price spikes to a market design problem in which some market participants influenced
prices for financial gain. Once market difficulties were alleviated, electricity prices once again
began to reflect mgmal production costs. Electricity prices trended upward as a result of higher
fuel prices in 2005.
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In this study, the actual electricityarketprices were used for calculating the economic
value of the Glen Canyon ROD. Howewhas beerargued tht the price swings during the
California energy crisis were not indicative of the true electricity production costs at that time
and that electricity prices in those years should not beinsedeconomic analysifn order to
determine how much a dysfctional electricity market may have affected economic values a
sensitivity analysis was performed. An attempt was made to remove the electricity price swings.
This objective was accomplished by using a linear interpolation method for the months where
prices spiked. The prices in those months were based upon prices that occurred in the year before
and the year after the crisis. This technique smoothed the prices during the crisis period. The
simulation model was run using these interpolated prices andstiesreompared to the
simulation results using the actual prices in 2000 and 2001. The actual economic value would
likely lie somewhere between the results from the base wéseh usedictual electricitynarket
prices and the sensitivity case.

3.4.2 Shaping Hourly Prices with WECC Total Loads

The Market Price spreadsheet uses the daily minimum and maximum market prices along
with WECC total loads to estimate hourly prices. The market hubs assigned to each utility are
likewise assigned to a WECC subregiontourly price calculation. The hour of the day that has
the lowest WECC load is assigned the minimum daily price, while the hour that has the highest
load is assigned the maximum daily price. The remaining 22 hours of the day are assigned prices
that fall between these two extremes. A nonlinear interpolation method assigns market prices
such that a higher load hour is assigned a relatively expensive energy price, while a lower load
hour is less expensive. The nonlinear interpolation method assumes tratipedaster the
closer a given load is to the maximum load.

Hourly loads for WECC subregions to support this hourly gsit@ping routine are estimated
from historical data collected by FERC (in Feirh4) and WECC statistics. As shown in
Figure3.11, tle process uses hourly loads collected for all control areas in WECC that are
located the United States. Consistency checks are performed on the data and adjustments made
when errors are found and data are missing. Control area loads are then groupegtegatieal
into the following four WECC subregions: (lprthwest Power Pool (NWPP), (Rpcky
Mountain Power Area (RMPA), (Frizona, New Mexico, and Southern Nevada Power Area
(AZNM), and (4) California and Mexico Power Area (CAMX). Next, a Load Shapiggithm
adjusts aggregated hourly load profiles to exactly match monthly peak and total load values that
are reported for each WECC subregion.
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Figure 3.11 Process for Estimating Total Hourly Loads in he U.S. portion of WECC

The Loads Shaping Algorithm uses a QP technique that minimizes differences between a
normalized Load Duration Curve (LDC) constructed from historical data and a reshaped LDC
generated by the model. FiglBd.2 shows the originalC, constructed from control area
historical loads for Augus2005 in the AZNM sulyegion and the reshaped LDC. The reshaped
curve is consistent with a monthly load factor computed from the peak and total load values
reported by WECC. Upper and lower loamhstraints are specified by the user to bind the
model 6s solution. For each point in the LDC,
reshaped load to the original load. Finally, the algorithm constructs a scaled chronological hourly
profile based on the load scaling factors and an associated original hourly load. The end product,
as shown in Figur8.13, is a chronological load profile that exactly matches WECC monthly
statistics.



48

30,000 1.20

25,000 - 1.00

- 0.80

lojoe4 Buljeas

<= 20,000
=
=
® 15,000 L 0.60
o
-l
—Scaled Loads ~Load
10,000 - 0.40
* » »Upper Bound ® » eLower Bound
—==Floor e Celling
5,000 - ' + 0.20
- Scaling Factor

o a2 o o s s s s s e o a s s a2 a o al g
N ‘,\ \Q\ \‘3\ “9\ '\‘.’\ '50'\ '5‘)\ ‘9\ bf;\ ‘?\ 6"\ ‘OQ'\ b"\ ,\Q\
Rank
Figure 3.12 lllustration of Load Duration Curve Shaping to Match a Target Load Factor

10}oe4 Buljesg

30,000 - T 1.20
25,000 - A £\ A A 1.00
— 20,000 - 0.80
=
<
- 15,000 0.60
T
3
10,000 + | ! | , T 0.40
—oad Scaled
Upper Bound * » eLower Bound
B 000: ~Floor ~——Celling T:020
—Factor

P2 e o 2o s s a0 a0 s s s a.a = = g0
Aug-1 Aug-2 Aug-3 Aug-4 Aug-5 Aug-6 Aug-7
Figure 3.13 Original and Shaped Chronological Load Curve



49

3.5 SIMULATION OF SLCA/IP HOURLY DISPATCH AND MARKET
TRANSACTIONS

Forthis study, the main function of the GTMax model is to simulate the operations of
SLCA/IP power plants, including GCD. As noted earlier this dam is not operated or marketed as
an isolated entity; but is operated as part of a system of bundled resouroesketegd by
Western as part of the SLCA/IP. Therefore, the modeling process used for this study simulates
the entire SLCA/IP system.

The GTMax model is well suited for this application since it uses a systemic modeling
approach to represent all systenmpmnents while recognizing interactions among supply,
demand, and water resources over time. GTMax represents Glen Canyon Dam as one component
of a larger hydropower system that is packaged along with other power plants for marketing
purposes. It simulatdke system on an hourly time step as a large set of mathematical equations
that are solved using linear programming (LP) software. All operations are within component
limitations and system dispatch goals that are formulated as a set of linear corastdhints
bounds.

The model formulation contains a single objective function that maximizes the economic
value of the entire SLCA/IP system over a-oveek time period. All hours are solved
simultaneously, allowing the model to recognize that the dispateippfysresources in any one
hour affects the dispatch during all other times in a simulated week. GTMax also accounts for
the spatial dependencies among power plants that are at cascaded reservoirs, such as those in the
Wayne N. Aspinall Unit on the Gunnisdiver.

The model and topologies developed for this study consider customer loads, historical power
plant and reservoir information, environmental constraints, WECC market prices, and the
maximum economic dispatch objective. GTMax topology nodes rayregdropower plants,
aggregate customer load, power market energy transactions, and river gauges. Each node
contains information about the specific attributes of the entity that it represents. For example,
hydropower plants in the topology contain infotioa about reservoir water releases, operating
constraints, and the power plant specified at weekly, daily, and hourly time scales. The flow of
energy between connected grid points and water channel flows are represented in the model by
links that conneabode objects together. Water links along with gauge nodes are used to estimate
flows at specific points on river channels for environmental monitoring and compliance.

For each scenario, the GTMax model is run for one typical week per month for all months
during the study period. Weekly simulations are scaled up such that each run represents a one
month time period. These results, along with actual operations that occurred during experimental
periods, are used to evaluate the economic impact of the ROD.

3.5.1 GTMax Model Input Data for Power Plants and Reservoir

Data for reservoirs and power plants input into GTMax are based on historical monthly
statistics contained in ForRO&M-59. This information includes water releases, forebay
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elevation, and power conveosi factors. Because reservoir water release data are monthly and
GTMax runs simulate a single week, releases are equally apportioned to each week of a
simulated month. For exampl e, Februaryobés typi
monthly value(i.e., 7/28). The PO&M form also reports enétmonth (EOM) reservoir

elevations. Because it is assumed that the GTMax simulated week occurs approximately in the
middle of the month, reservoir elevations input into the model for the Aspinall cascadeireserv

are interpolated from previous and current monthly forebay elevations.

When simulated monthly water release volumes from GCD in the Without ROD scenario
differ from historical volumes, reservoir elevation levels and power conversion factors must be
adjusted accordingly. A highghanhistoric monthly water release results in a lowem
historic forebay elevation, while a lowt#rarrhistoric monthly water release results in a higher
elevation. EquatioB.1 is used to estimate the reservoir wateagI1S) volume, in acrdeet for
GCD (GC) under the With ROD scenariw) based on historical monthly forebay elevati@gs
listed in Form PO&M59. The water storage in the Without ROD scenawig) (esulting from
monthly water release) that differ fom the With ROD scenario is computed by Equal8ch
It is based on the sum of releases in each scenario from the first simulation month through the
current monthrf)). Whenever the storage volume under the Without ROD Scenario differs from
the With ROD senario, the forebay elevation under the Without ROD scenario must be
computed using Equatidh3. The equation relates reservoir elevation to storage volume.

EQ 3.1

EQ 3.2

EQ 3.3

The factor that relates the conversion of water releagesaer production is a function of
the forebay elevation. Therefore, a different reservoir elevation means that the power conversion
factor must also be computed. The power conversion factor under the With ROD scenario is
based on a historical value as netaml in Form PO&M59. This value is used as a benchmark
from which the Without ROD conversion factor is estimated. It is assumed that a change in
reservoir elevation under the Without ROD scenario will either increase or decrease the total
power productiorduring the month. The power conversion fac®CF) used in the Without
ROD scenario is computed using Equatiof. Polynomial coefficients were derived by Western
using historical Glen Canyon forebay levels and power conversion factors.

EQ 3.4

The maximum output capabilitpPitpud at GCD is computed monthly. It is the minimum of
(1) the physical capacity of the power plant turbines as shown in Table 2.1 dhe @aximum
production level based on the forebay elevation as computed by Equation 3.5. This equation
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computes the maxium turbine flow rate and multiplies it by the power conversion factor to
obtain the maximum output level.

EQ 3.5

Further adjustments are made to the maximum generation level at the Glen Canyon
Powerplant to account for unit @gfes. These adjustments incladleypes of outages, both
scheduled and random, that take unitslio because of unforeseen problems at the plant.

Historic outage levels provided by Reclamation were used to compute monthly outage factors.
These factors were used to derate that mamiroutput of the plant as computed by the process
described above. For example, if one and only one turbine was out of service for a month, the
maximum output was reduced by approximately 12.5% (i.e., 1/8). As will be described in greater
detail in Sectiord, capacities and outages are important factors in determining the economic cost
of the ROD.

3.5.2 GTMax Model Input Data, Loads, and Market Prices

There are two types of load data input into GTMax that include firm customer loads and
project use loads. Hoyrfirm customer loads during the study period are estimated by the
methodology described in Secti8r8. These data are not used directly. GTMax firm loads are
instead based on customer energy schedules that represent a typical week. This week is
construced from the Customer Scheduling algorithm results that produce estimates of hourly
customer schedules for an entire month. Simulated hourly schedules are processed to create
typical shapes for three types of days, including a weekday, Saturday, and $loldiays are
assigned to the Sunday load profile. Typical profiles for each type of day are average values for a
specific hour. For example, the typical load at 1ad@. on a weekday in January is the average
of all 1:00a.m. loads during weekdays in timaonth.

Project use loads are based on contract levels obtained from Montrose. Monthly values for
capacity and energy are provided in Taldesand 3.4, respectively. Compared to firm customer
loads, these values are small. Although some of thesedodi schedules can vary somewhat
from one hour to the next, others are scheduled at a constant rate. As a simplification for
modeling purposes, it was assumed that all project use loads are scheduled flat; that is, each hour
has a schedule that equale thonthly level divided by the number of hours in the week. As will
be described later in this section, additional modifications to these loads are made to account for
generation, represented as negative load, from smaller SLCA/IP hydroelectric powser plant
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Table 3.3 Monthly Project Capacity Use, by Customer

Capacity (MW)

ClNAPH | | Ute
Dolores | Heber | NAPI NTUA Silt | Uintah I\/Ito_un- Wasatch | Dutch | Camp | Total

ain
Jan 0.50 0.60 | 0.00 0.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 4.95
Feb 0.50 0.60 | 0.00 0.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 4.95
Mar 0.50 0.60 | 0.50 | 12.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 17.45
Apr 8.30 0.60 | 2250 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
May 8.30 0.60 | 22,50 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
Jun 8.30 0.60 | 22,50 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
Jul 8.30 0.60 | 22,50 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
Aug 8.30 0.60 | 22,50 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
Sep 8.30 0.60 | 22,50 | 12.00 | 0.37 | 0.12 0.00 3.00 0.20 | 0.98 48.06
Oct 0.50 0.60 | 0.50 | 12.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 17.45
Nov 0.50 0.60 | 0.00 0.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 4.95
Dec 0.50 0.60 | 0.00 0.00 | 0.00 | 0.02 0.00 3.00 0.19 | 0.64 4.95

Annual

Average 4.40 0.60 | 11.33 | 8.00 | 0.18 | 0.07 0.00 3.00 0.19 | 0.81 28.59

1 NAPI = Navajo Agricultural Products Industry

Table 3.4 Monthly Project Energy Use by Customer

Energy (MWh)

RV . Ute
Dolores | Heber | NAPI NTUA Silt | Uintah Mtogn- Wasatch | Dutch | Camp | Total

ain
Jan 67 229 0 0 0 14 0 2232 | 88 | 475 | 3,105
Feb 60 197 0 0 0 13 0 2,016 | 94 | 429 | 2,809
Mar 67 197 | 1,106 | 8,928 | © 14 0 2232 | 94 | 475 | 13,113
Apr 2,447 | 184 | 8,006 | 8640 | 263 | 86 0 2,160 | 99 | 707 | 22,591
May | 2,529 | 184 | 8,272| 8,928 | 272 | 89 0 2,232 | 102 | 730 | 23,339
Jun 2,447 | 203 | 8,006 | 8640 | 263 | 86 0 2,160 | 65 | 707 | 22,576
Jul 2529 | 242 | 8272 | 8928 | 272 | 89 0 2232 | 65 | 730 | 23,359
Aug | 2529 | 256 | 8272 | 8928 | 272 | 89 0 2232 | 66 | 730 | 23,374
Sep | 2,447 | 218 | 8,006 | 8640 | 263 | 86 0 2,160 | 71 | 707 | 22,599
Oct 67 192 | 1,106 | 8,928 | © 14 0 2232 | 82 | 475 | 13,096
Nov 65 205 0 0 0 14 0 2160 | 86 | 460 | 2,989
Dec 67 231 0 0 0 14 0 2232 | 88 | 475 | 3,107
AT”cr)‘t‘;f" 15,321 | 2,537 | 51,046| 70,560 | 1,606| 607 0 26,280 | 1,000 | 7,100 | 176,058

1 NAPI = Navajo Agricultural Products Industry

Market prices input into GTMax are a key model driver, especially when the study objective
is to maximize the economic value of hydropower resources. Consistent with the prices that are
i nput 1 nto algorithms that s iAfffueheagy, ericesthatt o mer s
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are input into GTMax are based on WECC market hub prices as described in the previous
section. For this study, prices input into the model are primarily based on the Palo Verde market
hub. When data for this hub identical to theprices used for SR® are not available for a

specific time, alternative information is used as a surrogate. This process of using surrogate data
when no information is available for a specific hub is described in S&#ddh Because prices

are not know with certainty, and to be consistent with GTMax load profiles, average hourly

price profiles for weekdays, Saturdays and Sundays are input into the model for each month.

3.5.3 GTMax Topologies

Two topologies are utilized in this study. Both were oridgindésigned and are currently
used to assess future Western purchase requirements for the CRSP Management and Marketing
Office located in Montrose, Colorado. The topologies include one that has a highly specialized
representation of the Flaming Gorge Damd $he downstream river system below the dam and
another one that represents the entire SLCA/IP system.

Using these two topologies, the GTMax model is run three times to produce final results.
Figure3.14 is a flow chart that shows the sequence of opesatind the flow of information for
the GTMax simulations.

The first simulation estimates Flaming Gorge operations using the relatively simple
Flaming Gorge topology, as shown in Fig@r&5. This run simulates Flaming Gorge operations
on an hourly basiever a oneveek time period. It also estimates destream water flows at the
confluence of the Green and Yampa Rivers and at the Jensen Gauge. Hourly water releases at
Flaming Gorge are constrained such that flows at the Jensen Gauge comply with eantabnm
limits. Results from this simulation are input into #ezond GTMax ruthat simulatethe
Without ROD scenario.

The second run simulates SLCA/IP operations under the Without ROD scenario. It employs a
more complex topology that contains all megrCA/IP hydropower plants and market
components as shown in FiglBd.6. GTMax inputs for Flaming Gorge operationhils second
model run constraithe simulation such that it produces the exact same results for Flaming
Gorge as t he A Osinuktiork: Thareforen godebresuliy ford-laming Gorge in
these first two runs are identical. The second run also simulates operation for other major
SLCA/IP hydropower plants and energy transactionsWe.,st er nds pur chases an
the market.

The third and final GTMax run simulates the With ROD Scenario. While this run uses the
same topology as the second run, the attributes assigned to some of the nodes and links differ;
most important among these are the operating restrictions at GG eAtsept for Glen
Canyon, operations at all other hydropower plants and reservoirs are constrained such that they
produce identical results as in the Without ROD scenario. Using this approach isolates the effects
of the ROD to operations at Glen CanyomyoAlthough the ROD only applies to Glen Canyon,
operations at other SLCA/IP power plants may change operations in response to changes in
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production at Glen Canyon. By requiring identical operations under the two scenarios at all
facilities except at Gle@anyon, the impacts are restricted to one facility.

In the final step of the process, the economic costs of the ROD are computed. As shown at
the bottom of Figur&.14, this process uses GTMax simulation results for the two scenarios and
historical releases and power production from experimental flow periods.

ContractsData | R erating Criter.

« Monthly Energy (MWh) * Dally Change (cfs/day)

« Monthly Capacity (MW) « Hourly Ramp Limils (cfs/hr)

» Monthly MSR (MW) * Maximum Flow Limils (cfs)
= M oy "

Market Prices )
WECC Market Hubs

Dispatch Guidelines
*Those in use before ROD

P — —_— 'Monthly Hydro Information
i r Loads Customer Scheduling » Generation (MWh)
Hourty Profiles Hourly Energy Requests « Water release (TAF)

Power Conversion (MWH/AF)

Flaming Gorge |HE— Mo thi W ¢

st nthly Water
15 GTMax Simulation PNl o o Tarax Simulation Ao Experimental E[ WS

Flaming Gorge & Jensen Without ROD Scenarnio » Waler Release (cfs)

Gauge » Generation (MWh)

Prices &
All Operations
Except Glen Canyon

All Hourly

Operations
Except Glen Canyon

Economic Valde Calculations

Change in Glen Canyon Dam 3™ GTMax Simulation
Hydropower Value Due fo | With ROD Scenario
Implementing ROD

Figure 3.14 Sequence of Operations for Simulating SLCA/IP Marketing and System
Operations

3.5.3.1 Flaming Gorge Topology

The first topology utilized in this study is shown in Figa8r&5. It simulates the operation of
the Flaming Gorge Dam Reservoir and Powerplant such that water releases comply with
downstream flow limitations at the Jensen Gauge while maximizing the ofalae power
resource. The gauge is located about 95 miles downstream of Flaming Gorge near Jensen, Utah.
To protect endangered fish species, the stage change at the gauge is limited to 0.1 meters per day.
Also, the amount of water that passes the gaugagla calendar day cannot vary by more than
3% from one day to the next.

The Flaming Gorge topology only represents the WECC power market (dark turquoise
square in Figur8.15), Flaming Gorge (dark blue square), the Green and Yampa river channels
(dashd blue lines), the confluence of the two rivers, and the Jensen Gauge (blue water drop).
Energy prices are conveyed to the Flaming Gorge node via the black line in the figure. To
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compute Jensen Gauge flows, GTMax uses a Water Time Travel Distribution (M{iridfion

to represent a wave of water as it is released, moves, and attenuates downstream. This function is
derived from model outputs produced by the Streamflow Synthesis and Reservoir Regulation
(SSARR) model. Yampa River flows are based on histodcal Geological Survey (USGS)

stream flow records.

The Flaming Gorge topology and associated model formulation were originally developed to
support the Flaming Gorge Dam EIS (FGEIS). Using an iterative methodology developed for the
FGEIS, the SSARR and ®fax models share information such that the value of power is
maximized while downstream flows are within gauge limits. In addition to gauge constraints,
Flaming Gorge Dam operations are also subject to a minimum releasea$880d both up
ramp and dowramp rates are limited to 8@@s/hr. The daily release patterns at Flaming Gorge
are limited to singleycle pattern during the summer and a dowlyide pattern during the
winter, which are consistent with customer load patterns.

Market prices inpuinto the GTMax market node are used as a measure of the economic

value of energy. For this analysis, WECC prices at the Palo Verde hub were input in the model
for both scenarios.

.—DURLY SPOT

‘FLAMING GgRGE -
|
Min & Ramp
Restrictions
!*YAMPA CONFLUENCE, YAMPA RIVER
___________________________ ...
Constant
GG Flow
Limits

|
‘J ENSEN GAUGE

Figure 3.15Topology Useal for Flaming Gorge Dispatch and Jensen Gauge Simulations

3.5.3.2 SLCA/IP Topology

The second GTMax topology consists of all SLCA/IP system components, including power
markets, Western LTF and project use loads and power resources in the CRSP, the Seedskadee
Project, the Collbran Project, and the Rio Grande Project. This topology, which is shown in
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Figure3.16, also includes the Green, Yampa, and Gunnison Rivers along with side flows into the
Aspinall group of dams.

The load or demand node (dark blue squafdgnre3.16) includes typical customer energy
requests and net project use load. Energy consumed by the project is based on levels Western
reserved for this purpose. Because some of this load is served by local generation produced by
the Elephant Butte Da, McPhee Dam, and Towaoc Canal power plants, the project use load is
reduced by transmission losses. The net project use load calculation assumes that generation
levels from all three small power plants are constant during the entire month. This method is
similar to the one practiced in the Montrose Office when assessing future monthly energy
purchase needs.

Using water channel links (i.¢he dotted blue lines in FiguB16), the SLCA/IP topology
represents the Wayne N. Aspinall Unit on the GunniseeiRas a tightly coupled cascade to
account for the spatial dependencies among power plants. The Blue Mesa Dam and hydropower
plant is at the top of the cascade (igghest elevation level), followed by Morrow Point and
then Crystal. This group of threleams is often referred to as the Aspinall Cascade. The Blue
Mesa reservoir capacity is 9408\F, which is the largest water storage capacity in the group. It
is more than 8 times larger than the Morrow Point Reservoir and more than 36 times larger than
the Crystal Reservoir.

Water channels connected to nodes represent both side flows frepoinbmvater sources
and reservoir evaporation. In the SLCA/IP topology, this raddnnel configuration is used to
represent the following aspects of the Aspiakcade: (15unnison River flows into the Blue
Mesa Reservoir, (&ide flows between the Blue Mesa and Morrow Point Reservoirs, and
(3) side flows between the Morrow Point and Crystal Reservoirs. It is assumed that flows in
these channels are constambtighout a simulated week. Monthly flows are based on water
balance equations that use FdP@&M-59 water releases and forebay elevations along with
reservoirelevation curves. When applying the water balance equation, some errors were
discovered in the P&M -59 data. These issues were resolved by using data found on the
Reclamation (undated) and Western (2010) Web sites.

The daily amount of water released from a reservoir in the Aspinall Cascade is identical each
day of the week. One exception is the BMiesa Reservoir, where water typically is not released
on Saturdays during the months of November through February. Each separate reservoir
typically has a different daily release volume to accommodate side flows and to achieve
historical EOM reservoir elation levels.

Power production from Crystal is constant. However, as dictated by Reclamation, operations
change occasionally to reflect evolving hydrological conditions and downstream water
requirements. Other than the physical limitations of the reservoirs and nedst@gdions from
the power plant, bypass tubes, and spillways, there are no operational limitations at Blue Mesa
and Morrow Point. However, given flat releases from the Crystal Dam, Morrow Point releases
are constrained such that the reservoir elevatbgystal are within minimum and maximum
levels and do not change more than specified levels eglay And 3day calendar periods.
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The Fontenelle Dam has the only power plant associated with the Seedskadee Project.
Releases and associated power prbdandevels are constant throughout a simulated week.

Collbran project daily generation produced by the Upper and Lower Molina power plants is
scheduled at or near power plant maximum capability for continuous blocks of time, the length
of which is deteamined by the amount of water that is available for release duringha4
period. Generation is first dispatched at capacity during hours with the highest market price. If
more water is available, generation is then dispatched durirgrice hours.

In addition to water channels, links in the SLCA/IP topology represent the flow of energy
from generation resources and market purchases to serve SLCA/IP customer load and for sale to
nontfirm markets. It is assumed that 8.8% of the energy generatee I3/¢h Canyon
Powerplant will be lost when it is transported to customer delivery points. A lower transmission
loss rate of 5.5% is assumed for all other SLCA/IP hydropower plants, including those
previously mentioned small plants that serve project wse lo
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Figure 3.16 SLCA/IP Topology Used for Powerplant Dispatch Simulations
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3.5.4 Ancillary Services

Ancillary services help maintain reliable system operations in accordance with good utility
practice. Somef these services including spinning reservesppnning reserve, replacement
reserve, regulation/load following, black start, and voltage support. Quick start times, fast
ramping capabilities, and the ability for rapid corrective responses to charmgg&sdonditions
make hydropower plants an excellent resource for providing ancillary services.

Two ancillary services, spinning reserves and regulation, were included in GTMax
simulations for this analysis. It was assumed that Glen Canyon would pbmtidservices
under the Without ROD and With ROD scenarios. The only exception is during experimental
flows, for which it was assumed that these duties would be performed by Morrow Point. As
depicted in Figur8&.17, ancillary services reduce the operatarge of a power plant. Spinning
reserves reduce maximum scheduled operations. On the other hand, regulation affects both
maximum and minimum production levels. On the basis of information provided by Western,
spinning reserves are assumed to b&80, andregulation is assumed to be KMOV. As will
now be described in greater detail, the extent to which these services affect operations differs
under the two scenarios.

Regulation is the amount of operating reserve capacity required by the control area to
respond to automatic generation control to assure that the Area Control Error meets these two
conditions: that it (1quals zero deast one time in all Xéhinute periods and (2hat it falls
within specified limits to manage the inadvertent flow of energy between control areas.

It was assumed that Glen Canyon would provide

regulation services by responding quickly to mornisnat Spinning
momnent up and down movements in conacéa electricity Reoerves
demand usingwomatic generation controGlen Canyon is \ ________
well suited for providing this service because at least one @) Up
more of its turbines are always-tine, and it operates at = l\DAecr.ease \
sufficiently high lewels such that sudden decreases in load = Bl = o
. . . . . o = n.®
will not reduce generation below either its technical or = 2 PDa
regulatory minimums. s I E <S
é o '% 8 g'
Glen Canyon provides regulatialown service without 2 |8 ° / >
incurring any opportunity costs when itis not necessarytt’'s N = BN/
alter its hourly generation pattern to provide the service. 8 | | Down
The amount of regulatiedown service that can be S “Increase

provided without incurring costs as high as the power Minimum
production level generated when the plant is operating at
the mandated minimum release. Because the regulatory
minimum release is on an hourly average basis, the servicg
can be provided without costs because, during some
moments, weer releases may be less than the minimum
flow rate as long as there are compensating releases gre
than the minimum flow rate at other times within the hourrjgure 3.17 Operating Range

Reduction When Providing
Ancillary Services

Minimum
Minimum
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This interpretation is consistent with regulation services in which the net power prodeag&bn |

over a onéhour period sums to zero. Opportunity costs are only incurred when reguation

service requires Glen Canyon to be operated at a higher level than required by the minimum
release rate. At a 4W level of service, this situation neveraoes under the With ROD

scenario because the minimum flow requirement always produces significantly more than

40 MW. However, under the Without ROD scenario during the wintertime, the £f600

minimum release level produces insufficient output to prothdelevel of service when

reservoir elevations are lower. Therefore, at times the minimum generation level at Glen Canyon
must be increased during the nighttime to provide the assumdd\Mo6f regulation service.

To provide regulatiomup service, genetian levels must be sufficiently low such that a
power plant can respond to instantaneous decreases in grid loads without exceeding the output
capability. Regulatiofup services will incur an opportunity cost when maximum power plant
salesduringpeakperids are required to be | ower than t he
average hourly production | evel must be at or
up service level. Under the With ROD scenario, regulatigiservice does not incany
opportunity costs under all but very higiddropower conditionsincethe damis operating
below the maximum power plant capacity. It is of note that at many times, the regulatory flow
rate is significantly below the physical plant limit. The ROD requires that the maximum average
hourly release rate from Lake Powell be no more 26a2200cfs under most hydrological
conditions. This release rate is under the maximum turbine flow rate by@gt@06,00Qfs
most of the time. Assuming a power conversion factor d¥1¥0 per 1,000cfs, 200MW or
more of regulatiorup reserves couldeprovided without incurring an opportunity cost. It should
also be noted that providing regulation services will not affect either hourly ramping or daily
changes at Glen Canyon. It is also assumed, on the basis of personal communication with
Western stdfat the Montrose Office, that both -ugnd downregulation services will be
provided by the Glen Canyon Powerplant at & level. Under the Without ROD scenario,
providing regulatiorup service almost always incurs opportunity costs during some paek ho
of the day, because a more open schedule of power sales is needed at times of high prices to
accommodate this service.

Spinning reserves are defined as generating capacity that is running at a zero load, connected
to an output bus, synchronized te lectric system, and ready to take immediate load. The
portion of unloaded synchronized generating capacity, controlled by the power system operator,
must be capable of being loaded inmihiutes and capable of running for at least two hours. On
the bass of personal communication with Western staff at the Montrose Office, it is assumed
that 80OMW of spinning reserves will be provided by the Glen Canyon Powerplant.

When a generator supplies spinning reserve services, it will increase output in rés@onse
outage situation. The increased output fills the generation void created by a generator in a
balancing authority that suddenly ceases to produce power. Spinning reserves may also be called
upon when an abrupt transmission line outage will no longenipthe reliable transport of
power into a region. Generation levels in normal conditions must be sufficiently low such that
when an outage occurs, it can increase output levels by its spinning reserve obligation without
exceeding the maximum capabiliythe generator.
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Spinning reserve services require that maxi

capability minus the amount of spinning reserves required. Providing spinning reserves also
requires that one or more turbines operate below déapaly in a spinning state without

producing power. The former condition may require the unit to operate in@$suial state,

while the latter releases water without power production to spin the turbines under no load.
These additional requirementgpiyally incur opportunity costs, because capacity must be
reserved at the high end of operations to accommodate the spinning reserves. Unlike regulation
down services, spinning reserves do not affect minimum generation levels. Under the With ROD
scenariospinning services at GCD can be provided under most conditions because exception
criteria allow for the maximum release constraint to be relaxed to support grid operations. The
exception criteria also allow this service to be provided at little or no dostsgy most

hydrological conditions. Similar to the situation with providing regulatiprservice, there is

ample room for increased production levels (RO or more) because ROD release regulations
require that the Glen Canyon Powerplant is loadedfsigntly below its physical capability.

3.6 CALCULATING ECONOMIC VALUE

A spreadsheet is used to calculate the financial value of SLCA/IP resources under both the
With ROD and Without ROD scenarios. In this spreadsheet, GTMax economic benefits are
calculaed by multiplying generation levels by the spot market price of electricity for each hour
in a typical oneveek simulation.

GTMax results for a typical week are scaled up to a month for all system components. A
monthly estimate is obtained by multiplyisgnulated results for specific types of days by the
number of occurrences of that type of day in the month. For example, the average weekday result
from the GTMax simulated week is computed and then multiplied by the number of weekdays in
the month. Rests for all Sundays and Saturdays in the month are scaled by using a similar
process. As mentioned previously, any holidays in the month are treated as a Sunday. However,
when an experiment is conducted at GCD, the days of duration of the experimentau@&drem
from the scaling process. Instead, actual historical generation data are used for these periods. The
monthly scaling process applied to the Glen Canyon Powerplant accounts for the type of day on
which the experiment was conducted, that is, the nuofbgeekdays, Saturdays, Sundays, and
holidays that occurred during the experiment.

The economics of power production during experimental flow periods are computed by
multiplying the actual generation level at the plant, asrdszbby supervisory contrahd data
acquisition (SCADA), by the hourly value of energy. Consistent with computations made in the
GTMax modeling process, an identical price set for an experimental period is used for this
evaluation. The total economic value under the With ROD saersattie sum of the value
during experimental periods plus the value, as computed by GTMax, durirexperimental
periods.

Results for a typical week are scaled up to a month for all systems. The economic cost of the
ROD is computed as the differencetlween the two scenarios.

n
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4 ECONOMIC COST OF THE ROD

This section presents the economic costs of implementing the ROD at GCD based on
simulating the operations of the SLCA/IP by using GTMax. In the following sections, the results
will be discussed in detdor each year of the study period. The costs are in $2009 and are
displayed by water year (WY), which runs from Octobéo Septembe30.

The economic value of Glen Canyon power resources consists of both capacity and energy
components. The ROD opergj criteria reduce the economic value of both components by
restricting Glen Canyon Powerplantos flexibil
lowering maximum output levels substantially below its physical capability.

Energy generategnder the With ROD scenario is composed of energy generated from
experimental releases and from normal releases that satisfy the operational constraints of the
ROD. Energy generated under the Without ROD scenario is composed only of energy generated
from normal releases that satisfy operational constraints that were in effect before the ROD. The
value of energy is determined by multiplying the amount of energy generated in each hour by the
hourly market hub price for GCD. Determination of hourly marketpnides was described in
Section3.4.

Actual electricity market prices and price spreads were used during the entire study period of
this analysiseven during th€alifornia energy crisis in 2000 and 2001 winearketdesign
issues were revealefls shownin Figures 2.16 and 2.17, large fluctuations in electricity prices
and price spreads occurred during this periodraady people felt these prices and price spreads
werenotindicative of the true electricity production costs at that tme should not based in
an economic analysi$herefore, a sensitivity analysgescribed in Section 4.1@as performed
which attempted to smooth the prices during the crisis period. The results of modelingingns
market prices and smoothed priggsre then compadeto determine the magnitude of the effect
of the market design crisis on the total economic costs of th2 Rk true economic cost of
the ROD likely lies between the cestalculated from these two cases

The second component of economic value ah@lanyon is capacity. The available capacity
in each scenario is determined by the GTMax simulations. The capacity value is based on the
priceofshot er m capacity purchases; that value was
Colorado River Interim Guideties for Lower Basin Shortages and Coordinated Operations for
Lake Powell and Lake Medd.k.a. Shortage Criteria EIS) and was determined to be
$82.8/kilowatt (kW) (in $2009). The value of capacity is the amount of capacity in each scenario
multiplied by the shofterm capacity price. The difference in the values of the capacity
components fathe two scenarios is the economic cost or benefit of the ROD.

There are several major factors that determine the economic costs of the ROD constraints,
which include the following:

e Price spreads In general, as the price difference betweeipeak andff-peak periods
increases, the cost of the ROD becomes more expensive.
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Seasonal releaseShe total amount of water released from GCD is identical under both
scenarios; however, the monthly distributions are important in that more releases during
high-priced seasons, especially in the summer and (to a lesser degree) winter, will lead to
a higher economic value.

Marginal water value: The marginal value of water (i.additional dollars for an

additional acrdoot of water) tends to be relatively high whaonthly water releases are

low, but lowers increasingly as more monthly water is released. Marginal values in the
Without ROD scenario, especially at low water releases, are higher than marginal values
under the With ROD scenario. Exceptions to this garrefe occur at discontinuous

points where the daily change transitions from a lower level @@0cfs/day) to a

higher level (e.g.8,000cfs/day).

Total monthly releases:Although the marginal value of water tends to be higher under
low hydropowerconditions, theéotal cost of the ROD is somewhat smaller because a
lower volume of water is shifted from gueak periods to ofpeak periods under the With
ROD scenario. As more water is released ot ROD cost initially increases;

however, as hydmower conditions become higher than normal, ROD costs begin to
decrease. At very high hydropower conditions, ROD costs diminish to zero as flat flows
are required under both scenarios because of physical limitations to turbine flow.

Unit outage: Under mos conditions, unit outages have little or no impact on operations
under the With ROD scenarios because typically there is excess capacity. However,
under the Without ROD scenario, outages have a direct impact on the Glen Canyon
Power pl ant 6 snywuratthat s offine ieduces the amount of energy that can
be sold during higipriced periods; therefore, as outages increase, the economic cost of
the ROD decreases.

Summer and winter minimums: All other factors being equathe ROD costs are

higher n the winter than in the summer, because the Without ROD scenario has seasonal
minimum flow requirements, while the With ROD scenario has the same minimum
requirements year round. The minimums are 1@80n winter and 3,000fs in the

summer. Thereforehe Without ROD scenario can shift more water into winter peak
hours to increase the wafewvalue.

Ancillary services: Although the level of ancillary services that GCD supplies are
identical in both scenarios, these services reduce the economic v&l@®ainder the
Without ROD scenario more than they do under the With ROD scenario under most
conditions. The economic value of GCD under the With ROD scenario is reduced only
during high hydropower conditions. This result occurs because the With RODiscenar
has more uncommitted capacity and exception criteria that allow operations to go above
normal operations when reserves are called upon. If ancillary services were assumed to
be performed by other SLCA/IP hydropower resources, ROD costs would have been
significantly higher in terms of both capacity and energy.

Capacity salesDifferences in capacity sales between the two scenarios tend to decrease
as the hydrological condition increases (or gets wetter). Under the Without ROD
scenario, Glen Canyon Powé&apt can quickly ramqup generation and maintain a

relatively high level of generation for several peak hours even under low monthly water
releases. On the other hand, daily ramp restrictions under the With ROD scenario limit
the peak flow that the GCD cachieve, especially under low hydrological conditions.
When the hydropower condition increases and monthly water releases increase, the daily
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change becomes less restrictive, and a higher baseload flow can be maintained such that
the 25,00Cfs level carbe attained more easily.

All of these factors can impact the ROD cost at different magnitudes, depending on the
hydrological conditions and energy market prices. In addition, some factors have a larger impact
on energy versus capacity values than othre analysis performed in the study estimated
economic costs during each month from 1997 through 2005 as hydropower conditions changed
and energy markets evolved. The following sections describe annual (water year) economic costs
and provide some insightnto the major factors that resulted in estimated cost trends.

4.1 COST OF ROD IN WY 1997

This year is the first in which restrictions imposed by the ROD came into effect; they began
in Februaryl997 (the fifth month of the WY). This year had one expemntaldlow, an Aerial
Photography Steady Flow (APSF) that ran from Au@@sto Septembe and consisted of a
constant flow of about 8,00fs. This year also had a total flow of almost 14,08@F, making it
thefith-rhi ghest annual ste’f. ease i n the damds hi

Figure 4.1 shows the monthly releases; the amount of water released in each scenario is
identical. Although an APSF experiment was conducted, it lasted only a few days. Therefore, the
water releases that were required to conduct this expermeeatreallocated only within the
months of August and September. This relatively short experiment did not require a change or
reallocation of water to other months of the water year to accommodate the APSF experiment.
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Figure 4.1 Monthly Water Releases in WY 1997

Figure 4.2 shows the ROD cost from energy differences combined widifférence or
spread in the average monthly-peak and ofpeakelectricitymarket pricesThe energy
component of the ROD costs from February, when the ROD went into effect, to May generally
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follow the price spread; namely, the cost increased as the price spread increased. However, the
ROD cost was still relatively low because water releas#sose months were high. Releases

during offpeak and shoulder hours are relatively high under the Without ROD scenario, because
capacity limits (along with ancillary service requirements [IR@]) and outages limited en

peak production levels. The WIROD scenario shifted generation to the shoulder andeztk

periods to a limited extent only.
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Figure 4.2 Energy Component of ROD Cost and Price Spread in WY 1997

In June, the ROD cost dropped to thedst level of the year even though the price spread
was only slightly less than in May. The low cost in this month could be attributed to a very high
water release, resulting in a small operating rangettiedifference between the maximum and
minimumoutputs) as simulated by GTMax. The difference in monthly operating ranges provided
in Figure4.3 shows the operating range and the outage factor for the Glen Canyon Powerplant.
June had a very narrow operating range because simulated dam releasebidyrergptl were
nearly constant. Most of the time, production levels are equal to the output capability of the plant
less the resources that were reserved for ancillary services.
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Figure 4.3 Operating Range and Outage Factor at Glen Canyon Dam in WY 1997
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Figure4.3 shows that the maximum capacity in the Without ROD scenario is nearly constant
the entire year. However, that <capacity 1is
several reasons: natye(1) the dam supplies ancillary services, such as spinning reserves and
regulation services, which amount to IdWV; (2) units are out of service; in this year, outage
levels are at 12%, so capacity is reduced proportionally; andg®)ectric lossesf the
transmission system reduce net generation by another 8.8%. To help understand fluctuations in
maximum capacity, these three factors should be kept in mind when viewing graphs of this type
presented for subsequent years throughout this section.

Cods in July rosdess than expectesbmpared to June, even though the price spread
increases sharply{gure4.2). This result is again attributable to nearly identical capacity factors
in the two scenarios and continued high water releases in July, dtloougy than in June.

Costs in August and September continued to rise because water releases were falling, price
spreads continued to be high, and operating ranges increased. An APSF occurred in these two
months over the Labor Day weekend. The estimedsts of this experiment are minor, as
releases were low during this period (itee holiday) when electricity prices were inexpensive.

The combined ROD costs for both capacity and energy are shown for each month in
Figure4.4. The cost of the capacitpmponent is the product of the difference in monthly
maximum capacities between the two scenarios and the price to purchase that capacity, which is
based upon the Shortage Criteria EIS (Reclam&@f7), where the capacity price is $83/kW
(in $2009). Fyure4.3 shows that the difference in maximum capacity between the two scenarios
is zero in July and very small (space between the dashed and solid red lines in the graph) in June
and August, which is the reason why the capacity component of the ROB pusth smaller in
those months than in the other months of N097. Finally, the figure shows that the ROD has a
cost in every month of this year. The total R@ost in 1997 is more than $318llion.
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Figure 4.4 Cost of Capacity and Energy Components in WY 1997
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4.2 COST OF ROD IN WY 1998

The total amount of water released in 1998 was only slightly lower than that released in
1997. Two experimental flows were conducted in this year: a Habitat Maintenancé-ty
from NovembegBi 5 and an APSF from Septembé&B4which was also Labor Day weekend.
Water releases were 30,008 during most of th threeday HMF experiment and J@0cfs
during the APSF.

Figure 4.5 shows the monthly releases; the amount @irwealeased in each scenario is
identical. Although HMF and APSF experiments were conducted in this year, the experiments
lasted only a short time and required reallocation of the water only within the months of
November and September, not to other mooftike water year.
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Figure 4.5 Monthly Water Releases in WY 1998

Figure4.6 shows the ROD cost from energy differences combined with the monthly
electricity price spread. The energy component oRO® cost tracks the price spread closely in
this year. However, the months of December and March do not follow that trend for several
reasons. December and March had high water releases (seedFijureupled with a high
outage factor, as shown in Figut&. These two factors resulted in little to no difference in
maximum capacity between the two scenarios and, as shown in Ei§ubmth scenarios have
the same capacity factor. Because of this capacity factor, there was little opportunity to shift
enegy generation from ofpeak to orpeak hours in the Without ROD scenario. In other months
of the year, there is a greater difference in capacity factors between the two scenarios.
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Figure 4.7 Operating Range and Outage Factor at Glen Canyon Dam in WY 1998
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Figure 4.8 Capacity Factors of Without ROD and With ROD Scenarios in WY 1998

The RODOGs ddmetdrgon Navemnbdr as would be expected, given the sharp
decrease in price spread, namely, from $9.21/MWh to $5.80/MWh. This result is at least
partially attributabled the HMF, which had a large release in excess of 3@300r three
days. Because large amounts of water were released in thit@revening hours, there was
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less water available for the higinice peak hours during the month. Therefore, this exeertiah
release was costly.

The combined ROD cost for both capacity and energy is shown in Eidureigure4.7
shows that the difference in maximum capacity between the two scenarios is zero in December
and near zero in March, which is the reason wiesetis no RODcapacity cost in those months.
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Figure 4.9 Cost of Capacity and Energy Components in WY 1998

Figure4.9 also shows that energy differences contribute motesttotal cost of the ROD in
Junethrough September, while capacity differences contribute more to the total cost of the ROD
in April and May Energy differences make up a largertn of the total cost in Jurie
September because of the large price spread, coupled with a smadi@tycdifference in those
months as compared to Apaihd May The ApritMay period has a larger capacity difference
between the two scenarios coupled with a lower price spread. Finally, Bi§uskows that the
ROD has a cost in every month of this year. Thd @D cost in 1998 is almost $2illion.

This amount is a signifant increase over WY997 costs, which weretéwated to be
approximately $3.8nillion.

4.3 COST OF ROD IN WY 1999

The total amount of water released in 1999 was lower by more thanTIABO8s compared
to either 1997 or 1998. The only experimental releaseam APSF, which ran from
SeptembeB to 9, which was again a Labor Day weekend. The APSF had a constant water
release of about 15,0@fs.

Figure4.10 shows the monthly releases. As in the case of the two previous water years, the
monthly amount ofvater released in each scenario was identical, and water was reallocated only
within the month to accommodate the APSF.
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Figure 4.10 Monthly Water Releases in WY 1999

Figure 4.11shows the ROD cost fronmergy differences combined with the monthly
electricity price spread. The energy component of the ROD cost tracks the price spread closely in
this year However, the months of October, November, and April have a lower cost than might
be expected. This reléuvas attributable to a high outage factor of about 25%, as shown in
Figure4.12. With such a high outage factor, the GCD in the Without ROD scenario cannot
utilize as much water in the peak hours as it could if its capacity were not out of servicesfThe ¢
was even lower in April than in either October or November. The April monthly release was the
lowest in the year. Therefore, the Without ROD scenario had relatively less water to shift into
onpeak hours. It should also be noted that the minimum hoeldgse under the Without ROD
scenario is 3,000fs in April, as opposed to only 1,006 in both October and November. As
discussed previously, this factor results in relatively lower ROD costs.

ROD costs related to the APSF in September were fairiyl & it was scheduled during
Labor Day weekend when prices are relatively low. However, because the experimental flow
release rate was 15,00f% as compared to the 8,008 release rate for the APSF in 1997, the
costs in WY1999 are somewhat more expae, despite the fact that both price spreads and
monthly water release volumes are similar.

The combined ROD costs for both the capacity and energy differences between the two
scenarios are combined and shown in Figui8. The cost resulting from capty differences
makes up a greater share of the total ROD cost in some months than it does in otheré.1gure
shows that the differences in maximum capacity between the two scenarios are the lowest in
October, November, and September, which is theae why the capacity component of the
ROD cost is smaller in those months than in the other months of899. Finally, Figurel.13
shows that the ROD has a cost in every month of this year. &UIOD cost in 1999 is almost
$36.5million.
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Figure 4.11 Energy Component of ROD Cost and Price Spread in WY 1999
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Figure 4.12 Operating Range and Outage Factor at Glen Canyon Dam in WY 1999
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4.4 COST OF ROD IN WY 2000

In 2000, the total amount of water released dropped by more thanTAG08s compared to
1999. There was only one experimen&éase, a low summer steady flow (LSSF). Unlike in the
case of the previous three years in which experiments lasted only a few days, this experiment ran
for more than énonths from Marcl25 to Septembeé8 0. The Gl en Canyon Powe
generation during th time period is shown in Figudel14. Note that after Jurie generation
levels were very low for the remainder of the experiment, because the required release rate was
8,000cfs for most of that period.
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Figure 4.14 Water Release Pattern During Low Summer Steady Flow in WY 2000

Figure4.15 shows the monthly water releases; the amounts of water released in each scenario
differed in the months of April to September because of the raéitbbocof water to support the
LSSF experiment. Releases during the LSSF were characterized by high flows from April to the
end of May, followed by low flows in June, July, and August, and then two short high spikes in
September. To accommodate the higlw#lon the early months of the release, water was
reallocated from June, July, and August to other moBtbsause the Without Experiments
scenario is a hypothetical case, its monthly releases are based on Riverware model simulations
performed by Reclamatio

Of note in this year is the fact that the With ROD scenario releaseBA Bore water than
the Without ROD scenario. However, that water difference is made up in 2001, when the
Without ROD scenario will release 6T&F more water relative to the WiROD scenario. It
should be noted that water releases during June through August, months which typically have the
highest electricity prices, are lower under the With ROD scenario. This circumstance increases
the cost of the ROD during those months.
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Figure 4.15Monthly Water Release in WY 2000

The California energy crisis began in this year asdtated earlier, actual electricity market
prices and price spreads were used during the entire study.fpegorke4.16 shows the ROD
cost from energy differences combined with the monthly electricity price sgkeadnber of
observations can be made when examining the energy component of the ROD cost. In October
through March, the ROD energy cost is low hesgaof a relatively small price spread and very
high outage factors during these months, that is, of between 13% to 24%, as shown in
Figure4.17. As explained in Sectigh3 about 1999 results, the high outage rate reduces the
amount of water that can beleased during epeak hours in the Without ROD scenario, which
can greatly lower the cost of the ROD. It is also noted that in the months of February and March,
the water release is 69F, which restricts the daily fluctuation in the With ROD scenaio t
6,000cfs. This fluctuation limit restricts the operational range, thereby increasing overall ROD
costs.
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Figure 4.17 Operating Range and Outage Factor at Glen Canyon Dam in WY 2000

In April, May, and September, tlemergy component of tHeOD yields a benefit (or a
negative cost). This result occurs because more water is reledasedMith ROD scenario than
in the Without ROD scenario because of reallocating water to accommodate the LSSF.
Therefore, more water was released in bothamoid offpeak hours. In June through August, the
Without ROD scenario had higher releases, whictaltes in high ROD costs. Another factor
that significantly contributed to the high ROD costs during these peak summer months is that
LSSF releases were flat during this period, eliminating asglpbty to shgpe generation to
market prices.

Anotherobservation, as degied graphically in Figurd.18 is that during the months of
April through September, Lake Powell 6s el evat
releases during the experimentalonfiithe iSBFd | ower
had not been conducted, it is estimated that the reservoir level would not have dropped as
dramatically in April and rebounded to higher levels in May. The lower level of Lake Powell
reduced the power conversion under the With ROD sceaamompared to the Without ROD
scenario. A reduced power conversion means that less electricity is produced per unit of water
released. The lower reservoir level impacts generation not only during the spring but, as
described in the next section, persistsil the end of the following water year. Therefore, the
economic cost of the ROD after March was slightly higher than it otherwise might have been.
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Figure 4.18 Comparison of Lake Powell Elevations and 8wer Conversion Factor in WY 2000

The combined ROD cost from both capacity and energy differences between the two
scenarios is shown in Figudel9 Early in the year the capacity cost is low, which is largely
attributable to a higbutage factor that nkas the capacity difference between the two scemario
small, as shown in Figuse17. However, later in the year, the capacity difference increases
greatly, which accounts for the large capacity cost of the ROD. Capacity benefits during the long
LSSFexpar ment were computed in a slightly differ e
operation. Capacity values are based on average monthly generation levels during the
experiment, as opposed to the maximum output levels during periods of normal operasen. The
averages are shown in Figutel 7 (dashed red line). It should also be noted that in May, the
energy benefit of the ROD exceeds the capacity cost, resulting in an overall benefit from the
ROD. Although the ROD also had an energy benefit in April andeSdger, the capacity cost is
larger and results in a net loss. However, the total cost of the ROD in April is much lower than it
might have been given the price spread.

The total ROD cost in 2000 aver $86.6million, exceeding the costs experiencedlin
previous years. ROD costs would have been even higher if the amounts of the total annual
release had been equal in both scenarios. A higher annual release under the With ROD scenario
significantly reduced the estimated ROD costs.
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45 COST OF ROD IN WY 2001
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The amount of water released in 2001 was similar to the amount in 2000; however, the With
ROD scenario released 6T&F less water tharhe With ROD scenario because of the previous

year o0s LSSF. I n

2001,

t her e

was only

a

single

June28 to July2. It had a steady release of 8,@®§, water was reallocated within the months in

which the APSF ccurred.

Figure 4.20shows the monthly water releases; the amount of water released in each scenario

was di fferent [

n

mo s t

mont hs

because

of

water

Monthly water releases under the Without ROD scenario weraeastil by Argonne staff on the
basis of the actual release pattern and the tendency to release higher water volumes during the

summer and winter months to take advantage of higher tjaikes during these periodsess

water was released in the With RO&esario during the months of January, February, June,
July, August, and September as compared to the Without ROD scenario.
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Figure 4.20 Monthly Water Releases in WY 2001

Figure4.21shows the ROD cost from energy differences combined with tmeiy
electricity price spreadA number of observations can be made after examining the energy
component of the ROD cosh keeping withthe general trend, ROD energy costs rise from
Octoberto Decembeasthe price spreathcreasesThe cost increase may have been larger in
October and November than the price spread difference would detzdease of several factors.
The water released in November was greater than the October releasatt308F&\F. The
cost increase reflects the fact that at lower monthly water release volumes, the total monthly
ROD costs tend to increase as more water is released. In Decemigewdbe larger energy
cost than November because the price spread indrehaeply and the outage factor dropped
significantly. As shown in Figurd.22the outage factor in December drops to near zero, down
from almost 15% in November; thus, a decrease in the outage factor results in an increase in the
ROD energy cost estimate.
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Figure 4.21 Energy Component of ROD Cost and Price Spread in WY 2001
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Figure 4.22 Operating Range and Outage Factor at Glen Canyon Dam in WY 2001

The energy cost of the ROD rose again in January because of both an increase in the
electricity market price spread and a smaller water release in the With ROD scenario compared
to the Without ROD scenario. February, the With ROD scenario again had a tomeger
release compared to the Without ROD scenario; however, the price spread fell, and so the ROD
cost in February is lower than the cost in January.

In March, although the price spread rose relative to February, the energy cost of the ROD
fell. Thisresult is attributable to a relatively high outage rate oflpd&% in March (see
Figure4.22, which limited the transfer of water releases frompafak to orpeak hours in the
Without ROD scenario.

The price spreastayed nearly constaftom Marchto April, butt he RODGO6s ener gy ¢
This is due to the Without ROD scenario transitioning from winter to summer minreiaass;
namely, from 1,00@fs in winter to 3,00@fs in summer as shown Figure4.22. Therefore,
beginning in April, theralue of water decreases in the Without ROD scenario relative to the
With ROD scenario because more water is used to generatepaasffhours than epeak
hours. This effect is compounded because a smaller amount of water is released in April relative
toMarch.Then i n May, the price spread increased a
correspondingly.

I n June through Sept edatreaged as thdpice RpteBdS decreased,r g y
but not as much as expectddhis result was because of a dabsial difference in the amount of
water released in the Without ROD scenario as compared to the With ROD scenario. The
differences in the water releases were more tharmTAB5in any of those months, and the largest
difference was 173AF in September.

The combined ROD cost for both capacity and energy differences between tloemaoncs
is shown in Figurd.23 The capacity cost fluctuates depending on the differences in maximum
capacity between the Without ROD and With ROD scenarios. The highdffédrertte, the
larger the capacity cost. As shown in Figdr23, the months of September, June, and May have
the greatest capacity differences and therefore have the greatest capacity costs.
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Figure4.23shows that the ROD has a cost in every monthefear, totaling more than
$126million in 2001. This cost again exceeds the previous year despite the absence of a
prolonged experimental flow. As discussed above, this result is largely attributed to a higher
annual water release under the Without RO&nhacio, a step that was required to achieve
identical water releases under the two scenami@900 and 2001 combinell should also be
noted that the Without ROD scenario has higher reservoir elevations and therefore a larger power
conversion factor timughout 2001. Although relatively minor, the elevation difference also
contributed to the ROD cost. At the end of VE801, both scenarios have identical elevation
levels.
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Figure 4.23 Cost of Capacity and Energy Components in WY 2001

4.6 COST OF ROD IN WY 2002

The amount of water released in 2002 was similar to the amount released in 2001. There was
only a single experimental release, an APSF, which occurred fron2MayMay31 and
included the Memorial Day weekend. It had a steady release of &800

Figure4.24shows the monthly water releases; the amount of water released in each scenario
is identical. Water was reallocated only within the month of May to accommodate the APSF.
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Figure 4.24 Monthly Water Releases in WY 2002

Figure4.25shows the ROD cost from energy differences combined with the monthly
electricity price spread.he energy component of the ROD cost tracks the price spread closely in
this year; it rises and falls thi the price spread. Figude26shows that outages are very high in
December through April; the March outage factor exceeds 15%, while the outags iiacther
months exceed 25%. High outage factors tend to reduce the ROD's energy cost. The high outage
factor in April kept the ROD energy cost lower than it might have been in spite of a price spread
that wasaboutdouble that which occurred in Novermtzand February.
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Figure 4.25Energy Component of ROD Cost and Price Spread in WY 2002
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Figure 4.26 Operating Range and Outage Factor at Glen Canyon Dam WY 2002

The total energy cost May rose more than expectaudspite of the small price spread
increase from Apriand with very little difference in monthly water releaBke higher cost was
attributable to a low water release during the month sftlegn 60&fs, which limited the daily
fluctuation to 5,00@fs. Furthermore, because the APSF experiment occurred for eight
consecutive days in the month at a constant flow of 8&@)@vater could not be released at a
higher rate even during greak hairs when electricity prices were highest. Although water was
reallocated within the month so that the same amount of water was released in the With ROD
scenario as during the Without ROD scenario, the financial benefit gained by increased
generation earlrein the month was offset by losses during the week of the experiment. Finally,
outage rates dropped from April to May, allowing relatively more operational flexibility under
the Without ROD scenario in May.

Outage factors were very low and price sprdagh in the months of June, July, and August,
which resulted in a high energy cost in those months.

The combined ROD costs for both capacity andrgy are shown in Figude27. The
capacity cost fluctuates depending on the differences in maximum gapaivieen the Without
ROD and With ROD scenarios. The higher the difference, the larger thetgaymsti As shown
in Figure4.26 the months of October, November, and September have the greatest capacity
differences and therefore have the greatest dypamsts. Finally, the figure shows that the ROD
has a cost in every month of the year; the total ROD cost in 2002 is aboxel$:8

In addition, very dry hydrological conditions begin in V902 and last through the end of
the study period. This tnel tends to increase the capital cost component of the ROD economic
impact, because under the Without ROD scenario, Glen Canyon Powerplant can quickiypramp
generation and maintain a relatively high level of generation for several peak hours. Onrthe othe
hand, under the With ROD scenario, the low daily ramp rates imposed by the ROD become even
more restrictive under low hydrological conditions and severely limit the peak flow that the GCD
can achieve. In most low hydrological conditions, the 25@8(@vel is unattainable.
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Figure 4.27 Cost of Capacity and Energy Components in WY 2002

4.7 COST OF ROD IN WY 2003

The amount of water released in 2003 was similar to the amount released in 2002. There
weretwo experimental releases: namely, a-native fish suppression flow (NNFSF) and an
APSF. The NNFSF was a lengthy flow that ran from JaniaoyMarch31 and required water
reallocation to other months of the water year. The APSF occurred fron23taMay 27,
which included the Memorial Day weekend, and had a steady release ot#,000

Figure4.28shows the monthly water releases; there are differences between the two
scenarios in the amount of water released in almost every month. This resultlys mos
attributable to the reallocation of water to accommodate the NNFSF. The NNFSF followed a
prescribed hourly release, ranging from approximately 5c80@ 20,00@fs each day. Releases
were highest during the day and reduced at night. The WithoutR@Tihly release pattern was
based on a typical 8.28AF year, that is, the minimum allowable annual release. In general, for
the With ROD scenario, more water was released in the months of February, March, May, June,
and July, and less water was releasetthé months oDctober, Novembebecember, January,
and September
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Figure 4.28 Monthly Water Releases in WY 2003

Figure4.29shows the ROD cost from energy differences combined with the monthly
electricity price spread. The energy costs fluctuate between costs and benefits over the entire
year. Energy costs are high from October to December, because more water is released in th
Without ROD scenario than in the With ROD scenario, and ROD operating constraints are more
strict. The cost is especially high in December because the difference in water release between
the two scenarios is nearly 20A\F.
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Figure 4.29 Energy Component of ROD Cost and Price Spread in WY 2003

The energy cost in January is much lower than in previous months in spite of an increase in
the price spread because the NNFSF has a very favorable release Patiesises were higher in
the day and lower at night, which allowed more energy to be generategh@akmather than
off-peak hours than is allowed under normal ROD operating constraints. As noted earlier,
experiments are exempt from ROD restrictionsef, in February and March, the ROD vyielded
a benefit instead of a cost. This result occurred because more water was released in both months
in the With ROD scenario than in the Without ROD scenario, and the NNFSF was conducted
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during these two months. February, more than 1T5AF more water was released, and in
March almost 200 AF more water was released. The higher price spread betweandoft
peak prices also increases the benefit, because more energy is prodpeall tiran ofpeak in
the WithROD scenario with high releases.

In April, the same amount of water was released in both scenarios, which resulted in an
energy cost for the ROD. Ma}so resulted in an energy teven though more water was
released in the With ROD scenario. The diffiece is only 55 TAF, which is not enough to
outweigh the costs of lower operational flexibility mandated by the ROD coupled with the price
spread almost doubling from April to Majjhe ROD resulted in a benefit in June, largely due to
almost 200 TAF more ater released in the With ROD than in the Without ROD scenario.

Julyresulted in a energycostfor the ROD even though more water wase@sed in the
With ROD scenarioHowever, like May, e difference is only SUAF, which is not enough to
outweigh tle costs of lower operational flexibility mandated by the ROD. The cost rises again in
August when the water releases for the two scenarios are nearly equal.

The water released in the Without ROD scenario is greater than in the With ROD scenario in
Septenber, resulting in a sharp cost spike. The price spread had declined from previous months;
however, almost 170AF more water was released in the Without ROD scenario, which
outweighed the benefits of a decreasing price spread.

The combined ROD costsrfboth capacity andnergy are shown in Figu#e3Q The
capacity cost fluctuates depending on the difference in maximum capacity between the Without
and With ROD scenarios. The higher the difference, the larger the tyapast. As shown in
Figure4.3], capacitydifferencesduring the threemonth NNFSF are relatively low. During the
NNFSF, the operational range and maximum generation levels were higher under the experiment
than would have otherwise been allowed under RO&aimg constraints. Figure31lalso
shows that the months of October, November, December, and September have the greatest
differences in capacity and therefore have the greatest capacitasa$iswn in Figure 4.30

Finally, Figure4.30shows that the ROD has a cost in every month except\ery small
benefit in both February and June, and a larger one in MBnehtotal ROD cost in 2003 is
almost $85.6million. This drop in cost from levels reached in previous years is due irodaw t
hydropower conditions, which led to lower energy cost differences, and thentbrdgb
experimental flow period during which a large range of daily operations were exhibited.
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4.8 COST OF ROD IN WY 2004

The amount of water released in 2004 was similar tatheunt released in 2003. There
were two experimental releases: namely, an NNFSF and an APSF. The NNFSF was a lengthy
flow that ran from January to March31 and required water reallocation to other months of the
water year. The APSF occurred from M28/to May 31, which included the Memorial Day
weekend, and had a steady releak8,000cfs.

Figure4.32shows the monthly water releases; the amount of water released in each scenario
was different in almost every month. This result is largely becausalttfaating water to
accommodate the NNFSF. The Without ROD monthly release pattern was based on a typical
8.23MAF year. The NNFSF was a prescribed hourly release ranging from approximately
5,000cfs to 20,00@&fs each day during the month of January. &s#e were highest during the
day and reduced at night. During February and March, the release pattern was even more
favorable as water releases during Sundays were lower than during weekdays. On Sundays,
releases ranged from about 5,@®® at night to apximately 8,00&fs during the day. In
general, for the With ROD scenario, more water was released in the months of February, March,
April, June, and July, and less water was released in the months of October, November,
December, January, and September.
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Figure 4.32 Monthly Water Releases in WY 2004

Figure4.33shows the ROD cost from energy differences combined with the monthly
electricity price spread. The energy costs fluctuated between costs afits loxee the entire
year. There were high energy costs from October to December, because more water was released
in the Without ROD scenario compared to the With ROD scenario. The energy cost was
especially high in December, because the difference irr weleases between the two scenarios
was nearly 200AF.
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Figure 4.33 Energy Component of ROD Cost and Price Spread in WY 2004

The energy cost in January was much lower than in previous months in spgbgbit
increase in the price spread, because the NNFSF had a very favorable release pattern as
described in the previous section (ifer, WY 2003). Then, in February, March, and April, the
ROD yields a benefit instead of a cost. This result occususecmore water was released in
those months in the With ROD scenario than in the Without ROD scenario. In February,
144 TAF more water was released; in March, more thanT2800 more water was released; and
in April, 50 TAF more water was released.

In May, the water released in the Without ROD scenario was marginally more than in the
With ROD scenario, resulting in an energy cost for the ROD. In June, the ROD results in a
benefit because more than ITBAF more water was released in the With ROD scenauiy.hhs
an energy cost in spite of there beinglT? more water released in the With ROD than in the
Without ROD scenario. As was the case in 2003, the higher water release cannot corfigensate
the high price spread of ¥MWh and thdower operationalléxibility mandated by the ROD

The ROD continues to have an energy cost in August, when the amount of water released in
both scenarios was almost equal. There is an even higher energy cost in September, because the
water release in the Without ROD sceaaxceeds that of the With ROD scenario by almost
150TAF. The price spreaith September declined only slightly from August.

The combined ROD costs for both capacity andrgy are shown in Figu#e34 The
capacity cost fluctuates depending ondifgerence in maximum capacity between the Without
ROD and With ROD scenarios. The higher the difference, the larger thetgaymsti As shown
in Figure4.35 the months of October, November, December, April, May, and September have
the greatest capacitjfference and therefore have the greatest capacity cost. FinalBigtie
4.34shows that the ROD has a cost in every month except for February and March; the total
ROD cost in 2004 ialmost$40 million,which is slightly higher tham WY 2003.
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Figure 4.35Operating Range and Outage Factor at Glen Canyon Dam in WY 2004

4.9 COST OF ROD IN WY 2005

The amount of water released in 2005 was similar to the amount released in 2004. There
were five experimental releases in this year, as follows: an NNFSF, a BHBF, and three APSFs.
The NNFSF was a lengthy flow, which ran from Jandaty March31 and required water
reallocation within the year. One APSF occurred from Dece®b@Decembeb and had a
steady flow rate of 8,006fs. A BHBF occurred from Novemb@d to NovembeR5, which was
scheduled between an APSF occurring before the BHBF (frovemberl7 to NovembeR0)
and another following (from Novemb26 to NovembeB0). The entire sequence of
experimental flows lasted 14 days. The BHBF required water to be reallocated within the year.
Because the BHBF ramped up to a flow of 40,6f0for 60 hours, the turbine capability was
exceeded, and water was released over the spillway at 18D0Wtal spills during the BHBF
were about 9FAF. The APSFs that occurred before and after the BHBF had flow rates of
8,000cfs.
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Figure4.36shows the monthly water releases; the amount of water released in each scenario
was different in almost every month. This result was largely attributable to reallocation of water
to accommodate the NNFSF. The NNFSF flow pattern followed a prescribeg reladse,
ranging from approximately 5,0@@s to 20,00@fs each day from Monday through Saturday.
Releases on Sunday ranged from about 5¢8@ 8,00Qfs. Releases were highest during the
day and reduced at night. When reallocating water for thb R@D scenario, more water was
released in the months of November, Februsligrch,and June, and less water was released in
the months of October, December, January, April, August, and September.
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Figure 4.36 Monthly Water Releases in WY 2005

Figure4.37shows the ROD cost from energy differences combined with the monthly
electricity price spread. The energy costs fluctuated between costs and benefits over the entire
year. In general, the ROD had higteegy costs in months in which the amount of water
released in the Without ROD scenario was greater than in the With ROD scenario. There were
lower energy costd8 and even benefitd in months in which the amount of water released in
the With ROD scenario & greater compared to that released in the With ROD scenatrio.

The ROD incurred an energy cost in October and December because the water released in the
Without ROD scenario exceeded that released in the With ROD scenario. The cost was
especially high irDecember, because the difference in water releases between the two scenarios
was above 200AF.
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Figure 4.37 Energy Component of ROD Cost and Price Spread in WY 2005

In November, the monthly wateglease under the With ROD scenario exceeded the Without
ROD scenario by 118AF. Despite this, the ROD incurred a modest energy cost because, out of
the 116TAF of water that was released, approximatelyT®F was spilled, which generated no
power, leavig only 23TAF for power production. The generation produced by this small
additional amount of water was insufficient to outweigh the cost of conducting the BHBF and
the two APSFs that month. In addition, although ROD operational constraints were suspended
during the experiments, they were in effect during the rest of the month, which limits water
release and therefore electric generation flexibility.

Water releases in January were marginally higher in the Without ROD scenario compared to
the With ROD sceario, resulting in a ROD energy coéithough the price spread was slightly
higher than in Decembehé cost was low because the power production pattern during the
NNFSF was very favorable for energy economics during January. In both February and March,
the water released in the With ROD scenario exceeded that in the Without ROD scenario,
resulting in an energy benefit for the ROD. These benefits were enhanced by the NNFSF; that is,
the benefits would have been lessened if ROD operational constrairiisdrath effect. The
benefit was high in March because the With ROD scenario releasddAFo@ore water than
the Without ROD scenario.

In April and May, water releases in the Without ROD scenario again exceeded those in the
With ROD scenario, resultingia ROD energy cost. The energy cost in April was lower than
expected, given the higher price spread and the difference in water releases. This result is
attributable to a high outage factor of almost 23%, which reduced the generation flexibility in the
Without ROD scenario. Figure38shows the operating range and outage factors of the GCD in
2005. The energy cost in May was relatively low because the difference in water released was
only 3TAF, and theoutage factor was over 21%

In June, watereleased in the With ROD scenario exceeded the Without ROD scbgario
almost 130 TAFresulting in an energy benefit for the ROD.

The ROD has higher energy costs in July, August, and September. There is an energy cost in
July because of a higher pricaspdand equal amounts of water are released in both scenarios
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Energy costs are higher still in August because of both high price spreads and more water
released in the Without ROD scenario as compared to the With ROD scenario. The ROD energy
cost is higlest in September becausfea highprice sprea@indmore than 130 AF of water is

released in the Without ROD scenario as compared to the With ROD scenario.

Figure 4.38 Operating Range and Outage Factor &Glen Canyon Dam in WY 2005

The total ROD costs from both capacity and energy differences between the two scenarios
are @mbined and shown in Figu#e39 The capacity cost fluctuates depending on the difference
in maximum capacity between the Witho®R and With ROD scenarios. The higher the
difference, the larger the capgccost. As shown in Figur4.38 only the months of January,
February, and March have capacity differences of less thaM®20all other months have
capacity differences of morkan 260MW and therefore incur the greater capacity costs. Finally,
Figure4.39shows that the ROD has a coseirery month except for February and Maritte
total ROD cost in 2005 is more tha#1$5million, whichis higher tharcosts in WY2003 and
WY 2004.

Figure 4.39 Cost of Capacity and Energy Components in WY 2005



























