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Summary

Fish screen installation at hydroelectric stations, performed to divert migrating salmon from turbine inlets,
has resulted in changes that prevent rapid closure of the intake gates that close off the dam pool from the
turbineinlets. Some of the intake gates have been disengaged from hydraulic operating systems and
raised, and in some cases hydraulic cylinders have been removed. If intake gate closure were required to
terminate an over-speed or flooding event at a turbine-generator unit, the Corps of Engineers (COE) has
estimated that up to six hours may be necessary at some plants.

At the request of the COE, Pacific Northwest National Laboratory (PNNL) performed an analysis of the
probability per year times estimated dollar consequences entailed by this situation. Thisrisk analysis
determined the events considered are credible, that some have happened, and alarge financial risk is
associated with powerhouses where intake gate closure requires six hours. Point estimates of therisk are
about $2.5 million per year for small powerhouses and $6 million per year for large powerhouses. This
risk estimate has a large uncertainty due to uncertainties in the basic data used in the analysis. The5
percent lower uncertainty bounds are about a factor of 10 smaller than the point estimates, and the 95
percent upper bounds are about a factor of 3 higher than the point estimates. (The point estimates are
closer to the upper bounds because the point estimates for basic data were obtained from the mean values
of the data distribution functions. Mean values are expected to be larger than median values.)

Therisk analysis point estimate results indicated that modification of the intake gate closure system to
allow 10-minute closure would provide arisk reduction of about $65 million per year for alarge
powerhouse (e.g. McNary), and almost $8 million per year for small powerhouses (e.g. Lower
Monumental, Little Goose, and Lower Granite). The size of these potential benefits provided incentive to
perform a detailed analysis of the benefits and costs associated with modifications necessary to
accomplish 10-minute intake gate closure.

The COE developed and provided to PNNL cost information for two types of systems capable of rapidly
closing intake gates from the elevated positions where they are presently parked. A hydraulic system
using 3-stage cylinders to achieve the necessary lift height was analyzed, as was awire-rope hoist system.
The analysis addressed capital cost of construction, periodic maintenance necessary for a 25-year
operating lifetime, and annual maintenance costs of the new systems versus mai ntenance costs of the
existing systems. Benefits (primarily risk reduction) were compared with costs through calculation of the
net present value, and the benefit/cost ratio of the proposed modifications.

The benefit-cost analysis found that both of the proposed systems are economically far superior to the
present situation. The point value of the net present value of modificationsto the large (McNary)
powerhouse exceeded $760 million for both proposals. For the small powerhouses it exceeded $74
million for all cases. The point value of the benefit/cost ratio exceeded 10 for all but one case, with a
maximum value of 32 for the hoist system at the large powerhouse. The results for the hoist system were
somewhat better than for the hydraulic system, because its lower capital cost had alarger effect than its
higher periodic maintenance costs.

The analysis was based upon data gathered by a survey sent to powerhousesin the U.S. and Canada,
supplemented by data gathered in expert elicitation workshops. These data were combined using
Bayesian updating, resulting in a database having both point estimate and uncertainty information. The
uncertainties in the basic data were used to calculate the uncertaintiesin the point estimates. For the
benefit-cost analysis, the 5 percent lower uncertainty bound indicates that a small chance exists that costs
will exceed benefits for all but the hoist system at the large (McNary) powerhouse. On the other hand, a



small chance also exits of achieving benefit/cost ratios of 130 for McNary powerhouse, and of 40 for the
other powerhouses.

Based on the results of this study, upgrading the intake gate operators is recommended to allow closure
within 10 minutes at Lower Granite, Little Goose, Lower Monumental, and McNary dams as a cost-
effective way to reduce these risks. Based on the cost estimates and maintenance costs for the two
competing solutions, the wire rope hoist is the most cost-effective approach to meet the closure criteria at
these powerhouses. The results for these powerhouses do not necessarily trandlate to other plantsin the
Corps of Engineers. Each plant should be examined individually and a recommendation given based on
the specifics of an individual plant. What can be asserted is that intake gate closure within 10 minutesisa
supportable design goal. At plants where aminimal investment is required to achieve 10-minute closure,
a decision to upgrade equipment can be supported easily.
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1 Introduction

Fish screen installation at hydroel ectric stations on the Columbia and Snake Rivers was performed to
divert migrating salmon from turbine inlets. Installation of fish screens has resulted in changes that
prevent rapid closure of the intake gates that close off the dam pool from the turbine inlets. Guidance by
the U.S. Army Corps of Engineers (COE) specifies that in an emergency the intake gates should be
capable of closure within 10 minutes (the 10-minute rule).

Asoriginally designed, the intake gates are operated by hydraulic cylinders for an emergency closure that
meets the 10-minute criteriarequired in EM 1110-2-4205. In order to utilize the intake gates for
emergency closure to meet this criteria, new extended length hydraulic cylinders or wire rope systems
would have to be installed at each of the four projects. The initial estimate in the early 1990s for
modifications to Walla Walla District projects was approximately $42 million.

An alternative closure system was proposed that identified a tremendous cost savings. This system would
utilize the wicket gates, with a nitrogen charged backup system should loss of governor oil pressure
occur, asinitial closure under emergency conditions. The intake gates would be dogged off in the top of
the intake gate slot with quick-connect hydraulic couplings. After the wicket gates were closed, the
intake gates would be moved to the appropriate location in the slot, the hydraulics connected, cylinders
reinstalled, and the intake gate deployed. Reconnecting the cylinders would take approximately 4 to 8
hours depending on the response time of emergency crews and the project location. Anissue of concern
isthe reliability of the wicket gates during a runaway turbine event, and the ability of the wicket gates to
close as aresult of loss of governor oil pressure. Field tests confirmed that most of the wicket gates
would move to the speed-no-load position during an over-speed event with the loss of governor oil
pressure. Initial closure time is approximately 10 seconds. However, although it was determined that
wicket gate closure is suited for some head cover failures, failed access hatch, abnormal operation and
some limited wicket gate failures, some events are not controlled by wicket gate closure alone. Concern
arises with the frequency of events that would require an emergency closure, and risks associated with the
reliability of the wicket gates. Therefore, it was recommended that arisk analysis of this system be
performed to evaluate the existing condition in comparison to upgraded intake gate operators.

Approval was given to the WallaWalla District for the alternate closure system for Little Goose and
Lower Granite Dams on 26 December 1989. A request to operate Lower Monumental Dam and McNary
Dam using the alternate closure system was not granted. However, McNary Dam was granted a waiver
from Corps Headquarters to use an interim system to meet critical installation of the new screens. The
results of this study will be used to support afinal recommendation for these plants.

Therisk analysis performed by PNNL indicated a substantial financial risk associated with delayed
closure of intake gates, as compared with ability to meet the 10-minute rule. Inthisreport, risk isa
financial quantity that is specified in terms of expected dollar loss per year of operation. Consequently,
the adjective financial is not used to modify risk in the rest of the report. To better understand this large
risk, the COE asked PNNL to perform a detailed economic analysis comparing the benefits of being able
to meet the 10-minute rule with the costs of necessary modifications.

1.1 Objective

The objective of thisreport isto compare the benefits and costs of modifications proposed for intake gate
closure systems at four hydroel ectric stations on the Lower Snake and Upper Columbiariversin the
WallaWalla District that are unable to meet the COE 10-minute closure rule due to the installation of fish
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screens. The primary benefit of the proposed modifications is to reduce the risk of damage to the station
and environs when emergency intake gate closure isrequired. Consequently, this report presents the
methodology and results of an extensive risk analysis performed to assess the reliability of powerhouse
systems. The report also includes the costs and timing of potential damages resulting from events
requiring emergency intake gate closure. As part of this analysis, the level of protection provided by the
nitrogen emergency closure system was also evaluated. The nitrogen system was the basis for the
original recommendation to partially disable the intake gate systems. The risk analysis quantifies this
protection level.

1.2 Approach

The COE provided design and cost information to PNNL for two different potential modifications to the
existing intake gate closure systems. Both proposed modifications would park the intake gatesin the
present, raised configuration, yet allow closure in 10 minutes when required. One proposed system used
3-stage hydraulic cylinders to obtain the lift height required; the other one used awire rope hoist to raise
and lower the intake gates. Costs and benefits were converted to present values for comparison according
to standard methods.

The primary benefit of the proposed modifications is the reduction of risks to the powerhouse and
environs achieved by rapid intake gate closure. Quantification of these benefits required development of
arisk analysis methodology that includes an explicit, detailed analysis of the time evolution of events
following their initiation. This analysis methodology was necessary because damage increases with time
during the emergency events considered. The longer the time between event initiation and termination,
the greater the resulting damage and its associated cost. The risk measure used in this study isthe
probable cost of the events, computed as the product of event frequency (per year) times cost summed
over the possible duration of event propagation (assumed to be up to 8 hours after event initiation).
Conseguently, the units of risk are dollars per year.

The study addressed generator loss of load events that could lead to turbine over-speed, and powerhouse
flooding events that could be terminated by intake gate closure. Flooding caused by damage due to over-
speed events was evaluated, as was flooding due to hatch failures upstream of the wicket gates (scroll
case) and downstream of them (draft tube).

The risk associated with any event may be thought of as the risk of event initiation and propagation until
wicket gate actuation, plus the risk that wicket gates fail to stop water flow and the event propagates until
intake gate actuation, plus the risk that intake gates fail to stop water flow and the event continues to
propagate for atotal of 8 hours. The methodology incorporates a variety of operator recovery actions that
may occur at intermediate times, so the algorithm for evaluating risk is complicated. Nevertheless, the
success or failure of wicket and intake gate actuation, combined with the time duration of event
propagation until these actuations, are primary determinants of risk. Powerhouse sizeis aso an important
determinant of risk because powerhouse volume affects the speed of water level rise during flooding and
also affects the number of units damaged. The COE provided cost and time estimates for the work
required to repair damages, plus data and the methodology for computing the costs of lost power
generation during repairs.

A database of component failure frequency information was devel oped for this study, based on
information gathered in a survey of U.S. and Canadian hydroel ectric facilities, and also on expert
elicitation workshops. Point estimates and probability distribution functions were developed for each of
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the basic events evaluated. The analysis provided, in addition to point estimates of risks, benefits and
costs, an uncertainty analysis that yielded uncertainty bounds for each of the point estimates.

1.3 Scope

Therisk analysis portion of this study was performed first in order to determine the reliability of the
systems involved, the potential financial consequences of system failure, and the magnitude of the risk
resulting from inability to meet the 10-minute rule. Consequently, the scope of the risk analysis was
considerably broader than the scope of the benefit/cost analysis (that focused on proposed modifications
to four powerhouses).

Therisk analysis methodology was applied to 12 different system designs, and to 3 different cases (times
of intake gate operation) for each design. It was also applied to two different powerhouse sizes
representative of the large and small powerhouses (14- and 6-turbine/generator units, respectively) on the
Columbia and Snakerivers. Thisapplication resultsin alarge array of results. One secondary objective
of thisreport is to present the information in alogical, comprehensive manner to facilitate understanding
the primary factors that determine the results. As aconsequence, the presentation and discussion of
powerhouse design features is different from that used in previous, preliminary reports of work
performed. Nevertheless, the design and case numbering scheme used previously is retained to allow
traceability. Unfortunately, the previously used design numbering system does not correlate with the
organization of the design features discussed.

The primary variant for comparison of the designs is the type of operating system for the intake gates.
Hydraulic and gantry crane-operated intake gate systems are compared in therisk analysis. Certain
hydraulic systems are able to close the intake gates within 10 minutes of an initiating event, whereas 30
minutes is estimated for crane-operated systems. However, not all hydraulic systems can achieve 10-
minute closures. In some cases, intake gates are resting on dogs, and must be lifted and the dogs retracted
before the gates can be lowered. This resultsin a 20- to 30-minute closure time. In other cases, gates
have been raised above the normal operating range, and the hydraulic cylinders removed, or gates and
cylinders both have been removed. This change resultsin a6-hour closure time. This latter situation is
the case for the systems for which modifications are proposed and for which benefit/cost analyses are
addressed in this study. Two variants have been proposed for the modifications, both capable of closing
in 10 minutes — one is a 3-stage hydraulic system, and the other is awire rope hoist system. The analyses
reported here, and in previous reports, address these three cases for each hydraulic design variant; 10-
minute, 30-minute, and 6-hour closure times (identified as cases 1, 2, and 3 in previous reports).

Crane operated systems can close the intake gates in 30 minutesif the gantry crane is already positioned
above the unit that must be shut down, with the gates already suspended on the crane and ready for
installation. If the crane must be moved, intake gate closure will require 60 minutes. If the gates have
been taken off the crane (for instance to allow use of the crane for some type of maintenance), intake gate
closure is estimated to require 6 hours. Consequently, for crane operated systems the cases addressed are
30-minute, 60-minute, and 6-hour closure times. (These were identified as cases 1, 2 and 3 in previous
reports. Note the timing of cases 1 and 2 differs from the timing for hydraulic systems.)

The second variant for comparison of the designs is whether or not fish screens have been installed to
divert fish from the intakes of the turbines, and the type of fish screen installed, if screens are present.
Thisinformation is important because fish screens can and do fail, resulting in the possibility of debris
interfering with the operation of wicket gates or intake gates. Two types of fish screens are considered in
this study, traveling mesh fish screens (TMFS) and fixed bar fish screens (FBFS). Because differing
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failure rates have been experienced for the two types of fish screens, different risks are predicted for
designs with one or the other, and for designs without fish screens.

The third variant for comparison of the designsis the presence or absence of a nitrogen emergency
closure system for the wicket gates. This system provides nitrogen under pressure that isinjected into the
oil system to pressurize it and operate the wicket gate servomotors, if the governor system controlling
wicket gate position fails. The function of the emergency closure system is to improve the reliability of
wicket gate closure and, presumably, reduce risks.

1.4 Terminology, Abbreviations, and Design Numbering

For convenience in referring to the various closure system design variations discussed in this document,
the following nomenclature is introduced to allow an abbreviated description of each design variation.

Intake Gate Operating System:
* Hydraulic—HY

* Hoist-operated — HO

e Crane-operated — CR

Fish Screen Type:

e Traveling mesh fish screen—T
» Fixed Bar Fish Screen—F
 Nofishscreen—N

Emergency Closure System (Nitrogen):
« Exists—E
* None— (blank)

Time of Intake Gate Closure Considered:
e  Tenminutes—10

e Thirty minutes— 30

e Sixty minutes— 60

e Six hours— 360

Table 1.1 identifies the design variations analyzed for this report, and also provides the design identifying
number used in previous reports of work done for this project. Note that case identification (minimum
time of intake gate operation) is not included in the table, nor is powerhouse size.



Table1.1. Closure System Design Variants Addressed in This Study, and Correlation with Previous
Design Numbers

Hydraulic |.G. Systems Hoist-Operated 1.G. Systems  Crane-Operated |.G. Systems

HY-N (Design 11) CR-N (Design 12)
HY-T (Design 3) CR-T (Design4)
HY-F (Design7) CR-F (Design 8)

HY-T-E (Design 15) HO-T-E (Design 14 or 50) CR-T-E (Design 16)
HY-F-E (Design 19) HO-F-E (Design 18 or 49) CR-F-E (Design 20)

2 Risk Analysis M ethodology, Results, and Conclusions

A unique methodology was devel oped for the analysis of risk that explicitly incorporates the time
dependence of event evolution following itsinitiation. Three types of events were considered:

»  Over-speed (causing direct equipment damage and flooding resulting from the damages)

* Upstream flooding (from a leak/rupture upstream of the wicket gates)

* Downstream flooding (from aleak/rupture downstream of the wicket gates).

The explicit incorporation of time dependence was necessary because damages resulting from over-speed
and flooding increase with time in a complex way. Furthermore, the course of each event is subject to
modification or termination as a result of actions performed by control systems (e.g. governors) and by
operators. Consequently, it was necessary to model in detail the evolution of each initiating event. The
developed model addresses not only the probability of success of the various recovery actions and the
damages that accumulated up to the time of each recovery action, but also the probability of recovery
action failure and of subsequent damages that would result following the possible failure.

2.1 Methodology Overview

The risks associated with events requiring non-routine shutdown of a hydroel ectric station were estimated
by combining information according to the flow chart presented in Figure 2.1. Risk is estimated by
combining event frequency (annual probability of occurrence) information with event consequence
information. Risk is defined by the formula (McCormick 1981):

R=A*E (2.1)

where R =risk
A =estimated annual probability of adamaging event
E =estimated cost of damage.

For the hydroelectric facilitiesin this study, the risk (R) was cal culated for 30 possible damage conditions
(states) that can result from the initiating events. Consequently, equation 2.1 was modified to include the
risksfrom al of the individual damage-states:



R:;A*Ei (2.2)

where A = estimated annual probability of damaging events for the i damage-state
E = estimated cost of being in the i damage-state
| =total number of damage-states
i =individual damage-states.

Equation 2.2 was then further modified to incorporate the time dependence of event development. Itis
instructive to review the flow chart of the risk evaluation process (Figure 2.1) to understand the
modification. First, an event frequency function f(t) was defined that provides the probability per year of
each initiating event [f(t=0) is theinitiating event frequency]. The time development of f(t) was
determined by multiplying f(0) successively by the estimated probability of failure of each of the recovery
actions at the time of its occurrence. This procedure resultsin afunction that is maximum at t = 0, and
decreases continually thereafter astime increases. Finaly, f(t) was changed by discretization into 17
sequential time steps ranging between 5 minutes (initially) and 1 hour (later in the event), spanning atotal
of 420 minutes.

The estimation of the consegquences C(t) of an event used a probabilistic approach. For flooding events,
multiple leak/rupture sizes were postulated and probabilities assigned to each. A similar approach was
used to address the mechanical and flooding damages of over-speed events, with flooding allowed to
initiate and increase as the over-speed event continued.

Damage states were defined based on the depth of flooding in the various levels of the powerhouses and
on the extent of mechanical damage expected from over-speed events of varying severity. Flooding
damage, as afunction of time, was estimated based on flow rates cal culated from leak/rupture area, shape,
and the hydraulic pressure across the leak. This process resulted in time-dependent damage state
probability matrixes D(t). The costs associated with each damage state (construction, environmental,
interest, and lost-power generation costs) were estimated and multiplied by the damage state probability
matrixes, resulting in time-dependent consequence matrixes C(t). The C(t) were changed by
discretization into 17 sequential time steps, just as f(t) were changed.
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Therisk, in dollars per unit-year, was then estimated by combining the estimated event frequency
information, f(tx) with the estimated economic consequences C(ty), using Equation 2.3 .

_ < () +C(ty.) _
R=Y 0 @f(tk) f(t)] 23)
where R = calculated risk

C(ty) = estimated consequence at time step k
C(t+1) = estimated consequence at time step k+1
f(t) = estimated event frequency at time step k
f(tk+1) = estimated event frequency at time step k+1

To understand this equation, remember that f(t) can only decrease ast increases. Also, note that at any
time step where f(t) does not decrease, zero contribution to the risk sum results, and consequences
continue to accumul ate due to flooding and mechanical damage. When arecovery action does reduce f(t),
the decrement of frequency is multiplied by the consequences that have accumulated until that time
(averaged over the last time step), and added to the risk sum. However, a probability remains for the
event not to be terminated successfully that is captured in the reduced subsequent value of f(t). The

possi ble consequences continue to accumulate until another recovery action again reduces f(t), and
another contribution is added to the risk sum. The summation continues to accumulate until f(t) is set to
zero at 480 minutes after event initiation; thus, it is assumed that all events are terminated 8 hours after
initiation.

Thisrisk calculation is performed separately for upstream flooding event sequences, downstream flooding
sequences, and over-speed sequences. The results from these three risk calculations are summed to obtain
the total risk estimation attributed to flooding and over-speed event sequences that require non-routine
shutdown at a hydroelectric station. Because different economic consequence estimations arise for a
small (6-unit) hydroelectric station and a large (14-unit) one, the individual event sequence risk
estimations and total risk estimation are presented for both small and large hydroelectric stations. The
analyses have been made for avariety of different representative hydroelectric station design types, and
therefore the risk estimations are presented for each one of the station design types eval uated.

This methodology was used to calculate point estimates of risk for the various powerhouse designs and
sizesanalyzed. Thiswas done using point estimates of the frequencies and failure probabilities of
components of the various systems studied to determine f(t) and the damage extent and costs captured in
C(t). The point estimates used were the mean values of the distribution functions of the failure
probabilities and the frequencies determined from data obtained using surveys and an expert €licitation
process.

This methodology also was used to perform an uncertainty analysis of the results. A Monte Carlo
approach was used, with Latin Hypercube sampling of the data distribution functions for each of the
eventsin the database. This approach includes not only component failure rates, but damage estimates,
cost to repair estimates, and cost of replacement power estimates. A sample size of 200 was used; thus
the output for each design and case analyzed was 200 values of risk clustered randomly about the point
estimate values. The risk values were ordered according to size, and the 10 largest and 10 smallest were
discarded. The spread of the remaining values was used to specify 5 percent and 95 percent uncertainty
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bounds for the results. Mean and median values of the 200 risk values were also calculated to allow
comparison of the point values with the distribution of results. Due to the wide spread of the distribution
functions for much of the data, mean values of the risk distribution often were larger than the point
estimates computed using the mean values of the individual data.

2.2 Time-Based Réliability Analysis

Thefirst step in powerhouse risk calculation is the analysis of the reliability of the systems used to
terminate an initiating event to determine their likelihood of success or failure when called upon. This
analysis results in the development of the event frequency function f(t) shown in Figure 2.1 and used in
Equation 2.3. Standard fault tree and event tree methods were used to evaluate the frequencies of events
requiring non-routine shutdowns that might require (and would be terminated by) intake gate closure.
These methods were used to evaluate the combinations of component failures that could lead to initiating
events, subsequent failures to the closure of the wicket gates, and eventual failures of the intake gates to
close and terminate the event. This evaluation required development of system logic modelsand a
database of component failure rates for the various systems and components involved.

The system logic models were combined to determine the overall probability of water flow being
terminated as a function of time following an initiating event. This process required the explicit
incorporation of time into the modeling and analysis. Standard risk analysis methods were used to
determine the many combinations of component failuresin the various systems that could lead to
complete failure in terminating water flow. Computer coding was used to evaluate and sum the
probabilities of these component failure combinations as a function of time following an initiating event.
This coding included the explicit evaluation of whether each system was capable of operating at each time
step and, hence, whether each component could have contributed to the success or failure of water flow
termination. Thus, 5 minutes after an initiating event, the wicket gate system could have acted; the
probability that water flow would not be terminated was cal cul ated using the failure probabilities of the
various components in the wicket gate system. The mitigating effects of intake gate system components
were ignored until alater time when that system could have acted. The effects of recovery actions taken
by operators, following failure of a system to accomplish its mission, were also included in the models.
The timing of recovery actions, and their likelihood of failure, was modeled to occur after atime delay
appropriate to the system and action in question.

2.2.1 System Model Development

The project began with site visits and areview of documents and drawings addressing the design,
operation and maintenance of hydroelectric stations. It continued with development of a survey to gather
data on the reliability of components belonging to the systems that perform the required functions. Many
different types of powerhouse and system designs exist in the Northwest alone. Consequently, it was
necessary to group and categorize the designsin such away that system logic models could capture the
most important design differences, yet result in alimited number of categories for subsequent detailed
analysis. A design features matrix was developed defining 48 different design variants. These variations
involve four different types of intake gate closure systems, two types of fish screens (or none), presence
or absence of an emergency closure system for the wicket gates, and use of an electrical or mechanical
governor for controlling the wicket gates and turbine blade positions. The design identification
numbering system used in previous reports was derived from this matrix. This report uses the ssmplified
nomenclature described in the Introduction and in Table 1.1 to identify the various designs so the
nomenclature itself clearly identifies the design features. This nomenclature works because only 12 of the
designs subsequently were analyzed during the course of the study.
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Development of the system models utilized an iterative approach. The information obtained during the
initial plant visits and document reviews were studied to determine system function, physical description
and layout, operation, and maintenance. This information was then used to develop preliminary logic
models of system operation. Each model was analyzed to determine the information on system and
component reliability necessary to support arisk and reliability analysis. Working meetings were then
held with COE expertsto review and revise the system models and the lists of needed data. Systems
analyzed are listed in Table 2.1.

Table2.1. Plant Systems of Interest for Study

System # System
1 Trash Rack
2 Intake Gate (Gantry Crane Mechanism)
3 Intake Gate (Gate M echanism)
4 Intake Gate (Hoist M echanism)
5 Intake Gate (Hydraulic System)
6 Intake Valve
7 Penstock, Scroll Case, Draft Tube
8 Wicket Gate
9 Main Unit Turbine Runner
10 Main Unit Turbine Shaft and Kaplan Mechanism
11 Main Generator
12 Main Unit Governor Wicket (Gate and Blades)
13 AC and DC Systems
14 Protection
15 Fish Screen and Vertical Barrier Screen

When it was determined that system models were sufficiently well developed, and the reliability data
needed to analyze the models were adequately known, a survey guestionnaire was developed and sent to
337 hydroelectric stationsin the U. S. and Canada. The stations queried have either Kaplan or Francis
turbines with ratings exceeding 25 MWe. The survey questions focused on obtaining historical datafrom
the station that would be useful in analyzing the models devel oped for this project. Information was
collected regarding initiating event frequencies, plant design and maintenance, and failures of individual
systems and components.

Each system addressed in the survey was defined through a concise description of the system function and
system boundaries. Questions addressed basic system design and maintenance information, and the
actual performance information of the system. Performance questions focused on potential system level
malfunctions, failures or near miss events, and the frequency of occurrence. The questions were followed
by ones addressing the detailed failure history of individual components, formatted as a failure modes and
effects analysis (FMEA) table. The information obtained from these questions was used to quantify the
failure probabilities of components included in the system logic models (fault trees). The information
from each survey was assessed to ensure that it was representative and then entered into the database
developed for the project.

Following distribution of the survey questionnaires, aformal expert judgment elicitation workshop was
conducted December 13 to 15, 1994 in Sesttle, Washington. Thisworkshop had two purposes: first, to
validate the risk analysis model developed by PNNL, and second, to estimate failure data for hydro-
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electric station components determined to be important in the model. The panel members and their areas
of expertise areidentified in Table 2.2.

Table2.2. Expert Panel Members — December 1994

Expert Name Expertise Company Name L ocation
Jim Bluhm Operations COE WallaWalla, WA
Ron Darkes Operations PGE Portland, OR
Steve Doret Design New England Power Service Company Westborough, MA
Dan Drake Design Bureau of Reclamation Lakewood, CO
Laurence Henry Field Service Hydraulic Turbine Consultants York, PA
Bob Lee Operations Noregon Hydro Portland, OR
Charles McKee Design Operations Chelan County PUD Wenatchee, WA
Brian Moentenich Turbine Design COE, HDC Portland, OR
Patrick Ryan Design Woodward Governor Company Stevens Point, WI
James Sinclair Design Consulting Engineer Lynden, WA
Larry Walker Operations COE Pasco, WA

Elicitation of expert opinion is an accepted method for standardizing the input datato be used in
probabilistic risk assessment. Over the years a standard procedure has evolved for conducting such
elicitation (Wheeler et al. 1989). The procedure callsfor considerable care in enlisting a suitable panel of
experts, in training these experts for the specific task, in preparing the panel to provide responsesto a
collection of well-posed questions, and in allowing sufficient time for experts to document their decision-
making rationale. A flow diagram of the expert elicitation processis shown in Figure 2.2.

Selection of
Issues and
Parameters

Selection of | Familiarization

Experts of Issues

Recomposition

Training and Review by
L and

Elicitation of > Agaregation of »  Experts and
Experts ggreg Documentation

Results

Figure 2.2. Expert Elicitation Process Flow Diagram

The experts generally agreed with the devel oped models, but made many helpful suggestions for
improving model details. One of the results of their suggestions was recognizing the need to gather

failure datafor 10 additional components beyond those 141 addressed by the survey. The data elicitation
focused on obtaining estimated failure rates and their associated uncertainties for the resulting list of 151
components to be combined with survey results using a Bayesian updating procedure.

During subsequent performance of the detailed risk analysis, a need was identified for failure rates for
several types of components not addressed in the survey or expert estimation process. A large portion of
the components were el ectric system components, such as breakers, contactors, relays, automatic
switches, and open wires. Generic failure information was added to the database for these components.
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Sources from which the generic data were obtained include NRC Regulatory Guides (NRC 1987; NRC
1985), |IEEE 500 (IEEE 1983), and reports from the North American Electric Reliability Council (NERC)
Generation Availability Data System (GADS) (Curley 1994). The overall process used to develop the
complete project database of 388 componentsis shown in Figure 2.3. This database is presented in
Appendix A.

;}g?ntltfgl Develop and Compile
Ini t?:t'l | Conduct Plant »  Generic
nitialing Surveys Failure Data
Events
Review h 4 \ 4
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Design Determine Esti_mate
Information Necexal_ y Fail ure
and Conduct Information Probabilities
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nggl op Conduct
Preliminary Expert
»| Fault Trees . Pangl
and L
Elicitation
Event Trees

Figure 2.3. Overall Process Used to Develop the Project Database

Information was al so needed regarding the timing and success probability of recovery actions that could
be taken by operatorsin an emergency. Operator response requires time to diagnose a problem, to
identify potential actions to remedy the problem, and then to attempt to implement the recovery action.
The success probability is the product of the probabilities of successfully diagnosing the problem,
thinking of the appropriate action, and then of being able to take the action successfully. Thisinformation
was needed for determination of the time-based event frequency f(t). Finally, additional information was
needed on the failure of componentsin the Fish Screen and Vertical Barrier Screen system.

Consequently, a second expert workshop was held at the COE Hydraulic Design Center (HDC) in
Portland, Oregon, March 27-30, 1995. The participants are listed in Table 2.3. The areas of expertise
represented included station operations, turbine design, economic analysis and cost engineering, project
management, and risk analysis.
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Table 2.3. Expert Workshop Participants - March, 1995

Name Company Expertise
\Dave Bardy COF Portland HDC [Design & Project Mgmt
Llesus Barrias COF WallaWalla Cos Engineering
\Larry Casazza PNINI Ridk Analyss
Gary Fllis COF WallaWalla Economic Analyds

Bab Hallenbeck

COF WallaWalla

Design & Project Mgmt

Jim Kerr COF Portland HDC [Design & Project Mgmt
Al | ewey COF Portland HDC  {Turhine Design
Tim Mitts PNNI Risk Analysis

Brian Moentanich

COF Partland HDC

Turhine Design

Jim Mayer

COF WallaWalla

Department M anagement

Gerry Tomren

COF WallaWalla

Station Operations

L arry \Walker

COF WallaWalla

Station Ops. & Maint

Ken Weeks

COF WallaWalla

Station Mgmt. O& M

Truong Vo

PNNI

Risk Anal /Proj Mamt

Late in the project, one more expert elicitation workshop was held on August 5-6, 1998 in Kennewick,
Washington, with experts from the engineering, maintenance, and operations staff of the Portland and
WalaWalladistricts of the U.S. COE. The expert workshop participants included seven people from
U.S. COE and three people from Pacific Northwest National Laboratory (PNNL). This expert workshop
was convened following extensive reviews of preliminary reports that had raised significant questions
regarding project methodology and data. This workshop collected additional technical information to
adjust the risk analysis approach, and re-estimated failure datafor various hydroelectric station
components. A particularly important aspect of the workshop was the assessment of system failure
frequency outputs produced by the system logic models that combined the potential effects of failures of
many individual components. This higher-level assessment provided a new perspective for reviewing the
logic models, basic data, and consequent predictions, that resulted in modifications to the logic models
and the basic data. Table 2.4 provides alist of the workshop participants and their areas of expertise.

Table 2.4. Expert Workshop Participants - August, 1998

Name Company Expertise
David Bardy COE HDC
Jim Dukelow PNNL Safety & Risk Analysis
Baob Hollenbeck COE NWW

Joanne Perry PNNL Documentation

Hanh Phan PNNL Reliability & Risk Analysis

Rod Shank COE HDC
Gerry Tomren COE Lower Monumental Operator
Larry Walker COE NWW-OD-WC
Richard Weiss COE Ice Harbor Elec. Foreman
Rod Wittinger COE CENWP-HDC-P

A total of 101 technical questions were posed to this panel of engineering, operations, and maintenance
experts. Theinformation gathered from the workshop resulted in further refinement of the analysis model
and adjustments to the estimated failure rates. Of the failure rates addressed, the COE experts judged that
18 were too low and 27 were too high. In several cases, the expert panel recommended adjusting the
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failure rates up or down by more than an order of magnitude. In other cases, either the expert panel
agreed with the assumed failure rate, or some agreed and others recommended adjustment but disagreed
on the direction of the adjustment.

2.2.2 Initiating Event Frequencies

The August, 1998 expert workshop had a particularly dramatic effect on the estimated initiating
frequency for over-speed events that could result from sudden loss of electrical load to the generators.
This workshop confirmed a review comment stating the project model for predicting loss-of-load
frequency omitted the dominant contributor, GEN DROP. The project model had been based on analyses
of systems within the station (failures of the main turbine, main generator, electrical distribution, and
operator errors) pluslocal external events (lightning strikes and transmission faults, flooding, and fires).
GEN DROP events are those where the generator is tripped off-line by an action or request of agrid
dispatcher not located at the powerhouse — which is why they had not been included in the model of the
powerhouse. Although these are routine starts and stops of the turbine, it was agreed that each one of
these events required the governor to control the unit after it was tripped off-line. This situation leaves
the turbine vulnerable to the same types of failures as any other event that disconnected it from the grid.

The effect of including GEN DROP was to increase the over-speed initiating event frequency by afactor
of about 5. In addition, the experts recommended adjusting the frequencies predicted for the various
system failures from 15 percent downward to more than 100 percent upward. In response to these
workshop recommendations it was decided to simply adopt a composite, expert-based-based initiating
event frequency for over-speed events, instead of attempting to modify the basic event data of the system
logic modelsto yield an output agreeing with the expert recommendations. Because the system logic
models for the main turbine, main generator, and electrical distribution systems were not used anywhere
elsein the analysis, adjusting the data individually would not affect the results of the analysis. The fault
trees that comprise the system logic model for loss of load events are presented in Appendix B, Figures
B.1toB.6.

The over-speed initiating event frequency adopted as a result of the composite recommendations of the
workshop was 2.67 events per year. The various contributors to this frequency are listed in Table 2.5.
The contributors to initiating events for upstream flooding (originating from upstream of the wicket gates)
and downstream flooding are listed in Table 2.6 and Table 2.7.

Table2.5. Contributions to the Over-speed Initiating Event Frequency (events/unit-yr.)

Contributing Factor Frequency
Contribution

GEN DROP 1.8

Externa Events 0.33

Operator Error 0.30

Generator Failures 0.17

Electrical Distribution Failures | 0.045

Turbine Failures 0.025

Total 2.67
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Table 2.6. Contributions to the Upstream Flooding Initiating Event Frequency (events/unit-yr.)

Contributing Factor Frequency
Contribution

Scroll Case Door Crack or Blowout 1.5E-03
Operator Error Causes Flooding From Scroll Case | 5.0E-03

Total 6.5E-03

Table2.7. Contributionsto the Downstream Flooding Initiating Event Frequency (events/unit-yr.)

Contributing Factor Frequency
Contribution

Runner Clearance Tolerances | 6.6E-03
Exceeded

Operator Error Causes 5.0E-03
Flooding From Draft Tube

Head Cover Rupture 2.1E-03

Draft Tube Hatch Cover Fails | 1.5E-03

Severe Shaft Seal Leaks 1.2E-03

Wicket Gate Slam Causes 0.8E-03
Water Hammer

Tota 1.72E-02

The fault trees that comprise the system model for these flooding initiating events are presented in
Appendix B, Figure B.7 and Figure B.8.

Because the frequency profiles are sensitive to the initiating event frequency, a comparison of this
frequency was made to historical datato check the fault tree results. Historical data were obtained on
hydropower stations in the Columbia/Snake River region that consisted of expert elicitation estimates, a
review of papers and reports, and the historical survey conducted as part of the data gathering effort for
this project. The results showed excellent agreement between the values used in the project and the
historical initiating event values (occurrences/unit-yr.):

Lossof Load (without GEN DROP):  Project Value = 8.7E-1 Historical Value = 7.0E-1
Combined Flooding: Project Vaue = 2.4E-2 Historical Value= 1.8E-2

2.2.3 Database Development

Aswas discussed in Section 2.2.1, a database of failure rates for basic powerhouse components was

devel oped according to the process shown in Figure 2.3. Bayesian updating was used to combine the data
from the survey and from the expert elicitation workshop to provide point estimate values and associated
distribution functions for the basic event failure rates. Development of this database was of fundamental
importance to the project because the numerical values adopted for the basic event failure rates determine
the failure frequency curves that are used in the calculation of risk. In addition, the uncertainty analysis
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requires use of the distribution functions for each of the basic event failure rates in computing the
uncertainty of the overall risk values.

The survey data provide numbers of failures during a period of time for the components. This
information was converted into number of failures (N) per operating unit-year (T) for each powerhouse
by considering historical information on the hours of operation each year. For components not operating
continuously (such as the gantry crane used to lower intake gates when required) failure rates were later
converted to failure probability per demand. This computation was accomplished by dividing the failure
rate per unit year by the demand rate (number of demands per unit year). The analysis assumed random
and independent failures, and the failure process is described by a constant (but unknown) failure rate A =
N/T having a Poisson distribution. The conjugate distribution describing the probability that A has a
particular value, given that N failures are observed in time T, is agamma function

P(A) = Y(A;B1, B2) (24)

where
Bi=N+1,andB,=T. (2.5)

Gamma functions having these properties were fitted to the survey datafor each of the survey basic
events addressed.

Early in the project, an attempt was made to use a censored data approach to treat the survey data,
because zero failures were reported for many of the components. The censoring approach ignores reports
of zero failures, and develops failure rates from reports of failures that actually happened during the
reporting timeinterval. However, the censored data approach requires time-to-failure data for individual
components, that are not provided in the survey data; survey data only provide total failuresin total
operating time. Consequently, the censored data approach was abandoned in favor of the standard
treatment of the data that is described previously and in the following discussions of Bayesian updating.

The expert elicitation process described in Section 2.2.1 was used to obtain estimates of failure rates for
each of the components addressed in the survey from each of the 11 experts at the December 1994
workshop. These estimates included the point estimate value of the failure probability, the upper and
lower confidence bounds, and the rationale for the estimates.

For each component, the raw data provided by the experts were fitted to a gamma distribution function
having the same values of mean (M) and variance (V — the square of the standard deviation of the
estimated values) as the mean and the variance of the expert estimations. Consequently, for each
component, the probability that A has any value is given by the function

P(A) = Y(A;by, b) (2.6)
where

b, = M2V, and b, = M/V. (2.7)

Bayesian analysisis a systematic method for combining failure data from multiple sources to create a
single composite estimate (Lewis 1987; NRC 1981). The Bayesian formula stems from the fact that the
intersection of two probabilities can be written in terms of two different conditional probabilities. For
each component, the Bayesian approach was used to combine the failure rate distribution determined by
the survey data with the failure rate distribution derived from the expert estimates to produce afinal,
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combined component failure rate distribution. This combined distribution is the product of the two
gamma functions, and has the parameters

P(A) = Y(A : N+by, T+by). (2.8

The results of the Bayesian analysis are mean and median values of failure rates, and the parameters of
the gamma distribution functions representing the uncertainty of these failure rates. Appendix A presents
these results, along with the results of elicitations for components not addressed in the survey.

2.2.4 Event Frequency Profiles, f(t)

Given that an initiating event has occurred [with f(0) asits frequency], f(t) is obtained by multiplying f(0)
by the conditional probability the wicket gate system and the intake gate system fail to terminate water
flow by timet. This probability is evaluated separately for each of the event types, over-speed, upstream
flooding, and downstream flooding. For upstream flooding (from leaks/ruptures upstream of the wicket
gates) operation of the wicket gatesis irrelevant, and only intake gate closure can terminate the event.

To evaluate the conditional probabilities of failure to terminate water flow, the fault trees for the wicket
gate and intake gate systems were linked by an appropriate event tree and analyzed using the computer
code SAPHIRE (INEL 1996). The SAPHIRE code uses the logic models for the powerhouse systems,

plus the point values of the conditional failure probabilities of the individual components, to determine
and numerically rank the possible combinations of component failures that are necessary and sufficient to
fail water flow termination efforts. The system logic models used in this analysis are presented in
Appendix C.

This evaluation is a standard technique used in probabilistic risk analysis. The effects of time are not
included in this standard application — they were introduced subsequently by the PNNL analysts. The
specific incorporation of the time dependence of system and operator actionsis a unique development of
the methodology for this project. These developments are discussed later in this section.

With the initiating event frequency specified, the input to the SAPHIRE code was the set of conditional,
on-demand, failure probabilities of the individual components of the systems analyzed. These
probabilities were developed from the component failure rates in the project database (Section 2.2.3). For
components in normally operating systems (such as the wicket gate system), the conditional failure
probability is calculated using the rare event approximation as:

p=At (2.9)
wheret isreferred to as the mission time of the component. In general, the mission time was chosen
conservatively as one day, comfortably spanning the time necessary to terminate an event and then install
intake gates as necessary to inspect damage and make repairs. This choice of mission timeis particularly
appropriate for the governor system and associated hydraulic systems.

For components in standby mode, a different approximation was used to cal culate conditional failure
probabilities:

p=At/2 (2.10)
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where T is the time between tests or between operations that demonstrate operability. T is often referred
to asthe fault exposure time of the component. Equation (2.10) captures the idea that 1/2 is the average
time during the exposure for such damage to occur. In the wicket gate system, despite the fact that itisin
continuous operation, complete closure of the wicket gates to shut down the unit occurs infrequently.
Because of this infrequent operation, damage to the shift ring or servomotors that could prevent complete
closure of the wicket gates might occur and remain unnoticed until aloss-of-load event required their
rapid and complete closure. Conseguently, for such components t was chosen conservatively as half a
year, because full operation of the system is demanded roughly twice ayear. Thissituation aso appliesto
intake gate system components. The database listings in Appendix A specify the values of T and t that
were used to convert failure rates to conditional, on-demand failure probabilities.

The combinations of individual component failures that can fail the system function number in the
thousands and are referred to as minimum cut sets. The conditional probability of failure of the system
functionsisthe sum of the cut set failure probabilities. Each cut set failure probability is the product of
the individual component failure probabilities (assuming they are independent). The SAPHIRE code
generates the minimal cut sets, analyzes them, and ignores those with failure probability valueslessthan a
specified cut off value. The use of a cut-off value reduces time wasted in cal culating tiny probabilities
too small to affect the sum.

PNNL analysts wrote a computer code using the Visual Basic Macro language in Microsoft Access
software to explicitly incorporate into the cut sets the time dependence of system and operator actions.
First, the cut sets were expanded to include the effects of potential operator action that would recover the
functions of failed components. This expansion was accomplished by inserting time dependent recovery
factorsinto the cut sets. Prior to operator action, the value of each recovery factor is 1.0; afterwards, its
value isthe probability of failure estimated for the recovery action. Thus, the effect of each recovery
factor isto reduce the cut set failure probability to afraction of its value preceding the operator action.

Theinclusion of recovery factorsin cut setsis a standard technique in risk analysis. The unique aspect of
this analysis is the incorporation of explicit timing information for each individual component actuation
and for each separate operator recovery action. At every time step of the calculation, each basic event in
each cut set was checked to see if it was activated. If none of the events were activated, the cut set was
ignored, as none of the events could perform the system function. Thus, for example, the values of f(t)
remain equal to f(0) for upstream flooding until the actuation of intake gates, because actuation of the
wicket gates cannot affect flooding from locations upstream of the gates.

If any of the basic eventsin a cut set were activated, the cut set was not ignored. The failure probability
value for the activated event was used, and the failure probability values for basic events not activated
were set equal to 1.0. Thus, immediately after wicket gate actuation f(0) was reduced by afactor equal to
the sum of the probabilities of ways the wicket gate system could fail. At later times, recovery factors
further reduced that sum, and eventually intake gate actuation added basic event factors from the intake
gate system to the cut sets. Addition of basic event factors reduced the sum even further.

Frequency profiles that compare the frequency effects of various important features of the designs are
presented in Figure 2.4 and Figure 2.5. Figure 2.4 compares the frequency profiles for the proposed
modifications to the Lower Monumental powerhouse with those for the present situation (compares HY -
T-E-10 and HO-T-E-10 with HY -T-E-360). Partsa, b, and c of the figure present the comparison for
over-speed, downstream flooding, and upstream flooding. All three parts of the figure yield the same
conclusions: both modifications are clearly superior to the present situation; the hydraulic modification is
dlightly more reliable than the hoist modification. This conclusion isin complete agreement with the risk
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values tabulated in this section for the small powerhouse model that represents the Lower Monumental
powerhouse.

A similar situation is found (but not plotted here) when the frequency profiles for the proposed
modifications to the McNary powerhouse (large model) and to the Little Goose/L ower Granite
powerhouses (small model) are compared with the frequency profile for the present situation (compares
HY -F-E-10 and HO-F-E-10 with HY -F-E-360). Aswas found for the Lower Monumental powerhouse,
over-speed, upstream, and downstream flooding profiles yield the same conclusions: both modifications
are clearly superior to the present situation, and the hydraulic modification is slightly more reliable than
the hoist modification. This result agrees completely with the risk trends tabulated later in this section for
the small and large powerhouse models.

Figure 2.5 compares frequency profiles for different fish screen situations, and between hydraulic- and
crane-operated intake gate systems. Frequency profiles are presented for HY-N-10, HY-T-10, HY-F-10
and CR-N-60. (Note the expected situation for crane-operated intake gates requires the crane be moved
to the affected unit. This move will require 60 minutes for gate installation, as opposed to the optimum
30 minutes when the crane is situated at the unit). For the hydraulic systems, reliability is greatest for the
design without fish screens, with traveling mesh screens yielding higher reliability than fixed bar screens.
The crane system is significantly less reliable than the hydraulic systems due to the time required for
intake gate installation. Once again, these results agree completely with the risk trends presented in this
section.

Aswas discussed briefly in Section 2.1, an uncertainty analysis was performed using a Monte Carlo
approach with Latin Hypercube sampling of the data distribution functions. Section 2.2.3 describes the
development of failure rate point estimates and distribution functions using a combination of survey data
and estimates from an expert panel. The uncertainty analysis was performed using sampling from the
distribution functions for the component data. Although the uncertainty analysis was performed primarily
to bound the uncertainties of the final results of the analysis, information was developed for each step of
the analysis process. Figure 2.6 presents the 5 percent and 95 percent uncertainty bounds, along with the
point estimate values, of the frequency profilesfor design HY-T-E-10. Partsa, b, and c present the results
for over-speed, downstream, and upstream flooding. The overall uncertainty spread is about two orders
of magnitude. The point estimate values are closer to the 95™ percentile, as they are derived from mean
values of the distributions, and therefore are larger than the results obtained using median values. These
uncertainty results parallel the overall project results.
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2.3 Consequence Analysis

At each time step, the project analysis estimated the economic consequences of over-speed, upstream, and
downstream flooding events, initiated at time zero, that had progressed to the time under consideration.
As shown in Figure 2.1 and Equation 2.3, these consegquences were combined subsequently with the event
frequencies at each time step, and summed over the event duration to determine the risk associated with
each powerhouse design studied.

Evaluation of the economic consequences requires the definition of potential damage states and their
costs, and the estimation of the probability that each state represents the state of the powerhouse at each
time step. Probabilities are estimated so they sum to unity at each time step of the analysis. This
probabilistic analysisis used to alow analysis of a spectrum of potentially damaging situations of varying
severity. (For instance, upstream flooding is assumed to result from either a crack or total blowout of the
scroll case door, with equal likelihood.) This probabilistic analysisis discussed in Section 2.3.1.

After the damage states are defined, the economic consequences of each powerhouse damage state must
be estimated. Section 2.3.2 discusses the estimation of the various cost factors used in the calculation of
total cost for each damage state. The four major cost categories considered are: construction costs to
repair/replace/rebuild powerhouse equipment, environmental cleanup costs of oil spilled, lost income
from the non-production of electricity, and interest costs for the money used to repair the damages.

2.3.1 Damage State Probabilities, D(t)

The incorporation of explicit time dependence in the accident frequency analysis was required because
damages from over-speed and flooding events increase with time after event initiation. Flooding damage
increases as water rises through the powerhouse levels. Over-speed damage increases as bearings heat up
and fail, turbine blades strike the speed ring and potentially break, the generator rotor contacts the stator
and potentially damages windings and breaks off pole pieces, and shaft whip destroys the shaft packing
and potentially damages the head cover. As these damages increase, flooding starts. This occurs through
the head cover and shaft packing, and also through hatches into the scroll case and draft tube that would
be affected by the vibrations and impacts accompanying the increasing mechanical damage. Asis shown
in Figure 2.1 and Equation 2.3, risk is calculated by combining the likelihood of an event lasting for a
given time with the cost of the damage expected to accumulate during that time, summed over al time
steps up to 8 hours after event initiation.

In this section, the progression of damages during an event is analyzed without considering the likelihood
of event termination. Once an event isinitiated, it istreated asif it continues without mitigation for the
entire 8-hour time span of the analysis. The likelihood of event mitigation or termination is addressed in
the f(t) analysis. The damage state probabilities provide an estimate of what would happen as an event
unfolds, and are used for subsequent combination with likelihood information through Equation 2.3.
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For flooding events, damage accumul ates as successive levels of the powerhouse are flooded, at arate
depending on the size of the leak/rupture and the hydraulic head at the leak location. For over-speed
events, mechanical damage increases with time after the initiating event. This increasing mechanical
damage leads to flooding that progresses at an increasing rate.

The methodology for estimating the progression of damage, as well as for estimating the economic cost to
repair damages, was developed at an expert dicitation workshop held June 20-21, 1995 at Ice Harbor
Dam. The workshop participants and their areas of expertise are shown in Table 2.8. The methodology

developed is outlined in the flow chart in Figure 2.7.

Table 2.8. Expert Workshop Participants - June 1995

Name Organization Expertise
David Bardy NPD-HDC Mechanical Design
Jesus Barrios  |[NPW Cost Engineering
Jim Bluhm NPW Operations
Pete Broh PNNL Cost Engineering
Larry Casazza |PNNL Risk Analysis
Gary Ellis NPW Economics
Doug Filer CENPD-ET-HD Electrical Design
Bob Hollenbeck |[NPW Design & Project Mgmt.
Tim Mitts PNNL Risk Analysis
Hanh Phan PNNL Risk Analysis
Larry Walker ~ INPW-OP-IL Operations
Mark Weimar  |PNNL Economics
Paul Willis NPD-HDC Cost Engineering
Gerry Tomren  [NPW-OP-IL Operations
Truong Vo PNNL Risk Analysis
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Figure2.7. Overal Process Used to Calculate Damage State Probabilities as a Function of Time

The workshop gathered information used to identify the plant damage states, estimate the probability of
the over-speed damage states occurring over time, estimate the probability of flooding initiated by an
over-speed event, and estimate the uncertainty associated with these estimations. This encompasses the
top three boxesin Figure 2.7.

2.3.1.1 Damage State Definitions

Flooding damage state definitions were based on the levels of the powerhouse affected. Five flooding
damage states were identified as shown in Table 2.9. Water was assumed to run down passageways and
fill the powerhouse levels sequentially. Each successive damage state was defined as entered when the
flooding level reached one-quarter of the height of the associated powerhouse level. (It was assumed by
then that all equipment on that level would require cleaning and repairs). Powerhouse levels are shown
on the schematic layout of Figure 2.8.
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Table2.9. Flooding Damage State Definitions

Damage State Summary Description
I dentifier
F-0 Flooding arrested before damage
occurs
F-1 Level 1 flooded
F-2 Levels 1 and 2 flooded
F-3 Levels1, 2 and 3 flooded
F-4 Levels 1, 2, 3 and 4 flooded
S N
Lewel 4 - A=zembly Bay Floor
uill‘;ﬂ;ﬂt?
Scrall
Case ————
Djmr Cma Level 3 - Generator Floor
_p—
ing
Intake ! pomire p"I_J_,_rr‘
Scroll Caze Lewel 2 - Auxillarie=s Floor
Lewel 1 - Draft Tube Floor
Turbing —'I . Drafr Tubs:
- Dl

Oraft Tube

Tailwater

Figure 2.8. Schematic Layout of Representative Columbia and Snake River Powerhouse.

Five damage states were identified for mechanical damage resulting from turbine over-speed. They are
described in Table 2.10. Detailed descriptions of the damages expected were also prepared for
subsequent use in estimating the work required and costs to repair the damages.

26



Table 2.10. Over-speed Mechanical Damage State Definitions

Damage State Summary Description

Identifier

O-1 No damage from over-speed

0-2 Inspections and minor repairs from over-speed

0-3 Inspections and significant repairs from over-
speed

o4 Major overhaul required from over-speed

O-5 Compl ete unit destruction from over-speed

The five flooding damage states were then associated with each of the over-speed mechanical damage
states. Thisyielded atotal of 25 over-speed damage states.

2.3.1.2 Flooding Sour ce Probabilities

Flooding damage was assumed to develop based on water inflow rates calculated for various potential
leaks and ruptures. The leak and rupture sizes were based on the initiating events discussed in

Section 2.2.2, Table 2.5, Table 2.6 and Table 2.7. The probability of each leak size was determined from
the fraction of the total initiating event frequency that it represented. Table 2.11 presents the
apportionment of probabilities for upstream flooding initiating events. It was assumed that scroll case
door failure could be via either a crack or total blowout, with equal probability. The frequency used for
the operator error initiating event was elicited for events where water was admitted to the scroll case
when the door was open for maintenance (the flooding assumed for such events was that for complete
door blowout). Thus, the overall probability of flooding from a crack was assumed to be 6 percent,
versus 94 percent for flooding from door blowout.
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Table2.11. Upstream Flooding Source Probability Apportionment

Upstream Flooding Frequency Upstream Flooding Source Overall
Cause per cent of Flooding Probability percent
Total Source
Initiating Assumed Door Crack Door Blowout
Event Freq.
Scroll Case Door Failure | 12% Door Crack 6%
(50%)
Door Blowout 6%
(50%)
Operator Error Causes 88% Door Blowout 88%
Scroll Case Flooding (100%)
Totals 100% 6% 94%

Table 2.12 presents the apportionment of probabilities for downstream flooding initiating events. It was
assumed that draft tube door failure could be via either a crack or total blowout, with equal probability,
and that operator error was associated with door-open events. Therefore, the overall probability of
flooding from a draft tube door crack was assumed to be 4.5 percent, versus 33.5 percent for flooding
from door blowout. Severe shaft seal leaks were assumed to be equivalent to a head cover crack. Failure
of the head cover, the effects of wicket gate slam-induced water hammer, and the effects of exceeding
turbine runner tolerances were assumed equally divided between flooding from a head cover crack and
from head cover blowout. Asaresult, the probabilities assumed for flooding from a head cover crack
versus from head cover blowout were assumed to be 34.5 percent versus 27.5 percent.
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Table 2.12. Downstream Flooding Source Probability Apportionment

Downstream Frequency Downstream Flooding Source Overall Probability
Flooding Cause percent of Flooding
Total Source Draft Draft
Initiating Tube Tube Head Head
Event Door Door Cover  Cover
Frequency Crack Blowout Crack Blowout
9% Door Crack 4.5%
Draft Tube Door (50%)
Failure Door 4.5%
Blowout
(50%)
Operator Error Causes | 29% Door 29%
Draft Tube Door Blowout
Flooding (100%)
Severe Shaft Seal 7% Equivalent 7%
Leaks Head Cover
Crack
(100%)
Head Cover Rupture 12% Head Cover 6%
Crack (50%)
Head Cover 6%
Blowout
(50%)
Wicket Gate Slam 5% Head Cover 2.5%
Causes Water Hammer Crack (50%)
Head Cover 2.5%
Blowout
(50%)
Runner Clearance 38% Head Cover 19%
Tolerances Exceeded Crack (50%)
Head Cover 19%
Blowout
(50%)
Totals 100% 4.5% 33.5% 34.5% 27.5%

Table 2.13 presents the apportionment of flooding probabilities associated with over-speed initiating events.
For flooding caused by over-speed initiating events, operator errors and other random initiators (such as
wicket gate slam and exceeding runner tolerance) are not considered in the frequency analysis. The
frequencies of the potential equipment failures are summed, and used to determine the fraction of each
individual failure frequency in the flooding probability calculation. Aswith upstream and downstream
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flooding, it was assumed that scroll case and draft tube door failure could be via either a crack or total
blowout, with equal probability. Asaresult, the overall probability of flooding from all four of these

possibilities was assumed to be 12 percent. Severe shaft seal |eaks were assumed to be equivalent to a head
cover crack. The flooding probability from failure of the head cover was assumed to be equally divided

between flooding from a head cover crack and from head cover blowout. Asaresult, the probabilities

assumed for flooding from a head cover crack versus those from head cover blowout were assumed to be 35.5
percent versus 16.5 percent.

Table 2.13. Over-speed Flooding Source Probability Apportionment

Over-speed
Flooding
Cause

Frequency
per cent of
Total

I nitiating
Event
Frequency

Assumed
Over -
speed
Flooding
Source

Flooding Sour ce Overall Probability percent

Scroll
Case
Door
Crack

Scroll
Case Tube  Tube
Door Door Door
Blowout Crack Blowout

Draft Draft
Head
Cover

Crack

Head
Cover
Blowout

Scroll Case
Door Failure

Draft Tube
Door Failure

Severe Shaft
Sedl Leaks

Head Cover
Rupture

Totals

24%

24%

19%

33%

100%

Door
Crack
(50%)
Door
Blowout
(50%)

Door
Crack
(50%)
Door
Blowout
(50%)

Equivalent

Head
Cover
Crack
(100%)

Head
Cover
Crack
(50%)
Head
Cover
Blowout
(50%)

12%

12%

12%

12%

19%

16.5%

12%  12% 12%  12% 35.5%
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2.3.1.3 Time Evolution of Damage

Flooding was assumed to progress deterministically, based on flow rates calculated through the various
sizes and shapes of the leak sources assumed for the analysis. The leak sources assumed are either large
area holes, analyzed using the Bernouli equation, or crack-like holes analyzed using the Darcy-Weisbach
equation. The leak flows were assumed to fill the powerhouse levels sequentially, taking into account the
capacity of dewatering pumps and the effects of decreasing hydraulic head on flow rates as the water
level rose inside the powerhouse. Table 2.14 presents the size and shape of the various leaks assumed,
and also theinitial hydraulic heads and flow rates used in the flow rate calculations.

Table 2.14. Sizesand Shapes of Leaks Assumed for Flooding Calculations, the Initial Hydraulic Head
Acrossthe Leak, and Initial Flow Rates.

L eak Source L eak Initial Initial Flow

Dimensions Hydraulic Rate
Head (ft) (ft3/mi n.)

Turbine Shaft Seal Yin. x 19in. 110 864

Head Cover Crack Lin. x 19in. 110 864

Scroll Case Door Yin. x 24in. 90 1069

Crack

Draft Tube Door Yin. x 24in. 155 1332

Crack

Scroll Case Door 36" dia 90 33705

Blowout

Draft Tube Door 24in.x36in. 155 35968

Blowout

Head Cover Rupture 23 5q. ft. 110 110744

For each of these leaks, the time required to fill each powerhouse level was calculated, taking into
account the decrease of flow rate with decreasing hydraulic head as water fills the levels, and also the
time required for water to flow down to lower levels from scroll case and head cover leaks. The volumes
of the levels for the Lower Monumental powerhouse were used as representative of asmall powerhouse.
The volumes of the levels for the John Day powerhouse were used as representative of alarge
powerhouse. Each damage state was assumed to be entered when alevel wasfilled to one-quarter of its
full depth. Volumes used are listed in Table 2.15. The volume listed for Level 4, the assembly bay floor,
corresponds to awater depth of 3.5 feet. It was assumed that at this depth the F-4 damage state had been
entered, and the large maintenance door would blow out, preventing further water accumulation
regardless of whether flooding continued or not. The times required for flooding to reach each damage
state are presented in Table 2.16 for the small and large powerhouse models.
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Table 2.15. Volumes Assumed for Small and Large Powerhouse Levels (1000 ft°)

Powerhouse L evel Small Large
Powerhouse Power house

Level 1 — Draft Tube Floor 96 144

Level 2 —Auxiliaries Floor 1,118 1,375

Level 3 — Generator Floor 1,017 3,368

Level 4 — Assembly Bay 217 674

Floor

Table2.16. Times Required for Flooding to Reach Each Damage State for Small and Large Powerhouse

Models
Flooding Times To Damage State (Minutes)

Small Plant Large Plant

F-1 F-2 F-3 F-4 F-1 F-2 F-3 F-4
Scroll Case Door Crack 47 665 2,439 3,573 68 862 3,504 6,713
Scroll Case Door Blowout 3 13 48 84 3 17 74 176
Draft Tube Door Crack 34 537 2,087 3,221 49 690 3,056 6,266
Draft Tube Door Blowout 2 13 51 93 3 17 80 199
Packing Failure/Head Cover
Crack 72 1,038 3,715 5,119 104 1,346 5,208 9,181
Head Cover Blowout 2 5 15 26 2 6 23 54

For each case of upstream flooding, downstream flooding, and over-speed flooding, a time-dependent
matrix was devel oped that captured the probability that each damage state had been reached at each time
step considered in the analysis. The same 17 time steps used in the frequency analysis were used. Thus,
att =0, flooding has just initiated, and no powerhouse level can be filled. Therefore, the probability of
the F-0 state is 1.0 and the probability for all other statesis 0. For upstream flooding, by t = 5, flooding
from scroll case door blowout has progressed to the F-1 state, so that state has a probability of 0.94. The
probability of the F-0 state is then 0.06, because flooding from the scroll case door crack has not filled

Level 1 to one-quarter of its depth yet. The samelogic isused for the rest of the time steps, and the

downstream and over-speed flooding matrixes. Table 2.17, Table 2.18 and Table 2.19 present the

flooding matrixes.
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Table2.17. Upstream Flooding Matrixes for Small and Large Plants

Upstream Flooding
Small Plant - Damage State Probability Matrix
Damage
State Omin. |5min. |10 min. J15 min. |20 min. |25 min. |30 min. }40 min. }50 min. |60 min |90 min. }120 min. {180 min. 240 min. |300 min. | 360 min. |420 min.
F-0 1 0.06 0.06 0.06 0.06 0.06 0.06 0.06] 0 0 0 0 0 0 0 0 0|
F-1 0 0.94 0.94 0 0 0 0 0 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
F-2 0 0 0 0.94 0.94 0.94 0.94] 0.94] 0 0 0 0 0 0 0 0 0|
F-3 0 0 0 0 0 0 0 0 0.94 0.94 0 0 0 0 0 0 0)
F-4 0 0 0 0 0 0 0 0 0 0 0.94] 0.94] 0.94] 0.94 0.94] 0.94 0.94
Large Plant - Damage State Probability Matrix
State Omin. |5min. |10 min. |15 min. |20 min. |25 min. |30 min. ]40 min. }50 min. |60 min. |90 min. |120 min. {180 min. 240 min. |300 min. | 360 min. |420 min.
F-0 1 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0 0 0 0 0 0 0|
F-1 0 0.94] 0.94] 0.94 0 0 0 0 0 0 0.06 0.06 0.06 0.06 0.06 0.06 0.06
F-2 0 0 0 0 0.94 0.94 0.94 0.94 0.94 0.94 0 0 0 0 0 0 0|
F-3 0 0 0 0 0 0 0 0 0 0 0.94] 0.94] 0 0 0 0 0)
F-4 0 0 0 0 0 0 0 0 0 0 0 0 0.94 0.94 0.94 0.94 0.94]
Table 2.18. Downstream Flooding Matrixes for Small and Large Plants
Downstream Flooding
Small Plant - Damage State Probability Matrix
Damage
State Omin. |5min. |10 min. |15 min. |20 min. |25 min. |30 min. ]40 min. |50 min. |60 min |90 min. |120 min. |180 min. |240 min. |300 min. | 360 min. 420 min.
F-0 1 0.39 0.39 0.39 0.39 0.39 0.39] 0.345] 0.345] 0.345] 0 0 0 0 0 0 0
F-1 0 0.335] 0.335 0 0 0 0] 0.045] 0.045] 0.045 0.39 0.39 0.39 0.39 0.39 0.39 0.39|
F-2 0 0.275] 0.275 0.61] 0.335] 0.335] 0.335] 0.335] 0.335 0 0 0 0 0 0 0 0
F-3 0 0 0 0] 0.275] 0.275 0 0 0] 0.335] 0.335 0 0 0 0 0 0
F-4 0 0 0 0 0 0] 0.275] 0.275] 0.275] 0.275] 0.275 0.61 0.61 0.61 0.61 0.61 0.61]
Large Plant - Damage State Probability Matrix
Damage
State 0O min. |5min. |10 min. |15 min. |20 mim. |25 min. |30 min. ]40 min. |50 min. |60 min. |90 min. |120 min. |180 min. 240 min. |300 min. | 360 min. 420 min.
F-0 1 0.39 0.39 0.39 0.39 0.39 0.39 0.39] 0.345] 0.345] 0.345 0 0 0 0 0 0
F-1 0 0.61] 0.335 0.335 0 0 0 0] 0.045] 0.045] 0.045 0.39 0.39 0.39 0.39 0.39 0.39)
F-2 0 0] 0.275 0.275 0.61] 0.335] 0.335] 0.335] 0.335] 0.335 0 0 0 0 0 0 0
F-3 0 0 0 0 0] 0.275] 0.275] 0.275] 0.275 0] 0.335 0.335 0.335 0 0 0 0)
F-4 0 0 0 0 0 0 0 0 0] 0.275] 0.275 0.275 0.275 0.61 0.61 0.61 0.61
Table 2.19. Over-speed Flooding Matrixes for Small and Large Plants
Overspeed Flooding
Small Plant - Damage State Probability Matrix
Damage
State Omin. |5min. |10 min. J15 min. |20 min. |25 min. |30 min. }40 min. }50 min. |60 min |90 min. }120 min. {180 min. 240 min. |300 min. | 360 min. |420 min.
F-0 1 0.595| 0.595 0.595| 0.595] 0.595] 0.595| 0.475] 0.355] 0.355 0 0 0 0 0 0 0|
F-1 0 0.24 0.24 0 0 0 0 0.12 0.24 0.24] 0.595| 0.595 0.595 0.595 0.595 0.595 0.595
F-2 0 0.165] 0.165 0.405 0.24 0.24 0.24] 0.24] 0.12 0 0 0 0 0 0 0 0)
F-3 0 0 0 0| 0.165] 0.165 0 0 0.12 0.24 0.12 0 0 0 0 0 0|
F-4 0 0 0 0 0 0] 0.165] 0.165] 0.165] 0.165] 0.285 0.405 0.405| 0.405 0.405| 0.405 0.405
Large Plant - Damage State Probability Matrix
Damage
State Omin. |5min. |10 min. J15 min. |20 min. |25 min. |30 min. }40 min. }50 min. |60 min {90 min. }120 min. {180 min. }240 min. |300 min. | 360 min. |420 min.
F-0 1 0.595| 0.595 0.595| 0.595] 0.595] 0.595] 0.595] 0.475|] 0.475] 0.355 0 0 0 0 0 0)
F-1 0 0.405 0.24 0.24 0 0 0 0 0.12 0.12 0.24 0.595 0.595 0.595 0.595 0.595 0.595
F-2 0 0] 0.165 0.165| 0.405 0.24 0.24] 0.24] 0.24] 0.24 0 0 0 0 0 0 0)
F-3 0 0 0 0 0] 0.165] 0.165] 0.165] 0.165 0 0.24 0.24 0.12 0 0 0 0|
F-4 0 0 0 0 0 0 0 0 0] 0.165] 0.165 0.165 0.285 0.405 0.405 0.405 0.405
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The probability of reaching the five mechanical damage states for the over-speed scenario was estimated
by the experts at six time intervals following event initiation. Linear interpolation was then used to
expand the estimates to all of the 17 times of concern. The times and estimated probabilities are
presented in Table 2.20; the estimates of the experts are shown in bold print. The experts also estimated
the uncertainty in their probability estimates, and the probability that flooding would be initiated as a
result of the damages caused by the over-speed event. These estimates are also shown in bold print in
Table 2.20, and interpolated for the remaining time steps.

Table 2.20. Expert Estimates (in bold) and linear interpolation of Over-speed Damage State
Probabilities, Uncertainties in the Estimates, and the Probabilities of Flooding Initiation as a Consequence
of the Damages.

Damage
State
O-1 |1.000| 0.750 | 0.500 | 0.300 | 0.100 | 0.055 [ 0.010 | 0.007 | 0.003 | 0.000 | 0.000 [ 0.000 [ 0.000 | 0.000 | 0.000 | 0.000 0.000
0-2 |0.000| 0.165 | 0.330 | 0.440 | 0.550 | 0.350 | 0.150 | 0.117 | 0.083 | 0.050 | 0.047 | 0.043 | 0.037 0.030 | 0.027 | 0.023 0.020
0O-3 | 0.000| 0.050 | 0.100 | 0.150 | 0.200 | 0.350 | 0.500 | 0.417 | 0.333 | 0.250 | 0.233 | 0.217 | 0.183 | 0.150 | 0.117 | 0.083 0.050
0O-4 10.000] 0.025 | 0.050 | 0.075 | 0.100 | 0.170 | 0.240 | 0.327 | 0.413 | 0.500 | 0.517 | 0.533 | 0.567 0.600 | 0.627 | 0.653 0.680
O-5 ]0.000| 0.010 | 0.020 | 0.035 | 0.050 | 0.075 [ 0.100 | 0.133 | 0.167 | 0.200 | 0.203 | 0.207 [ 0.213 | 0.220 | 0.230 | 0.240 0.250
Uncert. | 0.000 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 | 0.100 [ 0.100 | 0.100 | 0.117 | 0.200 | 0.200 | 0.200 [ 0.200 | 0.200 0.200
Flooding| 0.000 | 0.015 | 0.030 | 0.050 | 0.070 | 0.110 [ 0.150 | 0.183 | 0.217 | 0.250 | 0.258 [ 0.267 [ 0.283 | 0.300 | 0.317 | 0.333 0.350

0 min.| 5min. [10 min.|15 min.|{20 min | 25 min. | 30 min {40 min.|50 min. |60 min |90 min.|120 min.|180 min. | 240 min|300 min.|360 min. (420 min.

For both large and small powerhouses, each over-speed damage state was then associated with the five
flooding damage states in the over-speed flooding matrix, resulting in a 25-row by 17-column over-speed
matrix, providing probabilities of both mechanical and flooding damage states as afunction of time. The
following discussion describes how this rather complicated association was accomplished.

Examination of Table 2.20 shows the probabilities of the damage states O-1 through O-5 sumto 1.0 at
each time step. This summation to unity isthe same as for the flooding damage states in the upstream and
downstream flooding matrixes — an event initiates with some likelihood, and then evolves with time.
However, the last row of Table 2.20 shows the probability of flooding during an over-speed event is not
constant - it increases continually over the assumed 8 hour duration of the event. Thisincreaseis
fundamentally different from upstream and downstream flooding, where a flooding event is assumed to
initiate with afixed likelihood, and then evolve deterministically. With over-speed, at time zero thereis
no flooding; at 5 minutes thereisa 1.5 percent probability of flooding; at 10 minutes the probability has
increased to 3 percent; and so forth.

In order to accommodate this increase of flooding probability with time, the over-speed matrix was
separated into two matrixes, one involving mechanical damage without flooding and one involving
flooding damage. The matrix for mechanical damage without flooding is derived by reducing, at each
time step, the probability of each of the O-1 through O-4 damage states by the flooding probability for
that time step. 1t was assumed that flooding aways occurred if the unit was in the O-5 damage state
(compl ete destruction), so the O-5 probabilities were set to zero. This matrix is shown in Table 2.21.
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Table 2.21. Over-speed Without Flooding Damage State Probability Matrix

Damage
State
O-1 1.000] 0.739] 0.485] 0.285| 0.093] 0.049| 0.009] 0.005[ 0.003] 0.000{ 0.000/ 0.000] 0.000f 0.000] 0.000] 0.000 0.000
0-2 0.000{ 0.163] 0.320] 0.418| 0.512| 0.312] 0.128] 0.095] 0.065| 0.038] 0.035| 0.032 0.026| 0.021) 0.018] 0.016 0.013
0-3 0.000{ 0.049] 0.097| 0.143| 0.186| 0.312] 0.425| 0.340] 0.261] 0.188] 0.173| 0.159 0.131f 0.105) 0.080] 0.056 0.033
0-4 0.000f 0.025| 0.049] 0.071| 0.093| 0.151] 0.204| 0.267| 0.324| 0.375| 0.383| 0.391 0.406| 0.420| 0.428| 0.436 0.442
0-5 0.000{ 0.000] 0.000] 0.000{ 0.000[ 0.000] 0.000] 0.000] 0.000] 0.000] 0.000| 0.000f 0.000{ 0.000f 0.000[ 0.000 0.000

0 min. [ 5min. | 10 min. {15 min.| 20 min | 25 min. | 30 min {40 min.|50 min. | 60 min {90 min.|120 min.[180 min.| 240 min |300 min.|360 min.| 420 min.

Next, an over-speed with flooding only matrix was derived, to be combined subsequently with the over-
speed without flooding matrix. In order to calculate flooding damage as a function of time, it is necessary
to determine the increase in flooding probability at each time step and use it as an indication of increased
(new) flooding initiating at that time step. In addition, this increase must be partitioned among the
individual flooding damage states. The equations by which this is accomplished are quite involved and
are not presented here. The following discussion presents a conceptual description of what was done.

Start with the O-1 damage state, and consider the small powerhouse model. By t =5 thereisa 1.5 percent
probability that flooding has initiated as shown in Table 2.20. Multiply this times the 0.750 probability
the system isin damage state O-1 at t = 5 minutes, also shown in Table 2.20. Thisvalue of 0.011 isthe
probability of flooding initiating between time zero and 5 minutes. Now multiply this times the over-
speed flooding matrix shown in Table 2.19. This apportions the probability over the various leak sizes
considered for over-speed flooding, and shows the time development of flooding damage from these
leaks. Delete the 1.0 value for time zero —o flooding was present then — so the non-zero entries begin at
time 5. The rows of this new matrix are now O-1,F-0 through O-1,F-4.

Next, from Table 2.20 note that between times 5 and 10 there is another 1.5 percent increase exists in the
probability of flooding. Multiply this times the 0.50 probability the systemisin the O-1 stateat t = 10
(from Table 2.20). Then multiply this value of 0.0075 times the over-speed flooding matrix of Table
2.19, and delete the 1.0 value from the first column, as before. Now time shift this matrix one column to
the right, as appropriate for flooding starting at time 5 minutes, and add it to the matrix developed in the
previous step. This apportions the flooding probability from the new leaks over the damage states,
provides the time evolution of this flooding, and adds it to the flooding effects from flooding starting at
the earlier time.

Repeat the previous step for each of the remaining time steps to compl ete development of the O-1,F-0
through 0-1, F-4 states. Then, repeat the entire process for each of the O-2, O-3, O-4 and O-5 states,
compl eting the over-speed with flooding only matrix.

Thefinal step in development of the over-speed with flooding matrix isto add the values for over-speed
without flooding from Table 2.21 into the F-0 rows for each of the over-speed states O-1 through O-4.
This move is appropriate because the F-0 states are states having no flooding damage. A different
treatment is required for the O-5 states because it is assumed that flooding always accompanies complete
destruction of aturbine-generator unit. The values that would have gone into Table 2.21 for the O-5
states were apportioned at each time step among the O-5 flooding states, according to the fraction of the
total flooding represented by each flooding state. Table 2.22 presents the result of this devel opment
process for the final over-speed with flooding damage probability matrix for the small powerhouse model.
Table 2.23 presents the matrix developed for the large powerhouse model.
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Table 2.22. Over-speed with Flooding Damage State Probability Matrix for Small Powerhouse Model.

Small Plant Model

Damage . . . . . . . . . . . . . . . . .

State Omin. | 5min. | 10min. | 15min. | 20 min | 25min. | 30 min | 40 min. | 50 min. | 60 min | 90 min. | 120 min. | 180 min.| 240 min | 300 min. | 360 min. | 420 min.

O-1 1.000) 0.745 0.496 0.300 0.109 0.066 0.026 0.021 0.015 0.011 0.002 0.000 0.000| 0.000| 0.000| 0.000| 0.000|
0O-1.F-1 0.000 0.003 0.005 0.003 0.002 0.001 0.001 0.002 0.005 0.007 0.015 0.018 0.018] 0.018] 0.018] 0.018] 0.018]
O1F2 0.000 0.002 0.003 0.007 0.007 0.008 0.007 0.007 0.005 0.002 0.000 0.000 0.000| 0.000] 0.000] 0.000] 0.000|
0O-1.F-3 0.000 0.000 0.000 0.000 0.002 0.003 0.002 0.001 0.002 0.005 0.004 0.001 0.000] 0.000] 0.000] 0.000] 0.000]
0O-1.F-4 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.005 0.005 0.008 0.011 0.012] 0.012] 0.012] 0.012] 0.012]

0-2 0.000 0.164 0.325 0.428 0.528 0.336 0.156 0.125 0.094 0.063 0.047 0.033 0.027| 0.021] 0.018] 0.016] 0.013
0-2.F-1 0.000 0.001 0.002 0.003 0.005 0.006 0.005 0.002 0.004 0.008 0.022 0.033 0.034 0.034 0.035] 0.035] 0.035
O-2F2 0.000 0.000 0.001 0.003 0.006 0.009 0.012 0.013 0.013 0.010 0.001 0.000 0.000| 0.000] 0.000| 0.000| 0.000|
0-2.F-3 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.004 0.002 0.004 0.010 0.004 0.000] 0.000] 0.000| 0.000] 0.000]
0-2.F-4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.008 0.012 0.019 0.023] 0.023] 0.024 0.024 0.024

0-3 0.000 0.050 0.098 0.146 0.192 0.325 0.451 0.375 0.301 0.229 0.199 0.165 0.133] 0.107| 0.081] 0.057| 0.033
0-3.F-1 0.000 0.000 0.001 0.001 0.002 0.004 0.008 0.004 0.004 0.007 0.022 0.043 0.049) 0.051] 0.053] 0.054 0.055
0-3.F-2 0.000 0.000 0.000 0.001 0.002 0.005 0.008 0.016 0.017 0.018 0.005 0.001 0.001] 0.001] 0.000] 0.000] 0.000]
0-3,F-3 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.005 0.003 0.013 0.010 0.001] 0.001] 0.000| 0.000] 0.000]
0O-3.F-4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.004 0.008 0.015 0.023 0.033] 0.035] 0.036] 0.037] 0.037]

0-4 0.000 0.025 0.049 0.073 0.096 0.158 0.217 0.285 0.350 0.408 0.407 0.402 0.411] 0.426| 0.434 0.442] 0.448
O4F1 0.000 0.000 0.000 0.001 0.001 0.002 0.004 0.003 0.004 0.006 0.014 0.030 0.041] 0.047| 0.053] 0.059 0.065
O-4.F-2 0.000 0.000 0.000 0.001 0.001 0.002 0.004 0.008 0.010 0.014 0.007 0.002 0.002] 0.002] 0.002] 0.002] 0.002]
0-4.F-3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.002 0.008 0.009 0.002] 0.002] 0.002] 0.002] 0.002]
O-4.F-4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.004 0.011 0.017 0.028| 0.032] 0.035] 0.040] 0.044)

0-5 0.000 0.006 0.012 0.020 0.029 0.043 0.056 0.072 0.087 0.097 0.066 0.028 0.012] 0.011] 0.011] 0.011] 0.010
OBF1 0.000 0.002 0.005 0.007 0.009 0.013 0.017 0.010 0.012 0.018 0.040 0.080 0.099 0.102] 0.107| 0.111] 0.115
0O-5.F-2 0.000 0.002 0.003 0.007 0.010 0.015 0.019 0.033 0.035 0.040 0.019 0.004 0.004 0.004 0.004 0.004 0.003
0-5.F-3 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.006 0.008 0.007 0.022 0.024 0.004 0.004 0.003] 0.003] 0.003]
0O-5.E-4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.007 0.013 0.030 0.044 0.06€| 0.069) 0.072] 0.075] 0.077]

Table 2.23. Over-speed With Flooding Damage State Probability Matrix for Large Powerhouse Model.
Large Plant Model

Damage
State 0 min. |5 min. {10 min. |15 min. |20 min |25 min. }30 min |40 min. |50 min. |60 min |90 min. | 120 min]180 min}240 min{300 min|360 min]420 min.
O-1 1.000] 0.747] 0499 0.303] 0.113] 0.070] 0.030] 0.027] 0.024] 0.021] 0.018] 0.004] 0.000] 0.000] 0.000] 0.000 0.000)
O-1,F-1 0.000] 0.003] 0.004] 0.005] 0003 0.002] 0.001] o0.000] o0.001] 0001 0004 0.018] 0.022] 0.022] 0.022] 0.022 0.022
O-1F-2 0.000] 0.000] 0.001] 0.002] 0.004] 0.005] 0.005] 0.005] 0.005] 0.005] 0.001] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000
O-1F-3 0.000] 0.000] 0.000] 0.000] 0.000] 0.001] 0.002] 0.003] 0.003] 0001 0004 0.005] 0.002] 0.000] 0.000] 0.000] 0.000
O-1F-4 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.002] 0.003] 0.003] 0.006] 0.008] 0.008] 0.008] 0.008
0-2 0.000] 0.164] 0.326] 0430] 0532 0.342] 0.162] 0.133] 0105 0078 0.071] 0.052] 0.027] 0.022] 0.019] 0.016| 0.013]
0-2,F-1 0.000] 0.001] 0.002] 0.003] 0.005] 0.007] 0.006] 0.002] 0.001] 0.002] 0.005] 0.022] 0.042] 0.043] 0.043] 0.043] 0.044
0-2,F-2 0.000] 0.000] 0.000] 0.001] 0.002] 0.004f 0.006] 0.009] 0.008] 0.009] 0.005] 0.001] 0.000] 0.000] 0.000] 0.000] 0.000
0-2,F-3 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.001] 0.003] 0.005] 0005/ 0004 0.009] 0.005] 0.001] 0.000] 0.000] 0.000
0-2,F-4 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] o0.000] 0.000] 0.005] 0.006] 0.010] 0.014] 0.015] 0.015 0.015
0-3 0.000] 0.050] 0.099] 0.146] 0193 0.329] 0457] 0383] 0313] 0245 0228 0201 0.135] 0.108] 0.082] 0.058] 0.034]
0O-3,F-1 0.000] 0.000] 0.001] 0.001] 0.002] 0.005] 0.008] 0.006] 0.004] 0.003] 0.005] 0.020] 0.060] 0.062] 0.065| 0.066) 0.068
O-3,F-2 0.000] 0.000] 0.000] 0.000] 0.001] 0.001] 0.003] 0.008] 0.010] 0012 0.011] 0.003] 0.001] 0.001] 0.000] 0.000) 0.000
O-3,F-3 0.000]  0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.001] 0.004] 0006/ 0.005] 0.011] 0.009] 0.003] 0.001] 0.001 0.001
O-3F-4 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000] 0.005] 0.008] 0.012] 0.019] 0.022] 0.023] 0.023
0-4 0.000] 0.025] 0.049] 0.073] 0096 0.160] 0.220] 0.290] 0.356] 0.419] 0428] 0430] 0417] 0431] 0440 0.448] 0.455)
0O-4,F-1 0.000f 0.000] 0.000] 0.001] 0.001] 0.002] 0.004] 0.004 0004 0005 0003 0.012] 0.048] 0.054] 0.061] 0.069 0.076
0-4,F-2 0.000] 0.000] 0.000] 0.000] 0.000] 0.001] 0.001] 0.004] 0.006] 0.008] 0.009] 0.004] 0.002] 0.002] 0.002] 0.002 0.002
0-4,F-3 0.000] 0.000] 0.000] 0.000] 0.000] 0.000f 0.000] 0.000] 0.002] 0.003] 0.004] 0.007] 0.009] 0.005| 0.003] 0.003] 0.003
O-4,F-4 0.000] 0.000] 0.000] 0.000] 0.000] 0.000f 0.000] 0.000] 0.000] 0.000] 0.003] 0.006] 0.010] 0.016] 0.020] 0.023] 0.025
0O-5 0.000] 0.007] 0.015] 0.025] 0.036] 0.053] 0.070] 0.090] 0.110] 0.129] 0.123] 0.101] 0.023] 0.022] 0.021] 0.021] 0.021]
O-5,F-1 0.000] 0.003] 0.004] 0.008] 0010 0015 0.017] 0.014] o0.012] 0013 0010 0033] 0114] 0119] 0125/ 0.130] 0.135
O-5,F-2 0.000f 0.000] 0.001] 0.001] 0003 0.004 0.007] 0.016] 0020 0024 0025 0.011] 0.004] 0.003] 0.003] 0.003] 0.003
O-5,F-3 0.000] 0.000] 0.000] 0.000] 0.000] 0.000 0.000] 0.002] 0.007] 0.009] 0.012] 0.019] 0.020] 0.010] 0.006] 0.005] 0.005
O-5F-4 0.000] 0.000] 0.000] 0.000] 0.000] — 0.000]  0.000]  0.000]  0.000] 0.000] 0.008]  0.016]  0.023] " 0.035] 0.041]  0.043] 0.045)
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2.3.2 Damage State Cost Development

This section presents the economic cost analysis performed to estimate the costs to repair each damage
state identified in the previous section. Figure 2.9 shows the process that was used. For both small and
large powerhouses, information was input for six variables. construction costs (C.); construction time-to-
repair (t;); environmental costs (mitigation, cleanup, and fines) (Cy), environmental time-to-repair (t);
time-out-of-service (t,); and unit daily power replacement costs (pc). The two time-to-repair costs were
used in calculating interest costs (C;), and the time-out-of-service cost was used in calculating the cost of
power replacement (C,).

Damage State Cost(E)
Construction Costs Environmental
(Flooding and Overspeed) Costs
C
Ci C ei
Interest Costs
P Lost Power
! Generation Costs
L COSt Interw -5 le—]
Z - Cost. c
i pi
_ Costs for Damage States e
Ei=Cci+Cei+C|i+Cpi <

Figure 2.9. Damage State Cost Estimation Process

2.3.2.1 Construction Costs

The construction costs used in this analysis were developed by COE cost engineers using standard COE
methods. Firgt, all activities necessary to return the affected unit to normal operating status were
identified and described at the sub-task level to estimate the work time required and the number of craft
and support personnel necessary to complete the repairs. Cost contributions were estimated for |abor,
materials, and consumables, and for the equipment and tools needed to effect the repairs. Direct costs
include al materials, labor, equipment, and tool costs using an assumed overhead and markup based on
typical COE, WallaWalla District rates. Indirect costs account for contractors’ field office overhead,
home office overhead, profit, and bonds. Escalation costs account for the timing in which most of the
construction costs will occur over the course of the construction effort. The amount of calendar time
needed for the repairs was al so estimated, considering the number of craft assigned to these sub-tasks and
the ability to work them in parallel or series, including provisions for any wait time, as necessary. The
repair time accounts for the additional costsincurred for work performed on a schedule that requires work
by craft at rates above their basic labor rates. Information sources were typically Lower Monumental
Dam and John Day Dam personnel.

The cost estimation process accounts for costs incurred by COE personnel, as well as by contract support
personnel. The COE support costs account for the administrative, construction management, engineering,
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and design support from the COE. Cost estimation summary sheets provided by the COE are presented in
Appendix D, in FiguresD.1to D.9.

Finally, a contingency cost was added to cover unknowns associated with the repair effort. Contingency
percentages vary with the complexity of the work to be performed. For example, zero contingency costs
were added to construction cost estimates for the O-1 over-speed damage state because damages are
minor, well understood, and very little labor or material isinvolved in the remedy. Asthe damage
increases in states O-2 through O-5 and F-1 through F-4, the unknowns about the damage details increase
and alarger contingency percentage is used in the cost estimations. Opportunity and interest costs are
less affected by unknowns because the values used in these calculations are fixed by the COE, so no
contingency was assigned.

It should be noted the objective of estimating the damage costsis to obtain a point estimate, not to place
an upper bound on the possible repair costs. Consequently, an analysis was performed of the percentage
difference between COE cost estimates and low bids for construction work performed for the COE
between 1964 and 1994. The data were found to conform to a normal distribution with a mean of —14.5
percent and a standard deviation of 17 percent. This result was incorporated into the cal culations through
the uncertainty analysis, where the mean of the distribution function for each cost estimate was assumed
to be 14.5 percent smaller than the COE estimate.

Estimated construction costs are presented for both small and large powerhouse models, for each damage
state, in Section 2.3.2.5. That section presents costs for each category, and total costs, by damage state.

2.3.2.2 Lost-Opportunity Costs (L ost Power Generation)

The cost of having one unit out of service may be zero if the stream flow at that time istoo low to operate
al generators. Thus, the lost-opportunity costs are a function of several variables, including the number
of units out-of-service at a given time, the type of facility (i.e., Snake/small or Columbia/large), the length
of timeindividual units are out-of-service, the amount of energy that is not produced given the number of
units out-of-service, and the costs of replacing this power given the number of units out-of service. They
are calculated using the following relationship:

C,= RPCUJ * FEUJ_ *tuj (2.11)
=
where
GCo = lost opportunity costs (lost power costs)
I = total number of units
RPC, = per unit incremental energy replacement cost for the jy, unit
FE, = per unit incremental foregone energy for the j™ unit
ty = per unit time-out-of-service values for the | unit.

The valuesfor RPC,, Fe,, and t, were provided from COE studies.

The COE developed cumulative values of energy benefits ($1,000) and of energy worth ($MWh) from
the results of previous detailed studies for powerhouses at Lower Granite (small, 6 units) and John Day
(large, 16 units). The studies were based on the sequential stream flow regulation model (HY SSR), and
used 50 years of available data. PNNL converted the cumulative values into incremental valuesfor usein
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Equation 2.11. The detailed results are tabulated in Appendix D, TablesD.1 and Table D.2. Figure 2.10

presents the results for asmall plant.
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Figure 2.10. Cumulative Amount of Energy Foregone and Value of Energy as a Function of Number of
Units Out-of-Service for the Small Powerhouse M odel

The COE estimates of the duration of unit unavailability for service, t,, are presented in Table 2.24 and
Table 2.25 for small and large plants, respectively. Note that only the affected unit has non-zero t, until
flooding reaches the generator floor and the F3 damage state is entered. At thispoint all units are
damaged and must be repaired.
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Table 2.24. Estimated Time-Out-Of-Service by Damage State for the Small Powerhouse Model

Unit 1 2 3 4 5 6
Damage Stateljtu (days)|tu (days)tu (days)|tu (days)|tu (days)|tu (days)
o1 1 0 0 0 0 0
O1F1 15 0 0 0 0 0
O1F2 125 0 0 0 0 0
O1F3 1598 1308| 1020 731 668 606
O1F4 1598 1308| 1020 731 668 606
02 22 0 0 0 0 0
O2F1 36 0 0 0 0 0
O2F2 146 0 0 0 0 0
O2F3 1619 1308| 1020 731 668 606
O2F4 1619] 1308] 1020 731 668 606
03 233 0 0 0 0 0
O3F1 247 0 0 0 0 0
O3F2 357 0 0 0 0 0
O3F3 1805/ 1308| 1020 731 668 606
O3F4 1805/ 1308| 1020 731 668 606
04 625 0 0 0 0 0
O4F1 639 0 0 0 0 0
O4F2 749 0 0 0 0 0
O4F3 2021) 1308 1020 731 668 606
O4F4 2021) 1308 1020 731 668 606
05 1527 0 0 0 0 0
O5F1 1541 0 0 0 0 0
O5F2 1651 0 0 0 0 0
O5F3 2275 1308 1020 731 668 606
O5F4 2275 1308 1020 731 668 606
FO 0 0 0 0 0 0
F1 14 0 0 0 0 0
F2 124 0 0 0 0 0
F3 1597 1308 1020 731 668 606
F4 1597 1308 1020 731 668 606
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Table 2.25. Estimated Time-Out-Of-Service by Damage State for the Large Powerhouse M odel

Unit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Damage State | tu (days) | tu (days) | tu (days) | tu (days) | tu (days) | tu (days) | tu (days) | tu (days) | tu (days) [ tu (days) | tu (days) | tu (days) | tu (days) | tu (days) | tu (days)
o1 1 0| 0| 0] 0| 0| 0| 0| 0] 0] 0 0 0 0] 0|
O1F1 38 0| 0| 0| 0| 0| 0| 0| 0| 0) 0| 0| 0| 0| 0|
O1F2 187 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0| 0|
O1F3 2396 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614] 571 565
O1F4 2396 2189 1956 1751 1545 1312 1106 1078 905 901 663 619 614 571 565
02 22 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0| 0|
O2F1 59 0| 0| 0) 0| 0| 0| 0| 0| 0] 0 0 0 0] 0]
O2F2 208 0| 0| 0) 0| 0| 0| 0| 0| 0) 0| 0| 0| 0| 0|
O2F3 2417 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614 571 565
O2F4 2417 2189 1956 1751 1545 1312 1106 1078 905 901 663| 619 614] 571 565
03 233] 0| 0| 0 0| 0| 0| 0| 0| 0 0| 0| 0| 0| 0|
O3F1 270 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0| 0|
O3F2 419 0| 0| 0) 0| 0| 0| 0| 0| 0] 0 0 0 0| 0|
O3F3 2603 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614] 571 565)
O3F4 2603 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614 571 565
04 625| 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0] 0]
O4F1 662 0| 0| 0) 0| 0| 0| 0| 0| 0) 0| 0| 0| 0| 0|
O4F2 811 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0| 0|
O4F3 2189 2189 1956 1751 1545 1312 1106 1078 905 901 663| 619 614] 571 565
O4F4 2189 2189 1956 1751 1545 1312 1106 1078 905 901 663 619 614 571 565
05 1527 0| 0| 0) 0| 0| 0| 0| 0| 0) 0 0 0 0| 0)
O5F1 1564 0| 0| 0) 0| 0| 0| 0| 0| 0] 0 0 0 0| 0]
O5F2 1713 0| 0| 0) 0| 0| 0| 0| 0| 0) 0| 0| 0| 0| 0|
O5F3 3207 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614 571 565
O5F4 3207 2189 1956 1751 1545 1312 1106 1078 905 901 663| 619 614] 571 565
Fo 0 0| 0| 0) 0| 0| 0 0| 0| 0) 0| 0| 0 0| 0|
F1 37 0| 0| 0) 0| 0| 0 0| 0| 0) 0 0 0 0 0
F2 186 0| 0| 0) 0| 0| 0 0| 0| 0) 0 0 0 0 0
F3 2395 2189 1956 1751 1545 1312 1106 1078 905 901 663 619 614 571 565
F4 2395 2189 1956 1751 1545 1312 1106 1078 905 901 663] 619 614 571 565

Estimated lost opportunity costs are presented for small and large powerhouse models, for each damage
state, in Section 2.3.2.5. That section presents costs for each category, and total costs, by damage state.

2.3.2.3 Environmental Costs

Environmental costs result from oil spilled in the river. Consequently they are only incurred for F-4
flooding states, where the water level has reached and opened the maintenance door on Level 4 of the
powerhouse. Environmental costs include the emergency response to stop the spread of the ail, to clean it
up, the remediation and cleanup of the shoreline, transportation and disposal of the spilled ail, alegal
penalty from the Department of Ecology, and an Environmental Assessment and Water Quality Study
performed after the spill. The size of the powerhouse determines the quantity of oil released and therefore
affects the environmental costs.

Estimated environmental costs are itemized in Appendix D, Section D.3.1 for both small and large

powerhouse models. For each damage state they are summarized in Section 2.3.2.5. That section
presents costs for each category, and total costs, by damage state.
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2324 Interest Costs
The COE calculates the costs due to interest based on single payment compound amount factor (SPCAF):
—_— H n
SPCAF = (1+i p) P (2.12)

where n, is the number of periodsand i, isthe interest rate for the period. The SPCAF isused to calculate
interest costs (C;) using the following relationship:

DP . k-.5) D
c =5 *H+2H 5 cox (2.13)
= P O 120 7

where Cost is the cost of thework (i.e., C; + Co) and i, is the annual interest rate (the FY -2000 COE-
established interest rate is 6.625 percent). P isthe number of months the work is anticipated to take and is
based on the time-to-repair (i.e., t, and t,) and each month is represented by k.

Estimated interest costs are presented for small and large powerhouse models, for each damage state, in
the following section. That section presents costs for each category, and total costs, by damage state.

2.3.25 Damage State Costs

Thetotal cost for each damage state is the sum of construction costs, environmental costs, interest costs,
and lost opportunity costs. Table 2.26 and Table 2.27 present the values for each of these components
and the total cost for each of the 30 damage states for small and large powerhouses, respectively.
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Table 2.26. Damage State Costs for the Small Powerhouse Model

Damage |Construction [Environment |Interest Power Total
State Replacement
01 $100 $0 $0 $3,079 $3,179
O1F1 $31,000 $0 $95 $48,175 $79,270)
O1F2 $714,000 $0 $7,919 $384,795 $1,106,714|
O1F3 | $27,459,000 $0| $4,426,064] $170,412,559 $202,297,624
O1F4 $31,171,000 $290,160| $5,025,195 $170,412,559 $206,898,914)
02 $46,000 $0 $127 $67,724 $113,851]
O2F1 $77,000 $0 $212 $110,821 $188,033
O2F2 $760,000 $0 $10,556 $449,441 $1,219,997
O2F3 $27,505,000 $0| $4,525,843| $170,477,205 $202,508,048
O2F4 $31,217,000 $290,160| $5,137,439] $170,477,205 $207,121,804)
03 $836,000 $0 $18,683 $717,258 $1,571,941
O3F1 $867,000 $0 $19,376 $760,355 $1,646,731
O3F2 $1,550,000 $0 $52,347 $1,098,975 $2,701,322
O3F3 $28,200,000 $0| $5,215,935 $171,049,780 $204,465,715
O3F4 $31,912,000 $290,160| $5,903,315 $171,049,780 $209,155,255
04 $7,064,000 $0| $424,559 $1,923,976 $9,412,535
O4F1 $7,095,000 $0| $426,423 $1,967,073 $9,488,496
O4F2 $7,778,000 $0|  $560,704 $2,305,693 $10,644,397|
O4F3 $30,319,000 $0| $6,347,950 $171,714,706 $208,381,656
O4F4 $34,031,000 $290,160| $7,125,938| $171,714,706 $213,261,804
05 $35,352,000 $0| $5,462,226 $4,700,658 $45,514,884|
O5F1 $35,383,000 $0| $5,467,016 $4,743,755 $45,593,771
O5F2 $36,066,000 $0| $6,056,093 $5,082,375 $47,204,468
O5F3 $50,030,000 $0[$12,093,277|  $172,496,610 $234,619,887|
O5F4 $53,742,000 $290,160($12,991,344| $172,496,610 $239,520,114
FO $0 $0 $0 $0 $0
F1 $31,000 $0 $0 $43,097 $74,097
F2 $714,000 $0 $7,919 $381,717 $1,103,636
F3 $27,459,000 $0| $4,426,064| $170,409,481 $202,294,545
F4 $31,171,000 $290,160| $5,025,195 $170,409,481 $206,895,836
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Table 2.27. Damage State Costs for the Large Powerhouse Model

Damage| Construction |Environmental | Interest Power Total
State Replacement
O1 $100 $0 $0 $839 $939
O1F1 $82,000 $0 $226 $31,895 $114,121
O1F2 $1,904,000 $0 $31,795 $156,958 $2,092,753
O1F3 $62,946,000 $0/$16,142,869] $665,521,495] $744,610,364
O1F4 $72,771,000 $714,000($18,664,516| $664,521,495| $756,671,011
02 $46,000 $0 $127 $18,466 $64,593
O2F1 $128,000 $0 $707 49521 $178,228
O2fF2 $1,950,000 $0 $38,061 $174,584 $2,162,645
0O2F3 $62,992,000 $0[$16,388,931| $665,539,121| $744,920,052
O2F4 $72,817,000 $714,000{$18,947,116] $665,695,121| $758,173,237
03 $836,000 $0 $18,683 $195,567 $1,050,250)
O3F1 $918,000 $0 $23,123 $226,623 $1,167,746
O3F2 $2,740,000 $0|  $108,361 $351,686 $3,200,047
O3F3 $63,782 $0[$18,306,796| $665,695,239] $684,065,817
O3F4 $73,607,000 $714,000{$20,817,158|  $665,695,239| $760,833,397
04 $7,064,000 $0| $424,559 $524,591 $8,013,150,
O4F1 $7,146,000 $0|  $450,783 $555,647 $8,152,430]
O4F2 $8,968,000 $0|  $700,839 $680,709 $10,349,548
O4F3 $65, 770,000 $0[$20,377,694| $665,876,538] $752,024,232
05 $35,352,000 $0| $5,462,226 $1,281,680 $42,095,906
O5F1 $35,434,000 $0| $5,592,995 $1,312,736 $42,339,731
O5F2 $37,256,000 $0| $6,508,496 $1,437,799 $45,202,295
O5F3 $85,533,000 $0[$30,964,734| $666,202,204| $782,699,938
O5F4 $92,304,000 $714,000({$33,417,946 $66,202,204|  $191,995,550
FO $0 $0 $0 $0 $0
F1 $82,000 $0 $226 $31,056 $113,282
F2 $1,904,000 $0 $31,795 $156,118 $2,091,913
F3 $62,946,000 $0[$16,142,869| $665,520,656| $744,609,525
F4 $72,771,000 $714,000($18,664,516| $665,520,656| $757,670,172

Examination of these damage state costs shows the really large costs occur when the generator floor is
flooded and damage state F-3 is entered, either with or without over-speed. Even total destruction of a
unit without flooding (O-5 state) is only afraction as costly as the F-3 or F-4 damage states without over-
speed.

2.3.3 Economic Consequence Analysis

Asshown in Figure 2.1, the economic consequences are determined by combining the damage state
probability matrixes with the damage state costs. The damage state probability matrixes present, for each
time step, the conditional probability the systemisin each of the damage states associated with the
initiating event under consideration (over-speed, upstream flooding, or downstream flooding). At each
time step, these conditional probabilities sum to 1.0, as these states span the possibl e states the system can
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occupy. Astimeincreases (and expected damage accumulates) the probabilities of the lower damage
states decrease, and the probabilities of the higher damage states increase.

Multiplying, at any time, the damage state probability by the damage state cost yields the expected cost of
the damage at that time. Consequently, each row of the damage state probability matrixesis multiplied
by the cost estimated for that damage state, yielding an expected cost versus time matrix. Summing the
expected costs at each time yields the total expected cost at that time. Because the probabilities evolve
towards higher damage as time increases, the total expected costs increase with time, asis expected.

The results of these manipulations to devel op the expected damage state costs and total expected costs are
presented in Table 2.28, Table 2.29, and Table 2.30. Figure 2.27, Figure 2.28, and Figure 2.29 present the
costs for upstream flooding, downstream flooding and for over-speed events, respectively, with both
small and large powerhouses included in each table.

Table 2.28. Upstream Flooding Expected Damage State Costs and Total Expected Costs as a Function of
Time (Dollars)

Small Plant
Damage
State 0 Min. 5 Min. 10 Min. 15 Min. 20 Min. 25 Min. 30 Min. 40 Min. 50 Min. 60 Min. 90 Min. 120 Min. 180 Min. _ |240 Min.  |300 Min. _ |360 Min. _ |420 Min.
F-0 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00
F-1 0.00E+00| 6.97E+04] 6.97E+04] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00] 4.45E+03| 4.45E+03| 4.45E+03| 4.45E+03| 4.45E+03| 4.45E+03| 4.45E+03| 4.45E+03] 4.45E+03|
F-2 0.00E+00| 0.00E+00| 0.00E+00] 1.04E+06| 1.04E+06] 1.04E+06| 1.04E+06| 1.04E+06| 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00
F-3 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00]| 0.00E+00| 0.00E+00| 0.00E+00| 1.91E+08] 1.91E+08] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00
F-4 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00] 1.95E+08| 1.95E+08| 1.95E+08| 1.95E+08] 1.95E+08| 1.95E+08| 1.95E+08
Total 0.00E+00| 6.97E+04| 6.97E+04| 1.04E+06| 1.04E+06| 1.04E+06| 1.04E+06| 1.04E+06| 1.91E+08| 1.91E+08| 1.95E+08| 1.95E+08| 1.95E+08| 1.95E+08| 1.95E+08| 1.95E+08] 1.95E+08
Large Plant
Damage
State 0 Min. 5 Min. 10 Min. 15 Min. 20 Min. 25 Min. 30 Min. 40 Min. 50 Min. 60 Min. 90 Min. 120 Min. 180 Min. 240 Min. ]300 Min. _|360 Min. _|420 Min.
F-0 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
F-1 0.00E+00f 1.07E+05| 1.07E+05| 1.07E+05| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00] 6.80E+03| 6.80E+03| 6.80E+03| 6.80E+03| 6.80E+03| 6.80E+03| 6.80E+03]
F-2 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 1.97E+06| 1.97E+06] 1.97E+06| 1.97E+06| 1.97E+06| 1.97E+06] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
F-3 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00] 7.03E+08| 7.03E+08| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00
F-4 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00] 0.00E+00) 0.00E+0d 0.00E+0d 7.15E+08] 7.15E+08| 7.15E+08| 7.15E+08] 7.15E+08|
Total 0.00E+00| 1.07E+05] 1.07E+05| 1.07E+05 1.97E+06f 1.97E+06{ 1.97E+06( 1.97E+06| 1.97E+06] 1.97E+06 7.03E+08| 7.03E+08| 7.15E+0d 7.15E+0d 7.15E+0;1 7.15E+0d 7.15E+0d

Examination of the upstream flooding matrixesin Table 2.17 shows that the large increase in costs seen in
Table 2.28 occurs when flooding from scroll tube door blowout would reach and damage the generator
floor (F-3 state).
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Table 2.29. Downstream Flooding Expected Damage State Costs and Total Expected Costs as a Function
of Time (Dollars)

Small Plant
Damage
State 0 Min. 5 Min. 10 Min. 15 Min. 20 Min. 25 Min. 30 Min. 40 Min. 50 Min. 60 Min. 90 Min. 120 Min. 180 Min. 1240 Min. _|300 Min. _]360 Min. {420 Min.
F-0 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+Q0
F-1 0.00E+00] 2.48E+04| 2.48E+04] 0.00E+00| 0.00E+00|] 0.00E+00| 0.00E+00| 3.33E+03| 3.33E+03| 3.33E+03| 2.89E+04]| 2.89E+04] 2.89E+04| 2.89E+04| 2.89E+04| 2.89E+04| 2.89E+04
F-2 0.00E+00] 3.03E+05] 3.03E+05] 6.73E+05| 3.70E+05] 3.70E+05| 3.70E+05] 3.70E+05] 3.70E+05| 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00] 0.00E+00| 0.00E+00
F-3 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 5.56E+07| 5.56E+07| 0.00E+00| 0.00E+00| 0.00E+00| 6.78E+07| 6.78E+07| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
F-4 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| O0.00E+00| 5.69E+07| 5.69E+07| 5.69E+07| 5.69E+07| 5.69E+07| 1.26E+08| 1.26E+08| 1.26E+08| 1.26E+08| 1.26E+08| 1.26E+08
Total 0.00E+00| 3.28E+05| 3.28E+05] 6.73E+05| 5.60E+07| 5.60E+07| 5.73E+07| 5.73E+07] 5.73E+07| 1.25E+08| 1.25E+08| 1.26E+Oj 1.26E+Oj 1.26E+08| 1.26E+08| 1.26E+08 1.26E+Oj
Large Plant
Damage
State 0 Min. 5 Min. 10 Min. 15 Min. 20 Min. 25 Min. 30 Min. 40 Min. 50 Min. 60 Min. 90 Min. 120 Min. {180 Min. _|240 Min. _ |300 Min. _ }360 Min. _ {420 Min.
F-0 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00|] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00f 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+O00
F-1 0.00E+00] 6.91E+04| 3.79E+04] 3.79E+04| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 5.10E+03| 5.10E+03| 5.10E+03| 4.42E+04| 4.42E+04| 4.42E+04| 4.42E+04| 4.42E+04| 4.42E+04
F-2 0.00E+00] 0.00E+00| 5.75E+05] 5.75E+05| 1.28E+06| 7.01E+05| 7.01E+05| 7.01E+05| 7.01E+05| 7.01E+05| 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
F-3 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00| 2.05E+08| 2.05E+08| 2.05E+08| 2.05E+08| 0.00E+00| 2.49E+08| 2.49E+08| 2.49E+08| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+Q0
F-4 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00| 0.00E+00] 0.00E+00] 0.00E+00| 0.00E+00| 0.00E+00| 2.08E+08| 2.08E+08| 2.08E+08| 2.08E+08| 4.62E+08| 4.62E+08| 4.62E+08| 4.62E+08
Total 0.00E+00| 6.91E+04| 6.13E+05| 6.13E+05| 1.28E+06) 2.06E+08| 2.06E+08 2.06E+08| 2.06E+08| 2.09E+08| 4.57E+08| 4.57E+08| 4.57E+08| 4.62E+08 4.62E+0d 4.62E+08 4.62E+0d

Examination of the downstream flooding matrixes in Table 2.18 shows that the first large increase in

costs seen in Table 2.29 occurs when flooding from head cover blowout would reach and damage the
generator floor (F-3 state). The second large cost increase occurs when flooding from draft tube door
blowout would reach the same level.
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Table 2.30.

Over-speed Expected Damage State Costs and Total Expected Costs as a Function of Time

(Dollars)
Overspeed, Small Plant
DZ’:;?SE oMin. | 5min. | 10min. | 15min. | 20min | 25 min. | 30 min | 40 min. | 50 min. | 60 min | 90 min. | 120 min. | 180 min. | 240 min | 300 min.| 360 min. | 420 min
0-1 | 3.2F+03| 2.4E+03| 1.6E+03| 0.5E+02| 3.5E+02| 2.1E+02| 8.3E+01] 6.8E+01] 4.9E+01| 3.5E+01] 7.3E+00] 1.0E-01] 0.0E+00| 0.0E+00| 0.0E+00| 0.0E+00| 0.0E+00)
0-1.F-1 | 0.0E+00| 2.1E+02| 3.5E+02] 2.5E+02| 1.5E+02[ 7.8E+01| 4.8£+01] 1.4E+02] 3.8E+02] 5.1E+02| 1.2F+03| 1.4E+03| 1.4E+03| 1.4E+03| 1.4E+03| 1.4E+03] 1.4E+03
0-1.F-2 | 0.0E+00| 2.1E+03| 3.4E+03| 7.5E+03| 7.8E+03| 8.4E+03| 8.0E+03| 7.9E+03| 5.9E+03| 2.5E+03| 3.7E+01| 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00| 0.0E+00| 0.0E+00)
0-1.F-3 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0F+00| 3.8E+05] 6.3E+05| 4.5E+05| 1.4E+05| 3.8+05| 1.0E+06| 8.8E+05| 1.6E+05| 0.0E+00] 0.0E+00| 0.0E+00| 0.0E+00| 0.0E+00)
0-1.F-4 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 3.9E+05| 8.5E+05] 0.9+05| 1.0E+06| 1.6E+06] 2.3E+06| 2.5E+06| 2.5E+06] 2.5E+06| 2.5E+06| 2.5E+06)
0-2 | 0.0+00| 1.9E+04] 3.7E+04] 4.9E+04| 6.0E+04] 3.8E+04] 1.8+04| 1.4E+04] 1.1E+04] 7.2E+03( 5.3E+03] 3.8E+03| 3.0E+03| 2.4E+03| 2.1E+03| 1.85+03] 1.5E+03
0-2.F-1 | 0.0E+00| 1.1E+02| 3.4E+02] 6.2F+02| 8.9E+02[ 1.1E+03 9.0E+02| 3.0E+02| 7.4E+02| 1.6E+03| 4.1E+03] 6.1E+03| 6.4E+03| 6.5E+03] 6.5E+03| 6.6E+03| 6.6E+03
0-2.F-2 | 0.0E+00| 5.0E+02| 1.5E+03] 4.0E+03| 7.2E+03[ 1.2E+04| 1.4E+04] 1.6E+04] 1.5E+04] 1.36+04] 1.4E+03] 1.8E+02| 1.5E+02] 1.3E+02] 1.1E+02[ 0.6E+01] 8.3E+01
0-2.F-3 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 8 3E+04] 2.5E+05| 4.6E+05| 8.4E+05| 4.0E+05| 7.7E+05| 2.0E+06] 8.8E+05| 2.85+04] 2.3E+04| 1.9E+04] 1.7E+04| 1.5E+04
0-2.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00[ 0.0E+00] 8.5E+04| 5.6E+05] 1.4E+06| 1.7E+06| 2.5E+06] 3.9E+06| 4.8E+06| 4.9E+06] 4.9E+06| 5.0E+06| 5.0E+06)
0-3 | 0.0E+00| 7.86+04] 1.5E+05] 2.3F+05| 3.0E+05| 5.1E+05 7.1E+05| 5.9E+05[ 4.7E+05] 3.6E+05| 3.1E+05] 2.6E+05| 2.1E+05] 1.7E+05] 1.3E+05| 8.9E+04| 5.2E+04
0-3.F-1 | 0.0E+00| 3.0E+02| 8.9E+02] 1.8E+03| 2.8E+03| 7.1E+03| 1.36+04| 6.16+03| 6.4E+03| 1.2E+04| 3.7E+04] 7.1E+04| 8.1E+04] 8.4E+04] 8.7E+04] 8.9E+04] 9.1E+04
0-3.F-2 | 0.0E+00| 3.4E+02| 1.0E+03 2.8+03| 5.3E+03] 1.3E+04| 2.36+04| 4.4E+04] 4.6E+04] 4.9E+04] 1.3E+04] 2.0E+03| 1.7E+03] 1.4E+03] 1.1E+03] 8.3E+02| 5.4E+02)
0-3.F-3 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00| 2.5E+04] 7.6E+04| 1.5E+05| 6.1E+05| 0.7E+05| 6.6E+05| 2.7E+06] 2.0E+06| 1.4E+05| 1.2E+05| 9.7E+04] 7.5E+04| 5.4E+04
0-3.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 2.6E+04| 1.8E+05] 8.1E+05| 1.8E+06| 3.1E+06| 4.8E+06| 7.0E+06| 7.3E+06] 7.5E+06| 7.7E+06] 7.9E+08)
0-4 | 0.0E+00| 2.4E+05| 4.7E+05] 6.9+05| 9.1E+05] 1.5E+06] 2.1E+06| 2.7E+06| 3.3E+06] 3.9E+06| 3.9E+06] 3.8£+06| 3.9E+06| 4.0E+06] 4.1E+06| 4.2E+06| 4.3E+06)
0-4.F-1 | 0.0E+00| 8.6E+02| 2.6E+03] 5.2F+03| 8.0E+03| 2.0E+04| 3.8£+04| 2.4E+04] 3.5E+04] 5.0E+04| 1.4E+05| 2.9E+05| 4.0E+05| 4.5E+05] 5.0E+05[ 5.6E+05| 6.2E+05)
0-4.F-2 | 0.0E+00| 6.6E+02| 2.0E+03| 5.6E+03| 1.0E+04] 2.5E+04| 4.5E+04| 8.9E+04] 1.1E+05| 1.56+05| 7.7E+04] 1.8E+04| 1.9E+04] 2.0E+04] 2.1E+04] 2 2E+04] 2 3E+04
0-4.F-3 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 1.3E+04] 3.9E+04| 7.8£+04| 3.0E+05[ 5.1E+05| 5.1E+05| 1.6E+06] 1.9E+06| 3.5E+05| 3.7E+05] 3.9E+05[ 4.1E+05| 4.3E+05)
0-4.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 1.3E+04] 9.3E+04] 4.0E+05 9.1E+05| 2.3E+06] 3.6E+06| 6.0E+06| 6.8E+06] 7.6E+06| 8.5E+06] 9.4E+06)
0-5 | 0.0E+00| 2.86+05| 5.5E+05] 0.5E+05| 1.3E+06| 2.0E+06] 2.6E+06| 3.4E+06| 4.0E+06] 4.5E+06| 3.1E+06] 1.3E+06| 5.56+05| 5.2E+05] 5.0E+05| 5.0+05| 4.9E+05)
0-5.F-1 | 0.0E+00| 1.1E+05| 2.2F+05 3.3F+05| 4.3E+05] 6.2E+05| 8.0E+05| 4.4E+05] 5.6E+05| 8.4E+05] 1.9E+06] 3.7E+06| 4.6E+06| 4.8E+06] 5.0E+06| 5.2E+06] 5.4E+06)
0-5.F-2 | 0.0E+00| 8.0E+04| 1.6E+05| 3.3E+05| 4.8E+05] 7.1E+05| 9.1E+05| 1.6E+06| 1.7E+06] 1.9E+06| 9.2E+05| 2.0E+05| 1.9E+05| 1.8E+05] 1.7E+05| 1.7E+05| 1.7E+05)
0-5.F-3 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0F+00| 1.3E+05] 2.5E+05| 4.0E+05| 1.4E+06] 1.9E+06] 1.7E+06| 5.1E+06] 5.7E+06| 8.9E+05| 8.4E+05| 8.2E+05| 8.0E+05| 7.9E+05)
0-5.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00[ 0.0E+00] 6.2E+04| 4.2E+05] 1.6E+06] 3.1E+06| 7.3E+06] 1.1E+07| 1.6E+07] 1.7E+07] 1.7E+07[ 1.8E+07] 1.9E+07]
Total Cost | 3.2F+03 8.1E+05| 1.6E+06] 2.6E+06] 4.2E+06| 6.7E+06] 9.4E+06 1.4E+07| 2.0E+07] 2 56+07] 3.9E+07| 4.6E+07] 4.8E+07| 5.0E+07| 5.2E+07| 5.4E+07] 5.6E+07]
Overspeed, Large Plant

DZ’:;?SE oMin. | 5min. | 10min. | 15min. | 20min | 25 min. | 30 min | 40 min. | 50 min. | 60 min | 90 min. | 120 min. | 180 min. | 240 min | 300 min.| 360 min. | 420 min
0-1 | 0.4E+02| 7.0E+02| 4.7E+02] 2.8E+02| 1.1E+02| 6.6E+01| 2.8E+01] 2.6E+01] 2.2E+01| 1.9E+01| 1.7E+01] 3.5E+00[ 0.0E+00] 0.0E+00| 0.0E+00| 0.0E+00| 0.0E+00)
0-1.F-1 | 0.0E+00| 3.3E+02| 4.3E+02] 5.2F+02| 3.1E+02[ 2.1E+02| 8.9E+01] 1.3E+01] 0.9E+01] 1.6E+02| 4.7E+02] 2.1E+03| 2.5E+03| 2.5E+03] 2. 5E+03| 2.5E+03] 2.5E+03
0-1.F-2 | 0.0E+00] 0.0E+00| 2.4E+03| 3.9+03| 9.0E+03| 9.5E+03| 1.0E+04| 1.0E+04] 1.0E+04] 1.0E+04| 2.2E+03] 3.1E+01| 0.0E+00] 0.0E+00| 0.0E+00| 0.0E+00| 0.0E+00)
0-1.F-3 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00[ 8.4E+05| 1.4E+06| 2.0E+06| 2.2E+06] 1.1E+06| 2.8E+06] 3.5E+06| 1.5E+06] 1.3E+05] 0.0E+00[ 0.0E+00| 0.0E+00)
0-1.F-4 | 0.0E+00] 0.0E+00| 0.0+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00| 0.0E+00] 1.1E+06| 2.2E+06] 2.3E+06| 4.4E+06| 5.8E+06] 5.9E+06| 5.9E+06| 5.9E+06)
0-2 | 0.0e+00| 1.1E+04] 2.1E+04] 2.8E+04] 3.4E+04] 2.2E+04] 1.0E+04] 8.6E+03[ 6.8E+03] 5.0E+03| 4.6E+03| 3.3E+03| 1.7E+03] 1.4E+03[ 1.2E+03[ 1.0E+03] 8.7E+02)
0-2.F-1 | 0.0E+00| 1.1E+02| 3.0E+02] 6.2F+02| 9.0E+02| 1.2E+03| 9.9E+02| 3.2E+02| 2.2E+02| 3.2E+02| 9.8E+02| 4.0E+03| 7.5E+03| 7.6E+03] 7.7E+03| 7.7E+03| 7.8E+03)
0-2.F-2 | 0.0E+00| 0.0E+00| 5.4E+02] 1.6E+03| 4.4E+03| 7.9E+03| 1.35+04| 1.9E+04] 1.8E+04| 1.9E+04] 1.1E+04| 1.3E+03| 2.6E+02| 2.2E+02| 1.9E+02| 1.6E+02| 1.4E+02)
0-2.F-3 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00| 1.9E+05| 5.6E+05| 2.0E+06| 3.5E+06] 3.5E+06| 3.3E+06] 6.4E+06| 3.8E+06| 8.8E+05| 1.4E+05] 1.2E+05| 1.0E+05)
0-2.F-4 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00[ 0.0E+00] 3.8E+05| 3.8E+06] 4.3E+06| 7.4E+06| 1.1E+07] 1.1E+07[ 1.2E+07] 1.2E+07]
0-3 | 0.0e+00| 5.26+04] 1.0E+05] 1.5E+05| 2.0E+05| 3.5E+05| 4.8E+05| 4.0E+05] 3.3E+05| 2.6E+05| 2.4E+05| 2.1E+05[ 1.4E+05] 1.1F+05] 8.7E+04] 6.1E+04] 3.6E+04
0-3.F-1 | 0.0E+00| 2.3E+02| 6.0E+02] 1.3E+03| 2.1E+03| 5.6E+03| 9.5E+03| 7.36+03| 4.36+03| 3.7E+03| 6.3E+03| 2.3E+04| 7.0E+04| 7.3E+04] 7.6E+04] 7.8E+04| 7.9E+04
0-3.F-2 | 0.0E+00] 0.0E+00| 2.4E+02] 7.2F+02| 2 1F+03[ 3.9E+03| 0.5E+03| 2.5E+04] 3.3+04| 3.8E+04] 3.4E+04] 8.4E+03| 2.0E+03| 1.6E+03| 1.3E+03[ 1.0E+03] 6.8E+02)
0-3.F-3 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00| 5.6E+04| 1.7E+05| 6.9E+05| 3.2E+06] 4.26+06| 3.6E+06] 8.1E+06| 6.85+06] 2.3E+06] 6.8E+05| 5.56+05| 4.2E+05)
0-3.F-4 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00[ 0.0E+00] 0.0E+00] 0.0E+00[ 0.0E+00] 1.1E+05[ 4.2E+06] 6.1E+06| 0.6E+06| 1.5E+07] 1.7E+07] 1.8E+07] 1.8E+07]
0-4 | 0.0+00| 2.0E+05| 4.0E+05] 5.9E+05| 7.86+05| 1.3E+06] 1.8E+06| 2.3E+06| 2.9E+06] 3.4E+06| 3.5E+06] 3.5E+06| 3.4E+06| 3.5E+06] 3.6E+06| 3.6E+06] 3.7E+06)
0-4.F-1 | 0.0E+00| 8.0E+02| 2.1E+03| 4.7E+03| 7.2E+03[ 1.9E+04| 3.2E+04| 3.0E+04] 3.0E+04| 3.9E+04| 2.8E+04] 1.0E+05| 3.9E+05| 4.5E+05] 5.0E+05[ 5.7E+05| 6.3E+05
0-4.F-2 | 0.0E+00] 0.0E+00| 3.9E+02] 1.2F+03| 3 4E+03| 6.3E+03| 1.5E+04| 4.1E+04] 6.0E+04] 8.4E+04] 9.5E+04] 4.4E+04] 1.7E+04] 1.8E+04] 1.9E+04] 2.0E+04] 2.1E+04
0-4.F-3 | 0.0E+00| 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 2.8E+04| 8.5E+04| 3.5E+05 1.6E+06] 2.36+06| 3.3E+06] 5.4E+06| 6.5E+06| 3.4E+06] 2.2E+06| 2.4E+06| 2.5€+06)
0-4.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00] 5.8E+04] 2.2E+06| 4.7E+06| 7.4E+06| 1.2E+07] 1.6E+07| 1.7E+07] 2.0E+07]
0-5 | 0.0+00| 3.2E+05| 6.36+05] 1.1E+06| 1.5E+06| 2.3E+06] 3.0E+06| 3.9E+06| 4.7E+06] 5.5E+06| 5.3E+06] 4.4E+06| 1.0E+06] 9.5E+05] 9.2E+05| 9.1E+05| 8.9E+05)
0-5.F-1 | 0.0E+00| 1.1E+05| 1.0E+05 3.3F+05| 4.1E+05] 6.4E+05| 7.5E+05| 6.1E+05] 5.2E+05| 5.7E+05| 4.1E+05| 1.4E+06| 5.0E+06| 5.2E+06] 5.4E+06| 5.6E+06] 5.9E+06)
0-5.F-2 | 0.0E+00] 0.0E+00| 3.1E+04] 6.2F+04| 1.5E+05] 1.8E+05| 3.1E+05| 7.36+05] 0.1E+05| 1.1E+06| 1.1E+06] 4.9E+05| 1.7E+05] 1.6E+05] 1.5E+05| 1.56+05| 1.5E+05)
0-5.F-3 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00| 0.0E+00[ 1.7E+05| 3.7E+05| 1.6E+06] 5.8+06] 7.2E+06] 9.5E+06] 1.5E+07| 1.6E+07| 7.6E+06] 4.4E+06| 4.3E+06] 4.2E+06)
0-5.F-4 | 0.0E+00] 0.0E+00| 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00] 0.0E+00| 0.0E+00] 1.7E+05| 6.5E+06] 1.3E+07| 1.8E+07| 2.8E+07] 3.3E+07| 3.5E+07| 3.6E+07]
Total Cost| 0.4F+02] 7.0e+05] 1.4E+06 | 2.3+06] 3.2E+06] 6.1E+06] 0.0E+06 ] 1.5E+07] 2.6E+07] 3.1E+07 [ 5.26+07]| 7.9E+07 [ 9 2E+07 [ 9.6E+07[ 1.0E+08] 1 1E+08] 1.1 +08

Examination of the over-speed flooding matrixesin Table 2.19 shows that at small times the expected
costs result primarily from mechanical damage without flooding (O-3, O-4, and O-5 states). At larger
times, as the flooding probability increases, the expected costs from the F-3 and F-4 flooding states
associated with these over-speed states increases, eventually exceeding the costs from the mechanical
damage states.

Examination of the expert estimates for flooding probability, presented in Table 2.20, shows that between
20 and 30 minutes after event initiation the flooding probability becomes substantial, and increases from 7
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percent to 15 percent. Damages on the generator floor due to flooding from potential head cover blowout
would become significant 20 minutes later. Thisresult isevidenced in Table 2.30 around t = 50, when
the total costs for small and large powerhouses increase rapidly. Then, 60 minutes after this significant
flooding initiates, flooding from potential scroll tube and draft tube door blowouts would reach the
generator floor, causing the total costs to increase even more rapidly during the period between t = 60 and
90 minutes.

Although the uncertainty analysis was primarily performed to bound the uncertainties of the final results,
information was developed for each step of the analysis process. Figure 2.11, Figure 2.12, and Figure
2.13 present the analysis results for both small and large powerhouses. The figures plot the point estimate
values of the costs versus time as a solid line, in between the dashed lines that present the 5" and 95"
percentile bounds.

24 Risk Analysis Resultsand Conclusions

AsFigure 2.1 shows, risk is calculated by combining the event frequency curves (Section 2.2.4) with the
consequence curves (Section 2.3.3) as afunction of time. Thisis done according to Equation 2.3, that
multiplies the change in risk at each time step times the average consequence over the time step. Thus,
conseguences accumul ate until each recovery action, and are then weighted (multiplied) by the likelihood
of success of the action and summed into the total risk for the design under consideration. A conceptual
feeling for how this works may be obtained by reexamining the frequency profiles of Figure 2.4
comparing the differences between designs with intake gates capable of closure in 10 minutes and in six
hours. These curves provide the values multiplied times the expected damage costs shown in Figure 2.11,
Figure 2.12, and Figure 2.13. The results of these calculations are presented in the tables and figures of
this section.

For each of the designs analyzed, two types of risk results are presented. First, point estimate risk values
are presented. Second, uncertainty analysis results are presented as 5 percent and 95 percent confidence
limits, along with some information about the mean and median values of the distribution of results
obtained in the uncertainty analysis.
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Figure 2.11. Upstream Flooding Expected Costs and Uncertainty Bounds as a Function of Time
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Figure 2.12. Downstream Flooding Expected Costs and Uncertainty Bounds as a Function of Time
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2.4.1 Risk Point Estimate Results and Conclusions

The point estimate total risk values obtained for small powerhouse designs are presented in Table 2.31.
Table 2.32 presents the comparable values for large powerhouse designs.

Table 2.31. Tota Risk Point Estimates for the Small Powerhouse Model ($ M/unit-yr.)

Small Power house
Design

HY-N (Des. 11)
HY-T (Des. 3)
HY-F (Des. 7)

HY-T-E (Des. 15)
HY-F-E (Des. 19)

HO-T-E (Des. 14)
HO-F-E (Des. 18)

CR-N (Des. 12)
CR-T (Des. 4)
CR-F (Des. 8)

CR-T-E (Des. 16)
CR-F-E (Des. 20)

Intake Gate Closure Time

10 min. 30 min.
1.12 1.16
1.14 1.17
1.19 1.22
1.13 1.16
1.16 1.19
1.15 1.17
1.18 1.20
1.20
1.25
1.30
1.24
1.27

60 min.

2.39
240
243

2.37
2.39

360 min.

249
2.49
2.50

244
2.45

244
2.45

2.49
2.50
2.50

245
245

Table 2.32. Total Risk Point Estimates for the Large Powerhouse Model ($ M/unit-yr.)

L ar ge Power house
Design

HY-N (Des. 11)
HY-T (Des. 3)
HY-F (Des. 7)

HY-T-E (Des. 15)
HY-F-E (Des. 19)

HO-T-E (Des. 14)
HO-F-E (Des. 18)

CR-N (Des. 12)
CR-T (Des. 4)
CR-F (Des. 8)

CR-T-E (Des. 16)
CR-F-E (Des. 20)

Intake Gate Closure Time

10 min. 30 min.
1.09 1.13
1.14 1.18
1.26 1.32
1.12 1.16
1.22 1.25
1.16 1.20
1.26 1.30
1.43
1.48
1.62
1.45
155

60 min.

1.52
157
1.68

1.50
1.59

52

360 min.

5.99
6.01
6.03

5.87
5.88

5.87
5.88

5.99
6.02
6.03

5.87
5.88



Examination of the total risk values presented in Table 2.31 and Table 2.32 |eads to the following
conclusions:

e The primary determinant of total risk is the time required to close the intake gates after occurrence of
an initiating event. The risk is much greater for designs requiring six hours for intake gate closure
than for designs requiring 10 minutes or 30 minutes for closure.

»  For small powerhouses, total risk increases rapidly for designs requiring more than 30 minutes for
intake gate closure, and approaches its maximum value for designs requiring 60 minutes. For large
powerhouses the mgjor risk increase occurs for designs requiring more than 60 minutes to close the
intake gates. (This difference is because flooding takes longer to fill the lower elevations of the large
powerhouses before it reaches the generator floor.)

» Emergency closure systems for the wicket gates reduce the total risk from O to 5 percent, depending
on design details.

»  Fish screensincrease the total risk from 0 to 6 percent for small powerhouses, and from 1 to 12
percent for large powerhouses, depending on design details. Fixed bar fish screens increase the risk
more than traveling mesh fish screens.

The point estimate values of the risk contributionsto total risk from over-speed, upstream flooding, and

downstream flooding obtained for small powerhouse designs are presented in Table 2.33. Table 2.34
presents the comparable values for large powerhouse designs.
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Table 2.33. Estimated Risk Components for the Small Powerhouse Model: Over-speed, Upstream
Flooding, and Downstream Flooding ($ M/unit-yr.)

Small
Power house
Design

HY-N (11)
HY-T (3)
HY-F (7)

HY-T-E (15)
HY-F-E (19)

HO-T-E (14)
HO-F-E (18)

CR-N (12)
CR-T (4)
CR-F (8)

CR-T-E (16)
CR-F-E (20)

Intake Gate Closure Time

10 min
OS/UF/DF

1.08/0.041/0.003
1.09/0.044/ 0.004
1.14/0.045/0.005

1.09/0.044/ 0.004
1.11/0.045/0.005

1.09/0.055/0.004
1.12/0.056 / 0.005

30 min
OS/UF/DF

1.10/0.055/ 0.005
1.11/0.058/ 0.009
1.15/0.059/ 0.010

1.10/0.058/ 0.008
1.12/0.059/ 0.010

1.10/0.062 / 0.008
1.12/0.063/ 0.010

1.11/0.125/ 0.006
1.12/0.127/0.009
1.16/0.129/0.011

1.10/0.126/ 0.009
1.13/0.129/0.010

60 min
OS/UF/DF

1.14/1.24/0.007
1.15/1.24/0.012
1.18/1.24/0.014

1.12/1.24/0.011
1.14/1.24/0.013

360 min
OS/UF/DF

1.22/1.26/0.008
1.22/1.26/0.014
1.22/1.26/0.017

1.17/1.26/0.013
1.17/1.26/0.016

1.17/1.26/0.013
1.17/1.26/0.016

1.22/1.26/0.008
1.22/1.26/0.014
1.22/1.26/0.017

1.17/1.26/0.013
1.17/1.26/0.016



Table 2.34. Estimated Risk Components for the Large Powerhouse Model: Over-speed, Upstream
Flooding, and Downstream Flooding ($ M/unit-yr.)

L ar ge Power house
Design

HY-N (11)
HY-T (3)
HY-F (7)

HY-T-E (15)
HY-F-E (19)

HO-T-E (14)
HO-F-E (18)

CR-N (12)
CR-T (4)
CR-F (8)

CR-T-E (16)
CR-F-E (20)

Intake Gate Closure Time

10 min
OS/UF/DF

0.94/0.149/0.001
0.97/0.160/ 0.005
1.11/0.165/0.007

0.96/0.159/0.005
1.04/0.165/ 0.007

0.96/0.200/ 0.006
1.05/0.205/ 0.008

30 min
OS/UF/DF

0.96/0.161/0.010
0.99/0.171/0.021
1.12/0.176/0.027

0.97/0.171/0.020
1.05/0.176/0.026

0.97/0.212/0.020
1.05/0.216/ 0.026

0.99/0.438/0.011
1.02/0.445/0.023
1.14/0.451/0.029

0.99/0.445/0.021
1.07/0.451/0.028

60 min
OS/UF/DF

1.06/0.446/0.011
1.09/0.453/0.023
1.19/0.460/ 0.029

1.03/0.451/0.022
1.10/0.460/ 0.028

360 min
OS/UF/DF

1.34/4.63/0.021
1.34/4.63/0.042
1.35/4.63/0.052

1.20/4.63/0.039
1.21/4.63/0.049

1.20/4.63/0.039
1.21/4.63/0.049

1.34/4.63/0.021
1.35/4.63/0.042
1.35/4.63/0.052

1.20/4.63/0.039
1.21/4.63/0.049

Examination of the risk contributions from over-speed, upstream flooding, and downstream flooding
presented in Table 2.33 and Table 2.34 leads to the following conclusions:

»  Over-speed isthe primary contributor to risk for designs allowing rapid intake gate closure (10 to 60

minutes).

» Therisk from over-speed events is relatively insensitive to the timing of intake gate closure,
increasing by only one-third as closure timeis varied from 10 minutes to 6 hours. (This result occurs
because over-speed damage has two components, mechanical damage to the unit in question, and
flooding damage that affects the entire powerhouse. Flooding starts only as aresult of mechanical
damage, and increases gradually in severity as the event propagates and mechanical damage

accumul ates.)

» Therisk from upstream flooding is quite sensitive to the timing of intake gate closure, increasing
from afraction of over-speed risk for rapid intake gate closure, to equal to over-speed risk (for small
powerhouses) or larger than over-speed risk by afactor of four (for large powerhouses). (This
sensitivity results because only intake gate closures can terminate upstream flooding events; wicket
gates are downstream of the leaks and cannot stop this flooding.)

*  Therisk from downstream flooding events is always very small, ranging from 0.1 percent to 5 percent
of the risk from over-speed events. (Thislow risk results primarily because the initiating event

frequency for downstream flooding is 150 times smaller than for over-speed events.)
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2.4.2 Risk Uncertainty Analysis Resultsand Conclusions

Table 2.35 presents the 5 and 95 percentile values of the distributions for each of the designs and cases
analyzed, for small powerhouses. Table 2.36 presents the results for large powerhouses.

Table 2.35. Uncertainty Bounds (5 and 95 percentile values) of the Estimated Total Risks for the Small
Powerhouse Model ($ M/unit-yr.)

Intake Gate Closure Time

Small 10 min 30 min 60 min 360 min
Power house 5%/ 95 5% / 95% 5% / 95% 5% / 95%
Design 5

HY-N (11) 0.05/3.14 0.06/3.20 0.22/6.79
HY-T (3) 0.06/3.15 0.06/3.20 0.22/6.79
HY-F (7) 0.06/3.43 0.06/3.52 0.22/6.86
HY-T-E (15) 0.06/ 3.15 0.06/3.19 0.21/6.55
HY-F-E (19) 0.06/3.42 0.06/3.50 0.21/6.59
HO-T-E (14) 0.06/3.15 0.06/3.20 0.21/6.55
HO-F-E (18) 0.06/3.43 0.06/ 3.49 0.21/6.58
CR-N (12) 0.07/3.21 0.21/6.55 0.22/6.79
CR-T (4) 0.07/3.21 0.21/6.56 0.22/6.79
CR-F (8) 0.07/3.59 0.21/7.28 0.22/6.86
CR-T-E (16) 0.07/3.20 0.20/6.44 0.21/6.55
CR-F-E (20) 0.07/357 0.21/6.83 0.21/6.59
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Table 2.36. Uncertainty Bounds (5 and 95 percentile values) of the Estimated Total Risks for the Large
Powerhouse Model ($ M/unit-yr.)

L ar ge Power house Intake Gate Closure Time
Design 10 min 30 min 60 min 360 min
5% / 95% 5% / 95% 5% / 95% 5% / 95%
HY-N (11) 0.08/4.33 0.09/4.42 0.56/21.4
HY-T (3) 0.09/4.34 0.11/4.42 0.56/21.6
HY-F (7) 0.08/5.14 0.09/5.19 0.58/21.4
HY-T-E (15) 0.09/4.31 0.11/4.37 0.52/20.7
HY-F-E (19) 0.08/4.68 0.09/4.82 0.54/20.7
HO-T-E (14) 0.09/4.62 0.12/4.72 0.52/20.7
HO-F-E (18) 0.09/4.81 0.10/4.88 0.54/20.7
CR-N (12) 0.12/5.16 0.13/5.39 0.56/21.4
CR-T (4) 0.14/5.20 0.15/553 0.56/21.6
CR-F (8) 0.13/5.42 0.13/5.66 0.58/21.4
CR-T-E (16) 0.14/5.16 0.14/5.41 0.52/20.7
CR-F-E (20) 0.13/5.39 0.13/5.56 0.54/20.7

Examination of the uncertainty boundsin Table 2.35 and Table 2.36 shows that they follow the same
general pattern of magnitude trends as the point estimate values presented in Table 2.31 and Table 2.32.

Figure 2.14 and Figure 2.15 graphically present the uncertainty bounds for designs having fixed bar fish
screens and emergency wicket gate closure systems. In addition, the figures also present the mean and
median values of the distribution of 200 risk values calculated for the uncertainty analysis, along with the
point estimate risk value. Designs with traveling mesh fish screens exhibit similar results to those shown
in the figures, as is seen from the tabulated values. The figures compare the results for designs with
hydraulically operated, hoist-operated, and crane operated intake gates. Results are shown for designs
with emergency wicket gate closure systems because no designs with hoist-operated intake gates, but
lacking emergency closure systems, were analyzed.
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the Small Powerhouse Model ($/unit-yr.)
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Figure 2.15. Uncertainty Bounds, Point Estimates, Mean, and Median Values of the Estimated Risks for
the Large Powerhouse Model ($/unit-yr.)

Examination of the risk values presented in Figure 2.14 and Figure 2.15 yields the following conclusions:

* Roughly afactor of 50 exists between the upper and lower uncertainty bounds. For designs capable
of intake gate closure at short times, the factor ranges between 45 and 65. For designs requiring long
times for intake gate closure, the factor ranges between 30 and 40. (This uncertainty range results
from uncertainties in the basic event database.)

* Median values of the sampled distributions are well centered between the uncertainty bounds, as they
should be. Mean values of the sampled distributions exceed median values by afactor of about 2.

» Point estimate risk values are acceptably close to the mean values of the sampled risk distributions.
Agreement is better for the small powerhouse model than for the large model. (General agreement is
expected because the point estimate values used for individual component failure probabilities were
the mean values of the probability distributions for the components.)
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3 Uncertainty Analysis M ethodology

The uncertainty analysis employed in this study is aform of Monte Carlo simulation analysisusing Latin
Hypercube Sampling. The methodology used in this analysisis explained in this section, along with the
distribution functions used to represent the basic event probabilities in the database. The results of the
uncertainty analysis are shown in the various sections presenting intermediate and final results of the
analysis.

3.1 MonteCarlo Simulation

Monte Carlo simulation consists of making repeated eval uations of afunction (i.e. the risk for agiven
design) using values selected at random from the uncertainty distributions of the input parameters. For
each iteration of the Monte Carlo run, each input parameter is randomly sampled from its associated
distribution, and the function is evaluated. After many repetitions, a distribution of function values
results that can be sorted and analyzed to obtain mean and median values, and 5" and 95™ percentiles.

For each of the basic event parameters used in this analysis, a distribution function centered about a point
estimate value is used to represent the uncertainty of the parameter. The distribution function provides
the probability that the parameter may have any of the values within its assigned uncertainty bounds.
Thus, uncertainties and distribution functions are assigned to all of the basic data used in the analysis.
These data include failure frequencies, probabilities of failure on demand, estimates of the costs to repair
damage states, and estimates of costs of proposed system modifications. The Monte Carlo analysis
sampled all of the distribution functions randomly during each iteration in order to develop a distribution
of results that would represent the result uncertainty.

3.2 Latin Hypercube Sampling

Latin Hypercube Sampling is a method that reduces the number of iterations necessary to obtain an
accurate measure of the result uncertainty. In Latin Hypercube Sampling, the distribution functions are
sampled at specific increments, and then the samples are randomized. This process ensures a complete
span of the distribution function values with fewer samples than for purely random sampling, while
maintaining randomized results. This analysis used 200 samples of each distribution function. Thus,
after the calculational results were sorted by size, and the smallest 10 and largest 10 results were set aside,
the span of the remaining results defined the 5" and 95™ percentile confidence limits of the result.

The Latin Hypercube method of selecting the distribution function samplesis asfollows. Each
distribution function is integrated into a cumulative distribution function spanning the probability range
from zero to 1.0. Thisrangeisthen divided into (200) equal parts, and the inverse of the cumulative
distribution function is used to determine the specific value of the parameter that corresponds to each of
the parts. These are the samples. These carefully selected samples are then randomized, yielding the
effect of random sampling that completely spans the distribution, but with many fewer samples than
would be required if the sampling were compl etely random.
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3.3 Distribution Functions Used

Several different distribution functions were used to represent the input datain this study. Fitted gamma
functions were used to represent the parameters for which survey and expert elicitation data were
combined by Bayesian updating. Log-normal distribution functions were used to represent parameters for
which COE members supplied screening value estimates, and also for generic data values obtained from
IEEE 500, the NERC/GADS compilations, and from NRC Regulatory Guides. Error factorsfor the
generic values were taken from the tabulations — most had an error factor of 10, except the GADS data,
that had an error factor of 100. Screening values were assigned an error factor of 10.

A 20 percent uniform uncertainty was assigned to probability values in the flooding matrixes based on
discussions with COE personnel and areview of the possible flooding mechanisms. Because for each
time step the probability values in the flooding matrixes need to sum to 1.0, after selection of the random
values for these probabilities they were normalized by dividing by their sum at each time step.

Uncertainties were assigned to all seven of the inputs to the damage state cost contribution. Aswas
discussed in Section 3.3.2.1 addressing construction costs, an analysis was performed of the percentage
difference between COE cost estimates and low bids for construction work performed for the COE
between 1964 and 1994. The data were found to conform to a normal distribution with a mean of —14.5
percent and a standard deviation of 17 percent. These values were incorporated into the uncertainty
analysis by assuming a normal distribution function for the construction cost estimates having a mean
value 14.5 percent smaller than the COE estimate, and a 17 percent standard deviation. Uniform
distributions of 5 percent were assumed, based on COE estimates, for construction time-to-repair,
environmental time-to-repair, unit time-out-of-service, and for environmental costs.

Thelost opportunity costs depend on the average annual energy produced by each unit (AE), the
cumulative value of energy for each unit (CE), and the time-out-of-service for each unit. The uncertainty
in AE was addressed using a histogram based on a 50-year history of AE values. The histogram divided
each year into 15 time periods during which an event might happen. Separate analyses were carried out
for small (Lower Granite data) and large (The Dalles data) facilities. Latin Hypercube sampling of AE
values was carried out by sampling from the time-based histogram.

The cumulative value of energy, CE, depends on estimates of future power costs that were obtained from
the Bonneville Power Administration (BPA). The BPA provided estimates of projected average system
costs for the period 1996-2014 that included 5™ and 95™ percentile uncertainty estimates. These estimates
were fitted to composite log-normal distributions with these uncertainties, and Latin Hypercube Sampling
was performed for these fitted distributions.

The uncertainty analysis for the economic evaluation of proposed modifications paralleled the methods
used for the construction cost evaluation of damage states. For each of the cost categories, including
capital costs, annual maintenance costs and benefits, and periodic maintenance costs, a normal
distribution function was assumed with a mean value 14.5 percent smaller than the COE estimate, and a
17 percent standard deviation. This assumption incorporated the historical experience that job bid values
were somewhat |ess than COE estimates. For the construction period estimates, a5 percent uniform
distribution was assumed, as was done for the time estimates used in the damage state evaluation.
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For the convenience of the reader the results of the uncertainty analysis are presented along with the
results of point estimate calculations. In Section 2.2.4 Event Frequency Profiles, Figure 2.6 presents
uncertainty bounds compared with point estimates of event frequencies. In Section 2.3.3 Economic
Consegquence Analysis, Figure 2.11, Figure 2.12, and Figure 2.13 present uncertainty bounds compared
with point estimates of expected costs of flooding. In Section 2.4 Risk Analysis Results and Conclusions,
Table 2.35, Table 2.36, Figure 2.13, and Figure 2.14 present uncertainty bounds compared with point
estimates of total risks for both small and large powerhouse models. In the following Section 4 Benefit-
Cost Analysis, Table 4.3, Table 4.4, Figure 4.1, and Figure 4.2 present uncertainty bounds compared with
point estimates of net present value, and of benefit cost ratio for proposed powerhouse modifications.

4 Benefit-Cost Analysis

Modifications proposed for the intake gate configurations of hydroel ectric stations on the Snake and
Columbiariversin eastern Washington State would speed intake gate closure, thus reducing the risks of
station damage during non-routine shutdowns. This economic analysis compares benefits of the proposed
modifications with the costs of their implementation. The stations as they exist presently, and the
proposed modifications, correspond to design variants analyzed in the risk analysis portion of this study.
Thus, the risk reduction achievable from each of the proposed modificationsis simply the difference
between the risks already calculated for the existing and modified configurations. The stations, their
existing configurations, and the proposed modified configurations are shown in Table 4.1.

Table4.1. Modifications Proposed for Hydroelectric Station Intake Gate Operating Systems

Existing Power house Proposed

Station Name Existing Design | Modified Designs

McNary HY -F-E-360- HY -F-E-10-large
large HO-F-E-10-large

Lower HY -T-E-360- HY -T-E-10-small

Monumental small HO-T-E-10-small

Little Goose/  HY-F-E-360- HY -F-E-10-small

Lower Granite small HO-F-E-10-small

4.1 Methodology

Two measures of the economic effectiveness of these modifications were evaluated. The primary
measure used to evaluate government projectsis the net present value (NPV), i.e. the discounted dollar
value of future net benefits (benefits — costs). The preferred supplemental measure is the benefit/cost
ratio (BC), i.e. the discounted dollar value of future benefits, divided by the discounted dollar value of
implementation, operations, and maintenance costs. Both of these measures were eval uated.

The present value cal cul ations assume that risk reduction benefits and maintenance costs occur annually
at the midpoint of each year for 25 years. Implementation costs are assumed to occur monthly at the
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midpoint of each month for the duration of the construction period, with implementation costs spread
evenly over the construction period. Thus, the present value of the implementation costs is based on
monthly compounding and the present values of risk reduction benefits and maintenance costs are based
on annual compounding. Asaresult, the effective annual discount rate for implementation costsis
dlightly higher. This discounting approach has been maintained to retain consistency with the discounting
approach used to determine the equivalent annual risks of the various options being considered for each
powerhouse. The two approaches yield present values for the implementation costs that differ by less
than 0.5 percent.

The equations used for the calculations are:

Con cp dr |jcp—.5)
PVCap=—- +— 4.1
=S, d+ o0 (4.)
—(1+ -ol
PVBen = %\/1+ dr (4.2
r
—(1+ -ol
PVAMNtb = Amntb%\/l+ dr 4.3)
r
—(1+ -ol
PVAMNtc = Amntcw V1+dr 4.9
r
PVPIMNItC = [ Pmntpcltl N Pmntpczt2 + Pmntpc:%t i [ Trar 5)
HL+dr)™ " (L+dr)™2  (1+dr)P™ H
_ PVBen + PVAMNtb (4.6)
PVCap + PVAmntc + PVPmntc '
NPV = (PVBen+ PVAmMntb) — (PVCap + PVAmntc + PVPmntc) (4.7)
where
PVCaP = present value of initial capital investment  ¢p = construction period (months)
PVBen = present value of annual benefit dr = discount rate (expressed as a fraction)
PVAmMNnb = present value of annual maint. Benefits ol = operating life (years)
PVAmMntc = present value of annual maint. Costs Con = overnight construction costs
PVPmntc = present value of periodic maintenance Ben = annual benefit
BC = benefit/cost ratio Amntb = annual maintenance benefits
NPV = net present value Amntc = annual maintenance cost

Pmntcl = first periodic maintenance cost
Pmntly = first periodic maintenance cost
Pmntc2 = second periodic maintenance year
Pmnt2y = second periodic maintenance year
Pmntc3 = third period maintenance cost
Pmnt3y = third periodic maintenance year

The discount rate used in these calculations is 6.625 percent, the same as used in the calculations of
interest cost for the damage states. Thisisthe rate established for use by the COE during FY-2000. All
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costs and benefits were discounted to the end of the construction period. Thus, the present value of
implementation (construction) costs includes interest during construction. No specific assumptions were
made regarding when the construction projects would begin or end, just the length of the construction
period. With al costs and benefits assumed to escalate at the same rate, the implementation date does not
affect the NPV or BC calculations.

The inputs for calculations were estimated by the COE and provided to PNNL. Therisk reduction
benefits were obtained by subtracting the risks for 10-minute closure from the risks for 360-minute
closure for each powerhouse evaluated, and then multiplying by the number of units appropriate for each
powerhouse (14 for McNary and 6 for the other 3). Periodic maintenance was estimated for the hydraulic
modification as asingle effort at 25 years, and for the hoist systems as 3 efforts at 8, 16, and 24 years.
Theinputs to the calculations are listed in Table 4.2.

Table4.2. Vaues Input into the Calculations of Net Present Value and Benefit/Cost Ratio ($ Million)

Benefits Costs
Annual Risk Annual Construction ~ Annual Periodic
Reduction  Maintenance “Overnight”  Maintenance  Maintenance
McNary HY | 65.4 0.026 46.9 0.009 6.30 @ 25 yrs.
HO | 64.8 0.026 20.1 0.039 257 @8, 16, &
24 yrs.
Lower HY | 7.87 0.011 8.54 0.0009 0.61 @ 25 yrs.
Monumental HO | 7.80 0.011 7.01 0.017 1.10 @8, 16, &
24 yrs.
Little HY | 7.71 0.011 20.3 0.004 270 @ 25 yrs.
Goose/ HO | 7.64 0.011 7.01 0.017 110 @8, 16, &
Lower 24 yrs.
Granite

4.2 Benefit-Cost Results and Conclusions

The results of the economic analysis are presented graphically in Figure 4.1 and Figure 4.2, and listed in
Table 4.3 and Table 4.4. The graphical display facilitates evaluation of the spread of values, and the
tabular display provides precise values.
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Net Present Value
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Figure4.1. Point Estimates and Uncertainty Bounds of the Estimated Net Present Value for the Proposed
Powerhouse Modifications (Note: The lower uncertainty bounds are negative (and thus offscale) for all
but one case.)
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Benefit/Cost Ratios
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Figure4.2. Point Estimates and Uncertainty Bounds of the Estimated Benefit/Cost Ratio for the
Proposed Powerhouse Modifications
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Table 4.3. Uncertainty Bounds, Point Estimates, Mean, and Median values of the Estimated Net Present
Vaue for the Proposed Powerhouse Modifications.

McNary Lower Monumental Little Goose/ L ower
Granite

Hydraulic  Hoist Hydraulic Hoist Hydraulic Hoist
95% $2878 M $2847 M $289 M $286 M $276 M $284 M
Mean $750 M $764 M $78 M $77 M $61M $72M
Point Est. $762 M $781 M $89M $88 M $74 M $86 M
Median $307 M $331M $34 M $33M $23 M $33 M
5% -$11.7M $12.8M -$2.0M -$1.5M -$16.2M -$3.8M

Table 4.4. Uncertainty Bounds, Point Estimates, Mean, and Median values of the Estimated Benefit/Cost
Ratio for the Proposed Powerhouse Modifications.

McNary Lower Monumental Little Goose/ Lower
Granite

Hydraulic  Hoist Hydraulic  Hoist Hydraulic Hoist
95% 60.7 129.8 42.7 40.7 15.7 37.9
Mean 185 374 115 115 4.3 10.6
Point Est. | 15.7 321 10.9 111 4.4 10.8
Median 8.2 16.1 5.4 5.6 2.2 53
5% 0.78 1.58 0.78 0.83 0.20 0.51

Examination of the information presented in Figure 4.1 and Figure 4.2, and Table 4.3 and Table 4.4 leads
to the following conclusions:

Installation of either a hydraulic or awire rope hoist system capable of closing the intake gatesin 10
minutes is strongly preferred economically to the current condition for all of the powerhouses. For
the large powerhouse (McNary), the point estimate indicates that a NPV exceeding $750M is
expected for the hoist system, with a Benefit/Cost Ratio exceeding 30. For the small powerhouses,
the point estimate indicates a NPV exceeding $85M is expected, with a BC ration greater than 10 for
al but the Little Goose/Lower Granite hydraulic system.

Considerable uncertainty exists in both the NPV and the BC ratio. The uncertainty bounds for NPV
range from essentially zero (slightly positive for the hoist system at McNary) to ailmost $3 Billion for
the large plant (McNary) and to $1/3 Billion for the small plants. The uncertainty bounds for the BC
ratio span afactor of 80 for McNary and Little Goose/L ower Granite, and 55 for Lower Monumental .
Thus, asmall chance exists that costs will exceed benefitsfor al but the McNary hoist system. On
the other hand, thereis a small chance of achieving benefit/cost ratios of 130 for McNary and 40 for
the other powerhouses.

The wire rope hoist system appears preferable to the hydraulic system for McNary and the Little
Goose/Lower Granite powerhouses; results for the hoist and hydraulic systems are essentially
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identical for the Lower Monumental powerhouse. The McNary hoist systemisthe only systemwith a
lower uncertainty bound for the NPV is positive, and where alower uncertainty bound for the B/C
ratio is greater than 1. The B/C ratio values for all of the indications for the hoist system are
essentially twice the values of the hydraulic system for the McNary and Little Goose/L ower Granite
powerhouses.

Table 4.5 presents values of the components of the costs and benefits. The information in thistable
enables an understanding of the dominant factors that underlie the preceding conclusions.

Table4.5. Present Values of the Components of the Net Present Value and Benefit/Cost Calculations
(M)

Benefits PV Costs PV

Risk Annual Capital  Annud Periodic

Reduction  Maintenance Maintenance Maintenance
McNary HY 815 0.32 50.4 0.11 1.31

HO 806 0.32 215 0.48 311

Lower HY 98.0 0.14 8.83 0.01 0.13
Monumental HO 97.1 0.14 7.25 0.21 1.33
Little HY 96.0 0.14 214 0.05 0.56
Goose/ HO 95.1 0.14 7.25 0.21 1.33
Lower
Granite

Examination of Table 4.5 leads to the following conclusions:
» Risk reduction essentially provides the entire benefit for each of the proposed modifications.
e Capital cost isthe primary cost component of the modifications.

* Periodic maintenance is the second most important cost component. However, even though the wire
rope hoist systems cost more than twice as much to maintain as the hydraulic systems, the lower
capital cost of the hoist systems makes them economically preferable.

5 Recommendations

The results of this BC analysisindicate that both of the proposed systems are economically far superior to
the current system. The point value of the NPV of modifications to the large (McNary) powerhouse
exceeded $760M for both proposals. For the small powerhouses, it exceeded $74M for al cases. The
point value of the BC ratio exceeded 10 for al but 1 case, with a maximum value of 32 for the hoist
system at the large powerhouse. The economic results for the hoist system were somewhat better than for
the hydraulic system, because the lower capital cost of the hoist system had alarger effect than its higher
periodic maintenance costs.
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Considerable uncertainty was found in all point estimate values, due to uncertainties in the basic event
faillurerate data. For the BC analysis, the 5 percent lower uncertainty bound indicates a small chance
exists that costs will exceed benefits for all but the hoist system at the large (McNary) powerhouse. On
the other hand, a small chance also exists of achieving benefit/cost ratios of 130 for McNary powerhouse
and of 40 for the other powerhouses.

Based on the results of this study, it is recommended that upgrading the intake gate operatorsto alow
closure within 10 minutes is a cost effective solution at the Lower Granite, Little Goose, Lower
Monumental, and McNary Dams. Based on the cost estimates and maintenance costs for the two
competing solutions, the wire rope hoist is the most cost-effective approach to meet the closure criteria at
these powerhouses. The results for these powerhouses do not necessarily trandlate to other plantsin the
COE. Each plant should be examined individually and a recommendation presented based on the
specifics of anindividual plant. However, it can be asserted that intake gate closure within 10 minutesis
asupportable design goal. At plants where aminimal investment is required to achieve 10-minute
closure, a decision to upgrade equipment easily can be supported.
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Appendix A. Basic Event Failure Data

The following table presents the database of basic event failures used in the time based reliability
analysis, specifically in the calculations of the frequency profiles that describe the annual probability of
over-speed, upstream flooding and downstream flooding events.

Most of the data on powerhouse components were gathered as failure rates (per year) and, consequently,
they are presented in thisform. The probability of failure on demand is used in calculations involving
components in the wicket gate and intake gate systems. For operating components, calculation of the
demand failure probability requires multiplication of the component failure rate, A, by the time necessary
to respond to the problem situation. Thistime is referred to as the mission time in the following table. In
most cases the mission time was conservatively assumed to be 12 hours. Thisfigureisreferred to as
Calculation Type 2 in thetable. Calculation Type 1 involved using the demand failure directly (when it
could be obtained directly, usually from tabulations of generic data).

For standby components that are not operating continuously, calculation of the demand failure probahility
requires use of an exposure time, 1, that is the time between operations that demonstrate the operability of
the component. Use of the exposure time allows for the possibility the component might degrade or be

damaged while on standby. The demand failure probability is At/2, where 1/2 represents the average time

during the exposure when such afailure might occur. Thisisreferred to as Calculation Type 6 in the
table.

A distribution function was associated with every entry in the database, to enable uncertainty analysis
calculations that sampled randomly from the distribution functions and devel oped a distribution of results
bounding the point estimate results. Gamma functions were used for data that combined survey and
expert judgment workshop eval uations, because such functions are the standard ones used in the Bayesian
updating process that combines data from different sources. Gamma functions are coded in the table as
distribution type 3. The table also presents values of the associated Distribution Parameter that is related
to the spread of the distribution. The values presented in the table are those of the parameter b, in
Equation 3.7, namely, the square of the mean divided by the variance.

Data obtained from generic tabul ations were mostly in the form of mean values and error factors
associated with log normal distribution functions. Log normal distributions are coded as type 2 in the
table. The distribution parameter listed in the table for log normal distributionsisthe error factor, that is
/A times the 95 percent upper confidence bound of the distribution.
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v

BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]

ELE-416-COM 41§0 VAC Bus Common Cause 5.000E-04 2 10.0 1 NUREG CR-4550
ELE-AUT-FA-CQ1 iitlgr'?ransfer 1 Failure 4.560E-06 2 10.0 1 |IEEE 500
ELE-AUT-FA-SU1 Auto Transfer 1 SQ1 Failure 4.560E-06 2 10.0 1 IEEE 500
ELE-BRE-FA-MG1 Main Gen. Breaker 1 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-MG2 Main Gen. Breaker 2 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-MG3 Main Gen. Breaker 3 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-MG4 Main Gen. Breaker 4 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-MG5 Main Gen. Breaker 5 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-MG6 Main Gen. Breaker 6 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-SS2 Station Service Breaker XJ02 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-FA-XJ01 Station Service Breaker XJ01 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-FA-XJ15 Circuit Breaker XJ15 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-XJ16 Circuit Breaker XJ16 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-FA-XJ17 Circuit Breaker XJ17 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-XJ18 Circuit Breaker XJ18 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-XP11 Breaker XP11 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-FA-XP12 Breaker XP12 Failure 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-FA-XP13 Breaker XP11 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-FA-XP14 Breaker XP14 Failure 8.760E-05 .00274 2 10.0 2 |IEEE 500
ELE-BRE-RC-CQ011 |CQO1 Supply Breaker 1 Failsto Remain Closed 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-RC-CQO012 |CQO1 Supply Breaker 2 Fails to Remain Closed 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-RC-SU01 Breaker 1 SU Failsto Remain Closed 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-RC-SU02 Breaker 2 SU Fails to Remain Closed 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-BRE-TC-ZJ5 Breaker ZJ5 Failsto Close 4.000E-04 2 10.0 1 |IEEE 500
ELE-BUW-FA-FAIL 125 VDC Buswork Failure 1.060E-02 1.0 2 10.0 2 Screen Value
ELE-CON-RC-2 Line Disconnect to Main Trans. Fails to Remain 8.760E-05 10 2 10.0 2 IEEE 500
LE-CON-RC-LI1 gggegontactor 1 Failsto Remain Closed 8.760E-05 .00274 2 10.0 2 IEEE 500
ELE-CON-RC-LI2 SQO Contactor 2 Failsto Remain Closed 8.760E-05 .00274 10.0 IEEE 500
ELE-CON-RC-SU1 SQ1 Contactor 1 Failsto Remain Closed 8.760E-05 .00274 10.0 |EEE 500
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e-v

BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
P () [per year] | (v) [years] | (t) [years] | (1) [per year]
ELE-CON-RC-SU2 SQ1 Contactor 2 Failsto Remain Closed 8.760E-05 .00274 2 10.0 2 |EEE 500
ELE-CQB-COM CQ Bus Common Cause Failure 5.000E-04 2 10.0 1 NUREG CR-4550
ELE-GEN-COM-56 Common Cause Failure Generators 5& 6 5.000E-04 1.0 2 10.0 2 NUREG CR-4550
ELE-GEN-COM12 Common Cause Failure Generators 1& 2 5.000E-04 1.0 2 10.0 2 NUREG CR-4550
ELE-GEN-COM34 Common Cause Failure Generators 3& 4 5.000E-04 1.0 2 10.0 2 NUREG CR-4550
ELE-GEN-RC-MAIN Main Generator Breaker Fails to Remain Closed 1.910E-02 1.0 2 10.0 2 |EEE 500
ELE-GEN-UA-1 Station Generator 1 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-GEN-UA-2 Station Generator 2 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-GEN-UA-3 Station Generator 3 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-GEN-UA-4 Station Generator 4 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-GEN-UA-5 Station Generator 5 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-GEN-UA-6 Station Generator 6 Unavailable 1.000E-01 2 10.0 1 Screen Value
ELE-OFP-UNAVAI Offsite Power Unavailable 1.000E-03 2 10.0 1 Screen Value
ELE-REL-FS-86 From 86 Relay 3.632E-03 1.0 3.528E-03 3 11.577 2 Phase 1
ELE-REL-FS-87 87 Relay Lockout 3.632E-03 1.0 3.528E-03 3 11.577 2 Phase 1
ELE-REL-FS-GD From Generator Differential Relay 2.001E-03 1.0 1.913E-03] 3 7.506 2 Phase 1
ELE-REL-FS-GG From Generator Ground Relay 4.340E-04 1.0 3.415E-04| 3 1.486 2 Phase 1
ELE-REL-FS-GLOF From Generator Loss-of-field Relay 4.236E-04 1.0 3.357E-04| 3 1.529 2 Phase 1
ELE-REL-FS-GOC From Generator Over-current Relay 1.552E-03 1.0 1.459E-03| 3 5.503 2 Phase 1
ELE-REL-FS-GOV From Generator Over-voltage Relay 1.680E-03 1.0 1579E-03] 3 5.503 2 Phase 1
ELE-REL-FS-GPU From Generator Phase Unbalance Relay 4.604E-04 1.0 3.639E-04| 3 1512 2 Phase 1
ELE-REL-FS-LDG From Line Directional Ground Relay 6.505E-02 1.0 6.495E-02 3 100.0 2 Phase 1
ELE-REL-FS-LN From Line Residual Relay 5.118E-04 1.0 4.026E-04| 3 1.486 2 Phase 1
ELE-REL-FS-LP From Line Phase Relay 4.595E-03 1.0 4.490E-03[ 3 14.486 2 Phase 1
ELE-REL-FSMTD From Main Transformer Differential Relay 6.755E-04 1.0 5.880E-04| 3 2.503 2 Phase 1
ELE-REL-FS-MU From Main Unit Relay 6.746E-03 1.0 6.632E-03[ 3 19.616 2 Phase 1
ELE-REL-FS-TNG From Transformer Neutral Ground Relay 1.653E-04 1.0 8.010E-05[ 3 .539 2 Phase 1
ELE-REL-FS-TT Tone Trip Relay 6.500E-02 1.0 2 100.0 2 Phase 1
ELE-SQB-COM SQ|01 Bus 1&2 Common Cause 5.000E-04 2 10.0 1 NUREG CR-4550
Failure
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v

BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
ELE-SQU-COM SQ1 Bus 1&2 Common Cause Failure| 5.000E-04 2 10.0 1 NUREG CR-4550
ELE-TRA-FA-LI1 SQO Transformer 1 Failure 5.430E-03 .00274 2 10.0 2 |IEEE 500
ELE-TRA-FA-LI2 SQO Transformer 2 Failure 5.430E-03 .00274 2 10.0 2 IEEE 500
ELE-TRA-FA-MAIN Main Transformer Failure 5.430E-03 10 2 10.0 2 IEEE 500
ELE-TRA-FA-MAIN1 |Main Transformer #1 Failure 5.430E-03 .00274 2 10.0 2 |EEE 500
ELE-TRA-FA-MAIN2 |Main Transformer #2 Failure 5.430E-03 .00274 2 10.0 2 IEEE 500
ELE-TRA-FA-SS1 Station Service Transformer #1 Failure 5.430E-03 .00274 2 10.0 2 IEEE 500
ELE-TRA-FA-SS2 Station Service Transformer #2 Failure 5.430E-03 .00274 2 10.0 2 |IEEE 500
ELE-TRA-FA-SU1 SQ1 Transformer 1 Failure 5.430E-03 .00274 2 10.0 2 IEEE 500
ELE-TRA-FA-SU2 SQ1 Transformer 2 Failure 5.430E-03 .00274 2 10.0 2 |IEEE 500
ELE-WIR-OP-CQO11  |Wires CQO1 Line#1 Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-CQ012 Wires CQO1 Line #2 Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-CQ021  |Wires CQO2 Line#1 Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-CQ022 Wires CQO2 Line #2 Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-SG12 SG 1&2 Wires Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-SG34 SG 3&4 Wires Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-SG56 SG 5& 6 Wires Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OP-SU01 Wires SU Line #1 Open 4.490E-02 .00274 2 10.0 2 |EEE 500
ELE-WIR-OP-SU02 Wires SU Line 2 Open 4.490E-02 .00274 2 10.0 2 IEEE 500
ELE-WIR-OPEN Wires Fail Open 5.430E-03 10 2 10.0 2 IEEE 500
EXT-1 External Event - Lighting Strike or Transmission 3.300E-01 1.0 2 100.0 2 GADS
EXT-2 E?(lsle:’zal Event - Earthquake 8.700E-04 10 2 100.0 2 GADS
EXT-3 External Event - External Flooding 8.420E-03 10 2 100.0 2 GADS
EXT-4 External Event - Sabotage 2.200E-02 10 2 100.0 2 Phase 1
EXT-5 External Event - External Fire 1.890E-03 10 2 100.0 2 GADS
EXT-6 External Event - Other Catastrophe 1.060E-02 10 2 100.0 2 GADS
FBFB-DEBRIS Large Debris Is Generated by Failure | 5.000E-01 2 10.0 1 Ph 2 Expt Wkshp
FBFS-BDA-A Brush Drive Assembly A Failure 1.084E-01 0.50000 8.301E-02| 3 1.344 6 Phase 1
FBFS-BDA-B Brush Drive Assembly B Failure 1.084E-01 | 0.50000 8.301E-02 3 1.344 6 Phase 1
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
FBFS-BDA-C Brush Drive Assembly C Failure 1.084E-01 0.50000 8.301E-02 1.344 6 Phase 1
FBFS-FAIL-FLOW Fixed Bar Fish Screen Fails Dueto 5.000E-01 2 10.0 Ph 2 Expt Wkshp
High Flow and Jams an Intake Gate
Open

FBFS-FRAME-A Fish Screen Frame A Failure 1.724E-03 | 0.50000 1.269E-03| 3 1.181 6 Phase 1
FBFS-FRAME-B Fish Screen Frame B Failure 1.724E-03 | 0.50000 1.269E-03| 3 1.181 6 Phase 1
FBFS-FRAME-C Fish Screen Frame C Failure 1.724E-03 0.50000 1.269E-03 3 1.181 6 Phase 1
FBFS-HANDLE-A FBFS"A" Handling Errors Occur 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
FBFS-HANDLE-B FBFS"B" Handling Errors Occur 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
FBFS-HANDLE-C FBFS"C" Handling Errors Occur 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
FBFS-PP-A Fish Screen Perforated Plate A Failure 8.447E-03 | 0.50000 7.778E-03| 3 4.148 6 Phase 1
FBFS-PP-B Fish Screen Perforated Plate B Failure 8.447E-03 0.50000 7.778E-03|] 3 4.148 6 Phase 1
FBFS-PP-C Fish Screen Perforated Plate C Failure 8.447E-03 0.50000 7.778E-03| 3 4.148 6 Phase 1
FBFS-SWEEP-BAR-A  [Sweep Bar A Failure 1.084E-02 0.50000 8.301E-03| 3 1.344 6 Phase 1
FBFS-SWEEP-BAR-B  |Sweep Bar B Failure 1.084E-02 0.50000 8.301E-03] 3 1.344 6 Phase 1
FBFS-SWEEP-BAR-C  [Sweep Bar C Failure 1.084E-02 0.50000 8.301E-03| 3 1.344 6 Phase 1
FBFS-VBF-A Vertical Barrier Frame A Failure 1.710E-03 0.50000 3.298E-03| 3 1.0 6 Phase 1
FBFS-VBF-B Vertical Barrier Frame B Failure 1.710E-03 0.50000 3.298E-03| 3 1.0 6 Phase 1
FBFS-VBF-C Vertical Barrier Frame C Failure 1.710E-03 | 0.50000 3.298E-03| 3 1.0 6 Phase 1
FBFS-VBPP-A Vertical Barrier Perforated Plate A Failure 2.090E-03 0.50000 2.918E-03|] 3 1.0 6 Phase 1
FBFS-VBPP-B Vertical Barrier Perforated Plate B Failure 2.090E-03 | 0.50000 2918E-03 3 10 6 Phase 1
FBFS-VBPP-C Vertical Barrier Perforated Plate C Failure 2.090E-03 | 0.50000 2918E-03 3 10 6 Phase 1
GOV-ACCUM Accumulator Tank Fails | 2.395E-03 .00274 2.306E-03|] 3 8.867 2 Phase 1
GOV-APV Actuator Pilot Valve Sticks Open 2.679E-03 .00274 2.580E-03 3 8.974 2 Phase 1
GOV-DRIFT-OPEN Wicket Gates Fail to Drift Shut | 1.000E-03 2 10.0 1 Ph 2 Expt Wkshp
GOV-E-OS-LIMIT1 Electrical Over-speed Limit Device #1 Fails 1.000E-02 1.00000 2 10.0 6 Screen Value
GOV-E-OS-LIMIT2 Electrical Over-speed Limit Device #2 Fails 1.000E-02 1.00000 2 10.0 6 Screen Value
GOV-E-SSG Speed Signal Generator Fails Low 2.007E-03 .00274 1.928E-03 3 8.386 2 Phase 1
GOV-GDV Gate Distributing Valve Sticks Open 4.727E-04 1.00000 3.787E-04| 3 1.601 6 Phase 1
GOV-HYD-CONN Hydraulic Connections Fail 3.552E-04 .00274 2.681E-04 3 1.279 2 Phase 1
GOV-LAG-PUMP-1 Lag Pump #1 Failure 1.165E-02 .00274 1.155E-02 3 39.293 2 Phase 1
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
GOV-LAG-PUMP-2 Lag Pump #2 Failure 1.165E-02 1.00000 1.155E-02 3 39.293 6 Phase 1
GOV-LAG-PUMP-3 Lag Pump #3 Failure 1.165E-02 1.00000 1.155E-02| 3 39.293 6 Phase 1
GOV-M-FLYBALL Flyball Fails Low 1.893E-03 1.00000 1.803E-03| 3 6.908 6 Phase 1
GOV-M-OS-LIMIT1 Mechanical Over-speed Limit Device 1 Fails 1.000E-02 1.00000 2 10.0 6 Screen Value
GOV-M-OS-LIMIT2 Mechanical Over-speed Limit Device 2 Fails 1.000E-02 1.00000 2 10.0 6 Screen Value
GOV-MECH-CONN Mechanical Connection Failure 3.122E-03 1.00000 3.026E-03] 3 10.845 6 Phase 1
GOV-P&M-OPER Accum. Depletes Prior to Operator 9.000E-01 2 10.0 1 Ph 2 Expt Wkshp
Recovery

GOV-PIPE Governor Qil Piping Fails 4.578E-04 .00274 3.745E-04| 3 1.756 2 Phase 1
GOV-SUMP Sump Tank Fails 1.549E-04 .00274 8.164E-05| 3 .602 2 Phase 1
GOV-UNLOAD-1 Unloader Valve#1 Fails Open 8.120E-04 1.00000 2 76.8 6 Phase 1
GOV-UNLOAD-2 Unloader Valve#2 Fails Open 8.120E-04 1.00000 2 76.8 6 Phase 1
GOV-UNLOAD-3 Unloader Valve #3 Fails Open 8.120E-04 1.00000 2 76.8 6 Phase 1
HOI-ACC-FA-1 Accumulator Gate 1 Failure 2.395E-03 0.5 2.306E-03 3 8.867 2 Phase 1
HOI-ACC-FA-2 Accumulator Gate 2 Failure 2.395E-03 0.5 2.306E-03|] 3 8.867 2 Phase 1
HOI-ACC-FA-3 Accumulator Gate 3 Failure 2.395E-03 0.5 2.306E-03|] 3 8.867 2 Phase 1
HOI-BAV-FA-1 Ball Valve Gate 1 Failure 1.766E-04 0.5 4.361E-05 3 .302 2 Phase 1
HOI-BAV-FA-2 Ball Valve Gate 2 Failure 1.766E-04 0.5 4.361E-05| 3 .302 2 Phase 1
HOI-BAV-FA-3 Ball Valve Gate 3 Failure 1.766E-04 0.5 4.361E-05 3 .302 2 Phase 1
HOI-BRA-FA-1 Brake Gate 1 Fails to Release 1.024E-03 0.5 9.500E-04 3 4.577 2 Phase 1
HOI-BRA-FA-2 Brake Gate 2 Fails to Release 1.024E-03 0.5 9.500E-04| 3 4577 2 Phase 1
HOI-BRA-FA-3 Brake Gate 3 Fails to Release 1.024E-03 0.5 9.500E-04 3 4.577 2 Phase 1
HOI-CBV-FA-1 Counter Balance Valve Gate 1 Plugged 2.602E-03 0.5 2.510E-03] 3 9.321 2 Phase 1
HOI-CBV-FA-2 Counter Balance Valve Gate 2 Plugged 2.602E-03 0.5 2.510E-03] 3 9.321 2 Phase 1
HOI-CBV-FA-3 Counter Balance Valve Gate 3 Plugged 2.602E-03 0.5 2510E-03 3 9.321 2 Phase 1
HOI-CHP-FA-D1 Charge Pump #1 Failure 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
HOI-CHP-FA-D2 Charge Pump #2 Failure 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
HOI-CHP-FA-D3 Charge Pump #3 Failure 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
HOI-CTC-FAILURE Control Mechanism Failure 3.670E-03 0.5 3.592E-03|] 3 15.507 2 Phase 1
HOI-DCA-FAILURE Mechanism or Cable Failure 5.133E-04 0.5 4.663E-04 3 3.56 2 Phase 1
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LV

BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
HOI-DIV-FA-FAC1 Directional Valve Gate 1 Failure 1.40E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-DIV-FA-FAC2 Directional Valve Gate 2 Failure 1.40E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-DIV-FA-FAC3 Directional Valve Gate 3 Failure 1.40E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-DIV-FA-FRFCO Directional Valve from Flow Control Failure 5.204E-03 0.5 5.019e-03[ 3 9.321 2 Phase 1
HOI-DIV-FA-TFC1 Directional Valve Gate 1 Failure 1.404E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-DIV-FA-TFC2 Directional Valve Gate 2 Failure 1.404E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-DIV-FA-TFC3 Directional Valve Gate 3 Failure 1.404E-04 0.5 1.759E-05| 3 .215 2 Phase 1
HOI-FLC-FA-1 Flow Control Failure 5.204E-03 0.5 5.019E-03 3 9.321 2 Phase 1
HOI-HUM-ERROR Human Errors Operator Failsto 5.000E-03 2 10.0 1 Phase 1
Initiate Hoist Sys.
HOI-HYM-FA-D1 Hydraulic Motor #1 Failure 1.000E-02 0.5 2 10.0 2 Screening Value
HOI-HYM-FA-D2 Hydraulic Motor #2 Failure 1.000E-02 0.5 2 10.0 2 Screening Value
HOI-HYM-FA-D3 Hydraulic Motor #3 Failure 1.000E-02 0.5 2 10.0 2 Screening Value
HOI-PIP-RUPTURE Pipe Rupture 6.300E-04 0.5 2 10.0 2 Screening Value
HOI-RPM-FA-1 Radial Piston Motor Gate 1 Failure 1.000E-04 0.5 2 10.0 2 Screening Value
HOI-RPM-FA-2 Radial Piston Motor Gate 2 Failure 1.000E-04 0.5 2 10.0 2 Screening Value
HOI-RPM-FA-3 Radial Piston Motor Gate 3 Failure 1.000E-04 0.5 2 10.0 2 Screening Value
HOI-SYS- TESMAI Unavailable Dueto Test and 1.000E-03 2 10.0 1 Phase 1
Maintenance
HYDR-ACCUM Hydraulic Oil Accumulator Failure 2.395E-03 0.5 2.306E-03| 3 8.867 2 Phase 1
HYDR-PIPE Hydraulic Piping/fluid Failure 6.136E-03 0.5 5.892E-03 3 8.32 2 Phase 1
HYDR-SUMP Hydraulic Sump Tank Fails 1.549E-04 0.5 8.164E-05 3 .602 2 Phase 1
IG-C-CONTROL Gantry Crane Controls Failure 3.250E-02 0.5 2220E-02 3 .966 2 Phase 1
IG-C-HOIST Gantry Crane Hoist Failure 4.076E-03 0.5 3970E-03 3 12.72 2 Phase 1
IG-C-MAINT System Undergoing Test or 5.000E-03 2 10.0 1 Ph 2 Expt Wkshp
Maintenance
IG-C-MAINT-OTHER  |Cranein Usefor Misc. Other 2.500E-02 2 10.0 1 Ph 2 Expt Wkshp
Maintenance
IG-C-RIG Gantry Crane Rigging Failure 7.461E-04 0.5 5.936E-04 3 1.56 2 Phase 1
IG-C-STRUCT Gantry Crane Structure Fails 1.817E-04 0.5 8.231E-05( 3 5 2 Phase 1
IG-C-TRAV Gantry Crane Travel Failure 1.208E-02 0.5 1.193E-02| 3 276 2 Phase 1
IG-C-TROLLEY Gantry Crane Trolley and Drive Failure 2.715E-03 0.5 2.595E-0 3 75 2 Phase 1

A-7




8-v

BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
IG-FTC-JAM-DEBRI Debris Cause Jamming of Intake Gate| 1.500E-01 10.0 V&V Expt Wkshp
IG-FTC-JAM-FLOOD  |Debris Cause Jamming of Intake Gate| 1.500E-01 2 10.0 V&V Expt Wkshp
IG-GM-FORCE Runaway Water Dynamic Force 1.000E-03 2 10.0 1 Ph 2 Expt Wkshp
Prevents Closure

IG-GM-GUIDE-A Head Gate Guide A Fails 1.894E-04 0.5 9.174E-05| 3 .538 2 Phase 1
IG-GM-GUIDE-B Head Gate Guide B Fails 1.894E-04 0.5 9.174E-05( 3 .538 2 Phase 1
IG-GM-GUIDE-C Head Gate Guide C Fails 1.894E-04 0.5 9.174E-05| 3 .538 2 Phase 1
IG-GM-HG-A Intake Gate Head Gate A Fails 3.145E-03 0.5 3.039E-03] 3 9.874 2 Phase 1
IG-GM-HG-B Intake Gate Head Gate B Fails 3.145E-03 0.5 3.039E-03| 3 9.874 2 Phase 1
IG-GM-HG-C Intake Gate Head Gate C Fails 3.145E-03 0.5 3.039E-03|] 3 9.874 2 Phase 1
IG-GM-LOCK-A Gate Locks Pins or Dogging Beams A Fail 7.107E-04 0.5 5.879E-04 3 1.856 2 Phase 1
IG-GM-LOCK-B Gate Locks Pins or Dogging Beams B Fail 7.107E-04 0.5 5.879E-04 3 1.856 2 Phase 1
IG-GM-LOCK-C Gate Locks Pins or Dogging Beams C Fail 7.107E-04 0.5 5.879E-04| 3 1.856 2 Phase 1
IG-GM-ROLLER-A Rollers or Wheels A Fail 3.124E-03 0.5 3.024E-03| 3 10.36 2 Phase 1
IG-GM-ROLLER-B Rollers or Wheels B Fail 3.124E-03 0.5 3.024E-03|] 3 10.36 2 Phase 1
IG-GM-ROLLER-C Rollers or Wheels C Fail 3.124E-03 0.5 3.024E-03|] 3 10.36 2 Phase 1
IG-GM-SEAL-A Intake Gate Seal A Ruptures (Major Rupture) 6.612E-03 0.5 6.501E-03| 3 19.873 2 Phase 1
IG-GM-SEAL-B Intake Gate Seal B Ruptures (Major Rupture) 6.612E-03 0.5 6.501E-03| 3 19.873 2 Phase 1
IG-GM-SEAL-C Intake Gate Seal C Ruptures (Major Rupture) 6.612E-03 0.5 6.501E-03| 3 19.873 2 Phase 1
IG-H-BRAKE Hoist Brake or Brake Release Fails 2.047E-03 0.5 1.900E-03| 3 4.577 2 Phase 1
IG-H-COL Hoist Support Column Fails 1.000E-03 0.5 0.5 2 10.0 2 Screen Value
IG-H-CONTROLS Hoist Controls Fail 7.340E-03 0.5 0.5 7.183E-03| 3 15.507 2 Phase 1
IG-H-DRUM Hoist Drum or Cables Fail 1.540E-03 0.5 1.399E-03 3 3.564 2 Phase 1
IG-H-FRAME Hoist Frame Fails 1.000E-03 0.5 2 10.0 2 Screen Value
IG-H-MAINT System Undergoing Tests or Maint 1.000E-02 2 10.0 1 Screen Value
IG-H-MOTOR Hoist Motor Fails 1.000E-02 0.5 2 10.0 2 Screen Value
IG-H-SHEAVES Hoist Sheaves Fail 1.052E-03 0.5 9.048E-04| 3 2.318 2 Phase 1
IG-HYDR-AWAY 4-Way Valve Fails 5.204E-03 0.5 5.019E-03| 3 9.321 2 Phase 1
IG-HYDR-CYL-ISOL Hydraulic Cylinder Isolation Valve Plugged 1.766E-04 0.5 4.361E-05| 3 .302 2 Phase 1
IG-HYDR-ELC Emergency Lowering Circuit Fails 7.721E-03 0.5 7.517E-03| 3 12.505 2 Phase 1
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
IG-HYDR-LATCH Gate Latch Valve Fails to Operate 1.404E-04 0.5 1.759E-05| 3 .215 2 Phase 1
IG-HYDR-LOWER-1  |Lowering Valves#1 Fails 3.061E-03 0.5 2.868E-03 3 5.229 2 Phase 1
IG-HYDR-LOWER-2  |Lowering Valves #2 Fails 3.061E-03 0.5 2.868E-03 3 5.229 2 Phase 1
IG-HYDR-LOWER-3  |Lowering Valves #3 Fails 3.061E-03 0.5 2.868E-03| 3 5.229 2 Phase 1
IG-HYDR-MAINT Hydraulic System Undergoing Tests 1.000E-03 2 10.0 1 Ph 2 Expt Wkshp
or Maintenance
IG-HYDR-OP-ERROR  |Operator Failsto Operate Manual 1.000E-02 2 10.0 1 Ph 2 Expt Wkshp
Lowering Valves Properly
IG-HYDR-PUMP-1 Hydraulic Pump Fails 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
IG-HYDR-PUMP-2 Hydraulic Pump Fails 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
IG-HYDR-PUMP-3 Hydraulic Pump Fails 2.684E-03 0.5 2487E-03| 3 4.468 2 Phase 1
IG-LO-POWER Loss of Power 2.200E-02 2 10.0 1 NUREG 4550
IG-P&M-MAINT-1 Out of Service for Tests or 1.000E-02 2 10.0 1 Screen Value
Maintenance
IG-P&M-MAINT-2 Out of Servicefor Testsor 1.000E-02 2 10.0 1 Screen Value
Maintenance
IG-P&M-MAINT-3 Out of Servicefor Testsor 1.000E-02 2 10.0 1 Screen Value
Maintenance
IG-UNLOAD-1 Unloader Vave#1 Fails 5.204E-03 5 5.019E-03| 3 9.321 2 Phase 1
IG-UNLOAD-2 Unloader Valve#2 Fails 5.204E-03 5 5.019E-03| 3 9.321 2 Phase 1
IG-UNLOAD-3 Unloader Valve#3 Fails 5.204E-03 5 5.019E-03| 3 9.321 2 Phase 1
INF-DST-FA-HCPLA  |Draft Tube Hatch Cover Fails 1.510E-03 1.0 2 339.6 2 Phase 1
INF-DST-FA-HEADC  |Head Cover Fails 2.160E-03 1.0 2 178.6 2 Phase 1
INF-DST-LK-SHAFT  |Severe Shaft Seal Lesks 1.260E-03 10 2 79.46 2 Phase 1
INF-OP-ERROR-DT Operator Error Causes Flooding from Draft Tube 5.000E-03 1.0 2 10.0 2 Ph 2 Expt Wkshp
INF-UF-OP-ERROR Operator Error Causes Flooding from Scroll Case 5.000E-03 1.0 2 10.0 2 Ph 2 Expt Wkshp
INF-UST-FA-HACO Hatch Cover Plate Fails 1.510E-03 1.0 2 178.6 2 Phase 1
IV-ACTUATOR Intake Valve Actuator Fails 1.640E-03 5 1.361E-03| 3 1.886 2 Phase 1
IV-CONTROLS Intake Valve Controls Fail 5.025E-03 5 4734E-03| 3 5.691 2 Phase 1
IV-FLANGE Valve Flange Fails 4.596E-03 5 4.316E-03| 3 5.406 2 Phase 1
IV-SEAL Valve Seat Fails 3.993E-03 5 3.707E-03| 3 4.589 2 Phase 1
IV-STRUCTURE Valve Structure Fails 1.461E-03 5 1.202E-03| 3 18 2 Phase 1
MG-EXCITER Exciter Failure 1.551E-02 1.0 1538E-02| 3 41.828 2 Phase 1
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]
MG-GB Guide Bearing Failure 5.179E-03 1.0 5.093E-03 3 19.917 2 Phase 1
MG-LOPUMP-1 Lubrication Oil Pump Fails 1.160E-02 10 2 176.4 2 Phase 1
MG-OPS Operator Error 5.000E-03 1.0 2 10.0 2 Ph 2 Expt Wkshp
MG-PIPE Piping Failure 1.859E-03 1.0 1.748E-03| 3 5525 2 Phase 1
MG-ROTOR Rotor Failure 5.559E-03 1.0 5.473E-03 3 21.465 2 Phase 1
MG-SHAFT Shaft or Shaft Coupling 1.254E-04 1.0 4.441E-05 3 .392 2 Phase 1
MG-SSC Loss of Station Service Cooling 3.330E-03 1.0 2 10.0 2 Ph 2 Expt Wkshp
MG-STATOR Stator Failure 2.050E-02 1.0 2.042E-02 3 86.782 2 Phase 1
MG-TB Thrust Bearing Failure 8.227E-03 1.0 8.140E-03| 3 31.597 2 Phase 1
MT-GB Guide Bearing Failure 7.522E-03 1.0 7.439E-03 3 30.127 2 Phase 1
MT-OIL-PRESSURE Pressure Oil System Failure 1.508E-02 1.0 1497E-02| 3 47.475 2 Phase 1
MT-OPS Operator Error 5.000E-03 1.0 2 10 1 Ph 2 Expt Wkshp
MT-RUNNER Runner Clearance Tolerances Exceeded 6.729E-03 1.0 6.633E-03 3 23.245 2 Phase 1
MT-SERVO Servomotor Failure 7.332E-03 1.0 7.241E-03| 3 26.764 2 Phase 1
MT-SHFT-FLANGE Shaft Flange Failure 1.131E-04 1.0 3.830E-05 3 .378 2 Phase 1
PP-PLUG-A Small Debris Plugs Perforated Plate 5.000E-01 2 10.0 1 Screen Value
npn
PP-PLUG-B Small Debris Plugs Perforated Plate 5.000E-01 2 10.0 1 Screen Value
g
PP-PLUG-C Small Debris Plugs Perforated Plate 5.000E-01 2 10.0 1 Screen Value
nen
PP-PLUG-PP-A Plugging Causes Perforated Plate A 3.300E-03 2 10.0 1 Screen Value
Failure
PP-PLUG-PP-B Plugging Causes Perforated Plate B 3.300E-03 2 10.0 1 Screen Value
Failure
PP-PLUG-PP-C Plugging Causes Perforated Plate C 3.300E-03 2 10.0 1 Screen Value
Failure
SSBS-PLUG-A Small Debris Plugs Traveling Mesh A|  5.000E-01 2 10.0 1 Screen Value
SSBS-PLUG-B Small Debris Plugs Traveling Mesh B 5.000E-01 2 10.0 1 Screen Value
SSBS-PLUG-C Small Debris Plugs Traveling Mesh C| 5.000E-01 2 10.0 1 Screen Value
SSBS-PLUG-SSBS-A  |Plugging Causes Fish Screen Frame 1.000E-02 2 10.0 1 Screen Value
A Failure
SSBS-PLUG-SSBS-B Plugging Causes Fish Screen Frame B| 1.000E-02 2 10.0 1 Screen Value

Failure
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]

SSBS-PLUG-SSBS-C Pl L_Jggi ng Causes Fish Screen Frame C| 1.000E-02 2 10.0 1 Screen Value
TE-A-GEN DROP (FBaIlZIIiIHSROP 2.500E+00 10 10.0 Expert Workshop
TE-A-OP-ERROR Operator Error 3.000E-01 10 10.0 Ph 2 Expt Wkshp
TMFS-COND-JAM TM FS Jams Intake Gate Given It Has |  7.500E-01 10.0 V&V Expert Workshop
TMFS-DEBRIS EglrlgegDebris Is Generated by Fish 4.000E-01 2 10.0 1 Ph 2 Expt Wkshp

Screen Failure
TMFS-FAIL-FLOW Traveling Mesh Fish Screen Fails 1.000E-01 2 10.0 1 Ph 2 Expt Wkshp

Due to High Flow and Jams an Intake

Gate Open
TMFS-FRAME-A Fish Screen Frame A Failure 1.724E-03 | 0.50000 1.269E-03| 3 1181 6 Phase 1
TMFS-FRAME-B Fish Screen Frame B Failure 1.724E-03 0.50000 1.269E-03 3 1.181 6 Phase 1
TMFS-FRAME-C Fish Screen Frame C Failure 1.724E-03 | 0.50000 1.269E-03| 3 1181 6 Phase 1
TMFS-HANDLE-A TMFS A Handling Error Occurs 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
TMFS-HANDLE-B TMFS B Handling Error Occurs 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
TMFS-HANDLE-C TMFS C Handling Error Occurs 8.650E-01 2 10.0 1 Ph 2 Expt Wkshp
TMFS-HANDLE-MAJ |Error Resultsin Major Structural 3.330E-03 2 10.0 1 Screen Value
TMFS-PP-A z;nasgfeen Perforated Plate A Failure 8.447E-03 0.50000 7.778E-03|] 3 4.148 6 Phase 1
TMFS-PP-B Fish Screen Perforated Plate B Failure 8.447E-03 | 0.50000 7.778E-03[ 3 4.148 6 Phase 1
TMFS-PP-C Fish Screen Perforated Plate C Failure 8.447E-03 0.50000 7.778E-03|] 3 4.148 6 Phase 1
TMFS-SDSA-A Screen Drive System Assembly A Failure 7.824E-03 | 0.50000 6.782E-03| 3 2434 6 Phase 1
TMFS-SDSA-B Screen Drive System Assembly B Failure 7.824E-03 | 0.50000 6.782E-03| 3 2434 6 Phase 1
TMFS-SDSA-C Screen Drive System Assembly C Failure 7.824E-03 0.50000 6.782E-03|] 3 2434 6 Phase 1
TMFS-TM-A Traveling Mesh A Failure 3.089E-02 | 0.50000 2.892E-02 3 5.167 6 Phase 1
TMFS-TM-B Traveling Mesh B Failure 3.089E-02 0.50000 2.892E-02| 3 5.167 6 Phase 1
TMFS-TM-C Traveling Mesh C Failure 3.089E-02 0.50000 2.892E-02| 3 5.167 6 Phase 1
TMFS-VBF-A Vertical Barrier Frame A Failure 1.710E-03 | 0.50000 3.298E-03| 3 1.0 6 Phase 1
TMFS-VBF-B Vertical Barrier Frame B Failure 1.710E-03 0.50000 3.298E-03| 3 1.0 6 Phase 1
TMFS-VBF-C Vertical Barrier Frame C Failure 1.710E-03 | 0.50000 3.298E-03| 3 1.0 6 Phase 1
TMFS-VBPP-A Vertical Barrier Perforated Plate A Failure 2.090E-03 | 0.50000 2.918E-03| 3 1.0 6 Phase 1
TMFS-VBPP-B Vertical Barrier Perforated Plate B Failure 2.090E-03 0.50000 2.918E-03| 3 1.0 6 Phase 1
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BE Name Basic Event Description Mean Failure|Mean Failure[ Exposure | Mission Median Dist | Distribution | Calc Source
Probability Rate Time Time | FailureRate Parameter Type
() () [per year] | (v) [years] | (t) [years] | (1) [per year]

TMFS-VBPP-C Vertical Barrier Perforated Plate C Failure 2.090E-03 0.50000 2918E-03 3 1.0 6 Phase 1

TR-BARS Trash Rack Bar Failure 6.960E-03 0.50000 6.896E-03| 3 39.172 6 Phase 1

TR-DEBRI-PRESENT  |Débris Present at Trash Rack 9.900E-01 2 10.0 1 Ph 2 Expt Wkshp

TR-DEBRIS-BARS Bar Failure Generates Debris 5.000E-03 2 10.0 1 Ph 2 Expt Wkshp

TR-FRAME-SUPPORT |Frame Failure Frame Failure 2.262E-03 0.50000 2191E-03| 3 10.445 6 Phase 1

TR-SEC-DEBRIS Frame/Support Generates Debris 2.000E-01 2 10.0 1 Ph 2 Expt Wkshp

VBM-PLUG-A Small Debris Plugs Vertical Barrier 5.000E-02 2 10.0 1 Screen Value
Mesh "A"

VBM-PLUG-B Small Debris Plugs Vertical Barrier 5.000E-02 2 10.0 1 Screen Value
Mesh "B"

VBM-PLUG-C Small Debris Plugs Vertical Barrier 5.000E-02 2 10.0 1 Screen Value
Mesh "C"

VBM-FLUG-FRAME-A [Plugging Causes Frame"A" Failure 6.670E-02 2 10.0 1 Screen Value

VBM-FLUG-FRAME-B |Plugging Causes Frame "B" Failure 6.670E-02 2 10.0 1 Screen Value

VBM-FLUG-FRAME-C [Plugging Causes Frame"C" Failure 6.670E-02 2 10.0 1 Screen Value

VBM-PLUG-PP-A Plugging Causes Perforated Plate"A" | 6.670E-02 2 10.0 1 Screen Value
Failure

VBM-PLUG-PP-B Plugging Causes Perforated Plate"B" | 6.670E-02 2 10.0 1 Screen Value
Failure

VBM-PLUG-PP-C Plugging Causes Perforated Plate"C" | 6.670E-02 2 10.0 1 Screen Value
Failure

WG-EMERG-CLOSE  |Emergency Closure System Fails 8.400E-03 1.00000 2.080E-03 .303 6 Phase 1

WG-EMERG-MAINT  |Emergency Closure System 1.900E-03 10.0 Ph 2 Expt Wkshp
Undergoing Maint. Or Tests

WG-EMERG-OPER Operator Does Not Initiate Properly 1.000E-02 10.0 Ph 2 Expt Wkshp

WG-GATE Wicket Gate Fails 3.171E-03 0.50000 3.085E-03 3 12.235 6 Phase 1

WG-JAM Debris Reaches and Jams a Wicket 1.667E-01 2 10.0 1 Phase 2 Expert Workshop
Gate

WG-LINK Wicket Gate Linkage Failure 2.285E-03 0.50000 2172E-03| 3 6.644 6 Phase 1

WG-LINKAGE-3/14 Linkage Failure 2.285E-03 0.50000 2172E-03| 3 6.644 6 Phase 1

WG-PINS Shear Pin Fails 5.001E-02 0.50000 4.992E-02 3 100.0 6 Phase 1

WG-SERVO Servomotor Fails 2.322E-03 0.50000 2.200E-03| 3 6.259 6 Phase 1

WG-SHEARPIN-3/14  |Shearpin Failure 5.001E-02 0.50000 4.992E-02 3 100.0 6 Phase 1

WG-SHIFT-RING Shift Ring Fails 1.177E-03 0.50000 1.068E-03| 3 3511 6 Phase 1
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Appendix B. Initiating Event Trees

This appendix presents the fault trees used to determine the frequency of powerhouse events that
could require rapid closure of the intake gates. These trees were devel oped from the logic models
of the various systems and structures involved in the operation and control of the powerhouse.

Two types of events were considered, |oss-of-load initiating events and flooding events. Loss-of-
load events are those in which the electrical load of the grid is abruptly disconnected from the
generator. Without thisload the turbine/generator combination would over-speed unless either
the wicket gates closed to control water flow through the turbine, or, failing that, the intake gates
were closed. The fault tree used for theinitial evaluation of the frequency of loss-of-load
initiating events is presented in Figure B.1. Figures B.2 through B.6 present continuations of the
treein Figure B.1, expanding each of the subeventsidentified with triangular symbolsin Figure
B.1.

Two types of flooding initiating events were considered. Upstream flooding events refer to
powerhouse flooding from a source upstream of the wicket gates, in particular through the scroll
case door. Upstream flooding events can be terminated only by closure of the intake gates, as the
flooding source is upstream of the wicket gates. The fault tree used for the initial evaluation of
the frequency of upstream flooding initiating eventsis presented in Figure B.7.

Downstream flooding events refer to flooding from sources downstream of the wicket gates.
These include sources such as the draft tube access hatch and the turbine head cover and shaft
packing. Either wicket gate closure or intake gate closure can terminate downstream flooding
events. The fault tree used for the initial evaluation of the frequency of downstream flooding
initiating events is presented in Figure B.8.
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(Top Evemt A)
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) _ Loss of Load Main Generator Electrical Operator Error
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and Transmission) Flooding
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Earthquake External
Fires
EXT—-2 BEXT—-5

FigureB.1. Loss-of-Load Initiating Event Fault Tree
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FigureB.2. Main Unit Turbine Failure Continuation of Loss-of-Load Initiating Event Fault Tree
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FigureB.3. Main Unit Generator Failure Continuation of Loss-of-Load Initiating Event Fault

Tree
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FALSE BSIGNALS

ELETRR
FROM MAIN FROM GENERATOR 87 RELAY FROM GENERATOR
UNIT RELAY DIFFERENTIAL LOCKOUT GROUND RELAY
RELAY
ELE—REL-FS-MU ELE—REL-FS-GD ELE-REL-F§-87 ELE-REL-FS—GG
FROM GENERATOR FROM GENERATOR FROM GENERATOR 86 RELAY
QVERVOLTA GE LOSS—OF—FIELD PHASE UNBALANCE LOCKQUT
RELAY RELAY RELAY
ELE—REL—-FS—GOV ELE—REL—FS—GLOF ELE—REL—-FS—GPU ELE—REL—-FS—86

Figure B.4. False Signals from Generator Relays Continuation of Loss-of-Load Initiating Event
Fault Tree

FALSE SIGNALS
FROM RELAYS
ELER1
86 RELAY FROM MAIN FROM LINE FROM LINE
LOCKOUT TRANSFORMER PHASE RELAY RESIDUAL
DIFFERENTIAL RELAY RELAY
ELE-REL-FS—B8 ELE-REL-FS—MTD ELE—REL-FS—LP ELE—REL—FS—LN
FROM LINE FROM TRANSFORMER| Tone Trip
DIRECTIONAL NEUTAL GROUND Relay
GROUND RELAY RELAY
ELE-REL-FS-LDG ELE-REL-FS—TNG ELE-REL-F8—TT

FigureB.5. False Signals from Other Relays Continuation of Loss-of-Load Initiating Event
Fault Tree
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ELECTRICAL

DISTRIBUTION
FAILURE
ELEC-LOL
MAIN FALSE SIGNALS
TRANSFORMER FROM RELAYS
FAILURE
ELE-R1
ELE—TRA-FA—MAIN
LINE DISCONNECT WIRES FAIL MAIN GENERATOR
TO MAIN TRANS. OPEN BREAKER FAILS
FAILS TO TO REMAIN
REMAIN CLOSED CLOSED
ELE-CON—RC—2 ELE—WIR-OPEN BLE—GEN —RC—MAIN

Figure B.6. Electrical Distribution Failure Continuation of Loss-of-Load Initiating Event Fault
Tree

Internal Flooding
Originating From
Upstream Of WG

TEAIFU
Serpll Case Door QOperator Error —
Crack or Blowout Causes Flooding
From Scroll Casse
INF-UST-FA-HACO INF-UF—-CP—-ERROR

Figure B.7. Upstream Flooding Initiating Event Fault Tree
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Figure B.8. Downstream Flooding Initiating Event Fault Tree
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Appendix C. System Failure Fault Trees

This appendix presents the fault trees used to determine the probability of system failures, given
that an initiating event has happened, that would lead to failure to control the initiating event.
These trees were devel oped from the logic models of the various systems and structures involved
in the operation and control of the powerhouse. The fault trees are used to determine the event
combinations that can lead to failure of the wicket gates to close and terminate | oss-of -load events
or downstream flooding events, and the event combinations that can lead to failure of the intake
gates to close and terminate loss-of-load events, upstream flooding events, and downstream
flooding events.

It should be noted that different fault trees are used for different initiating events. This situation
is because different problems need different responses. For instance, on aloss-of-load event the
wicket gate governor system must sense and respond to the need to control turbine over-speed,
and then the mechanical part of the wicket gate system must operate successfully to close the
wicket gates. This progression isaddressed in Figure C.1, and continued in Figure C.2 through
Figure C.9. The failure of the intake gates to close on aloss-of-load initiating event is addressed
in Figure C.10, and continued in Figure C.11 through Figure C.31.

On a downstream flooding event, the system must simply respond properly to operator commands
to close the wicket gate; the governor is not involved. Thisisaddressed in Figure C.32. It should
be noted that two transfer gates on this figure refer to previous figures. Thus, IG-DEBRI refersto
Figure C.22 and its continuation, and TE-C-RUN refersto Figure C.1 and its continuation.

The failure of intake gatesto close on either an upstream or downstream flooding initiating event
isaddressed in Figure C.33. Several transfer gates on this figure refer to previous figures.

Finally, electrical power is required for the operation of most of the systems. Electrical power
failures are addressed in Figure C.34 through Figure C.49, that relate to transfersinto various
types of the system failure fault trees.



Wicket Galte FTC
(Top Event C)

TE-(—-RUN
Wicket Gate Governor [FTO
FTC (Mechanical)
(Mechanical)
WG—RUN GOV—-MECH

Figure C.1. Wicket Gate Failsto Close Fault Tree for Loss-of-Load Initiating Event
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Wicket Gate FTC
(Mechanical)
(Loss of Load)

WG-RUN
Shift Hing Shear Pin Fails Servomotor Linkage Failure
Fails and Gates Drift Fails
Open
WG-RUN-97

WG-SHIFT-RING WG-SERVQ WG-LINKAGE-3/14

Shear Pin Wicket Gates

Failure Fail to Drift

Shut
WG-SHEARPIN-3/14 GOV-DRIFT—OPEN

Figure C.2. Mechanical Failure Continuation of Wicket Gate Failure Fault Tree for Loss-of-
Load Initiating Event
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Governor FTO
(Mechanical)

GOV-MECH

Mechanical Electrical
Governar FTO Govermor FTO

GOV—-E—MECH-FTO

Electrical
Governor FTO
Mechanical)

Mechanical
Governor FTO

Mech. (Mech anical)

Governor
[nstalled

Installed|

GOV-MECH-INST GOV -MECH-FTQ GOV—ELEC—INST GOV-ELEC—FTO
Gov FTC on Gates Drift Open Gates Forced Gates Drift Open Gates Porced Gav FTC on
Demand on Failure Open on Mech, on Failure Open on Elec. Demand
(Frozen) Fallure Fallure (Frozen)
GOV-FTC GOV—-M-DRIFT GOV-M—-FO GOVE%DRIFT GOV—-E-FO GOV—-FTC
Wicket Gates Fail Governor Wicket Gates Fail Governor
to Drift Shut Fallure Allows to Drift Shut Fallure Allows
Gates to Drift Gates to Drift
GOV—DRIF GOV -DRIF
GOV-DRIFT—OPEN GOV —-DRIFT-OPEN

Figure C.3. Governor Mechanical Failure Continuation of Wicket Gate Failure Fault Tree for
Loss-of-Load Initiating Event
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WG—EMERG GOV —F +GATES
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Actuator Valve Sticks Limit Devices
Failure Qpen Fail
GOV +ACT GOV-0§-LIMLT

GOV -GDV

Actuator Pilot
Valve Bticks
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[

l

GOV-APY

Figure C.4. Mechanical Governor Forces Gates Open Continuation of Wicket Gate Failure Fault

Flyb ax]l]l ]Falls

Mechanical
Overspeed Limit
Device #1 Fails

Mechanical
Overspeed Limit
Device #2 Fails

O OO

GOV -M-FLYBALL

Tree for Loss-of-Load Initiating Event

GOV-M-0S-LIMIT1

GOV-M-08-LIMITR



Gates Forced
Open on Mech.
Failure

GOV

-FQ

Emerpgency Gaovernar
Clgsure System Forces Gates
Fails Open
WG—EMERG GOV-F—E—G
Govervor Gate Distributing Overspeed
Actuator Valve Sticks Limit Devices
Failure Open Fail
GOV—-ACT-E GOV-(QS-L-E
GOV -GDV

Actuator Pilot
Valve Sticks
Open

Speed Signal

Electrical

Generator
Fails Low

Overspeed Limit
Device #1 Fails

GOV-APV

GOV-E—-S88G

GOV -E—-OS-LIMIT1

Electrical
Overspeed Limit
Device #2 Fails

GOV-E—-OS-LIMITR

Figure C.5. Electrical Governor Forces Gates Open Continuation of Wicket Gate Failure Fault
Treefor Loss-of-Load Initiating Event

Governor FTC on
Demand
GOV FTC
Gov FTC on Emergency
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l

Mechanical
Connection
Failure

Actuator Pilot
Valve Sticks in
Neutral Position

Gate Distributing
Valve BSticks in
Neutral Position

o

GOV-MECH—-CONN

)

GOV —-AFPV

GOV -GDV

c4

Figure C.6. Governor Failsto Close Gates on Demand Continuation of Wicket Gate Failure
Fault Tree for Loss-of-Load Initiating Event




Elec. Governor
Failure Allows
Gates to Drift

GOV +DRIF

Loss of System

Governor Allows

Pressure Drift
GOV-LOP GOV —-DRIFT—0IL
Accumulator Sump Tank Lass of 0il
Tank Fails Fails Emergency
Volume Type Closure System
Failure Fails
GOV-0IL WG-EMERG
GOV-ACCUM GOV-SUMP
Governor Dil Hydraulie
Piping Fails Connections
Fail

GOV-PIPE GOV—-HYD-CONN

Figure C.7. Governor Failure Allows Gates to Drift Open Continuation of Wicket Gate Failure
Fault Tree for Loss-of-Load Initiating Event
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Volume Type
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Governor Hydr Pumps or Motor
Fluid Valves Fails
GOV-—VALV-FTO GOV—PR&M-FTO
#1 Unloader Valv #2 Unloader Valve #3 Unloader Valve Pumps Fail or Accum. Depletes
Fails QOpen Fails Dpen Fails Open Lose Power prior te Operater
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PUMPR—-FAIL
GOV—-UNLOAD—1 GOV -UNLCAD-2 GOV—-UNLOAD -3 GOV—-P&M—OPER
Pumps Fail SU BUS
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PUMPS—HAIL—-MECH ELE—SU
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GOV-LAG-PUMP-1 GOV-LAG-PUMP—2 GOV-LAG-PUMP-3

Figure C.8. Governor Loss of Oil Continuation of Wicket Gate Failure Fault Tree for Loss-of-
Load Initiating Event
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Emergency Emerg. Closure
Closure System System NOT
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Function Manually
WG-EMBERG—FTO WG-EMERG -NOTINST
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Not Initiate Closure BSystem Closure System E
Properly Undergolng Fails merg.
Maint. or Tests Closure
System
[nstalled
WG—-EMERG—INBT
WG-EMERG—-OPER WG—EMERG—-MAINT WG-EMERG—-CLOSE

Figure C.9. Emergency Closure System Fails Continuation of Wicket Gate Failure Fault Tree
for Loss-of-Load Initiating Event
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Intake Gate
FTC
(Top Event D)

TH-D
Intake Gate Fish Screen
FTC Jams
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IG-MECH FSHFTO
TMF3 Jams IG FBFS Jams IG
TMF§-FTO FBFS-FTO
TMFS JTams I[G FBFS Jams IF
Traveling
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Screen Installed
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TMFS Fails TMFS Jams Intake FBFS Fails FBFS Jams Intake
Under Cate Given It Under
High Flow Has Falled High Flow
TMFS—-FAIL—FLOW TMFS—COND—JAM FBFS-FAIL—-FLOW FBFS—COND—JAM

Figure C.10. Intake Gate Failsto Close Fault Tree for Loss-of-Load Initiating Event
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FTO (New Design)Hoist Crane FTO Operated Intake Jamming of Intake Gate
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Mechanical Prob

AN
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Intake
Gate
Crane

Installed|

IG—CRANE

N
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IG—FTC-JAM-DEBRI

Figure C.11. Mechanical Failure Continuation of Intake Gate Failure Fault Tree for L oss-of-
Load Initiating Event




Intake Valve
FTO due to
Mechanical Prob

IG-IV-ME
Hydraulic System [ntake Valve Insufficient
Undergoing Teste ]E[yd_rmulnc Grm;;s‘?s;l{:&gs Hydraulic
or Maintenance Actuation Sys Pressure
Fails
IV-HYDR-FTO IV-STRUCT-FTC HYDR-PRE
IG-IV—-MAINT l
Valve Seat Fails Valve Structure Valve Flange
Fails Fails
IV—5EAL IV-STRUCTURE IV-FLANGE
Intake Valve Intake Valve
Actuator Fails Controls Fail
IV-ACTUATOR IV-CONTROLS

Figure C.12. Intake Valve Failure Continuation of Intake Gate Failure Fault Tree for L oss-of-
Load Initiating Event
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CONTROL RODOM FAILURE TANK FAILURE MAINTENANCE

HOIST1 BLE—CQ01 HOI§TE9 HOISTE8
HOI-DCA-FAILURE HDI-PIP-RUPTURE HDI-SYS-TESMAL
HUMAN ERRORS CONTROL UMF AND MOTOR UMP AND MOTOR [ntake Gate
OPERATOR FAILS TO| MACHANISM Gate Mechanism
ITIATE HOIST SY§, FAILURE FAILURE FAILURE PTO
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HOI-HUM—-ERROR HOI-CTC-FAILURE
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1 1 3 3
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YDRAULIC MOTOR
FAILURE

CHARGE PUMP
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HOI-HYM-FA-D&
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Figure C.13. Rope Hoist Operation Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event




LOWER UNITS FOR
GATES 1 & 2 & 3

FAILURE
HOIPTS8
LOWER UNIT FOR LOWER UNIT FOR FAILS TO LOWER UNIT FOR
GATE 2 GATE 1 RELEASE GATE 3
FAILURE FAILURE FLUID FAILURE
HOI$T72 HOIFT71 HOISTSB4 HOIST73
DIRECTIONAL BRAKE RADIAL PISTON COUNTER BALANCE
VALVE GATE 1 GATE | FAILS MOTOR GATE 1 VALVE GATE 1
FAILURE TO RELEASE FAILURE PLUGGED
HOI-DIV—FA -TFC1L HOI-BRA-FA—1 HOI-RPM-FA—1 HOI-CBV-FA—1
DIRECTIONAL BRAKE RADIAL PISTON COUNTER BALANCE
VALVE GATE 2 GATE 2 FAILS MOTOR GATE 2 VALVE GATE 2
FAILURE TO RELEASE FAILURE PLUGGED
HOI-DIV-FA-TFCR HOI-BRA-FA—2 HOI-RPM-FA—2 HO1-CBV-FA-2
DIRECTIONAL BRAKE RADIAL PISTON COUNTER BALANCE
VALVE GATE 3 GATE 3 FAILS MOTOR GATE 3 VALVE GATE 3
FAILURE TO RELEASE FAILURE PLUGGED

HOI-DIV-FA-TFC3 HOI-BRA-FA-3 HO1-RPM-FA-3 HO1-CBV-FA-3

Figure C.14. Hoist Lower Units Failure Continuation of Intake Gate Failure Fault Tree for Loss-
of-Load Initiating Event
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Figure C.15. Hoist Fails to Release Fluid Continuation of Intake Gate Failure Fault Tree for

Loss-of-Load Initiating Event
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Figure C.16. Crane Operation Failure Continuation of Intake Gate Failure Fault Tree for Loss-
of-Load Initiating Event
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Gate FTO
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Lower Undergoing Tests Valve FTO Cylinder Isolation|
or Maintenance Valve Plugged

A
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Figure C.17. Hydraulic Operation Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event
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Figure C.18. Hydraulic Pressure Supply Failure Continuation of Intake Gate Failure Fault Tree
for Loss-of-Load Initiating Event
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IG-GM—B IG-GM—-A IG-GM—C
Intake Gate '"A" Gate "A" Locks, Pins, Intake Gate "A"
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IG-GM-L—-A IG-GM—-F-A

IG-GM-LOCK—A

Intake Gate goltake Gate Head Gate Roller or Runaway Water
Head Gate "'A” ea upture Guide "A" Fails Wheel "A" Fails Dynammic Force
Fails (Major Rupture) Prevents Closure

IG-GM—HG-A IG-GM—SEAL-A IG-GM-GUIDE—-A IG-GM—-ROLLER—A IG-GM—-FORCE

Figure C.19. Gate A Mechanism Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event

l

[ntake Gate
Gate "B"
Mechanism FTC

A

IG—GM—B
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Figure C.20. Gate B Mechanism Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event

C-16



l

Intake Gate
Gate "C"
Mechamism FTC
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Intake Gate '"C" Gate 'C" Locks, Pins, Intake Gate "C”
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Figure C.21. Gate C Mechanism Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event
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Figure C.22. Debris Generation Continuation of Intake Gate Failure Fault Tree for Loss-of-Load
Initiating Event
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Figure C.23. Trash Rack Failure Continuation of Intake Gate Failure Fault Tree for L oss-of -
Load Initiating Event
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Figure C.24. Traveling Mesh Fish Screen Generates Debris Continuation of Intake Gate Failure
Fault Tree for Loss-of-Load Initiating Event
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Figure C.25. Traveling Mesh Fish Screen A Failure Continuation of Intake Gate Failure Fault
Treefor Loss-of-Load Initiating Event
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Figure C.26. Traveling Mesh Fish Screen B Failure Continuation of Intake Gate Failure Fault
Tree for Loss-of-Load Initiating Event
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Figure C.27. Traveling Mesh Fish Screen C Failure Continuation of Intake Gate Failure Fault

Treefor Loss-of-Load Initiating Event
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Figure C.28. Fixed Bar Fish Screen Generates Debris Continuation of Intake Gate Failure Fault
Tree for Loss-of-Load Initiating Event
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Figure C.29. Fixed Bar Fish Screen A Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event
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Figure C.30. Fixed Bar Fish Screen B Failure Continuation of Intake Gate Failure Fault Tree for
Loss-of-Load Initiating Event
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Figure C.31. Fixed Bar Fish Screen C Failure Continuation of Intake Gate Failure Fault Tree for
Loss-Of-Load Initiating Event
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Figure C.32. Wicket Gate Failsto Close Fault Tree for Downstream Flooding Initiating Event
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Figure C.34. DC Bus Failure Fault Tree
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Figure C.35. CQO1 Bus Failure Fault Tree
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Figure C.36. CQO2 Bus Failure Fault Tree
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Figure C.37. SQO01 Bus Failure Fault Tree
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Figure C.38. SQO02 Bus Failure Fault Tree
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Figure C.39. SQ1 Bus Failure Fault Tree
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Figure C.43. SS56 Bus Failure Fault Tree

NO POWER FROM
STAT. GEN. 3&4&
DFFSITE POWER

ELE-GEN—-UA-5

ELE—SG34
MAIN NO POWER FROM
TRANSFORMER #1 STA. GEN. AND
FAILURE OFFSITE POWER
ELE-SGZ20F
ELE-TRA—-FA—-MAINL
NO POWER FROM NO POWER FROM

STATION

STATION

OFFSITE POWER
UNAVAILABLE

GENERATOR 3 GENERATOR 4

ELE—8$GQF3 ELE-$G114
MAIN GEN. STATION MAIN GEN STATION
BREAKER 3 GENERATOR 3 BREAKER 4 GENERATOR 4
FAILURE UNAVAILABLE FAILURE UNAVAILABLE

)

ELE—BRE-FA-MG3

L

ELE—GEN-UA-3

ELE-BRE-FA-MG4
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Figure C.47. SU Bus Failure Fault Tree
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Figure C.48. SQU1 Bus Failure Fault Tree
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Appendix D. Damage State Cost Estimate | nputs

This appendix presents additional information supporting the cal culations described in the body
of the document in Section 2.3.2 Damage State Cost Development.

D.1 Construction Costs

COE cost engineers devel oped estimates of the costs to repair the damages associated with each
of the over-speed states and the flooding states. Aninitial step in the cost estimation process was
to describe the work required for each necessary activity. Cost estimates for the over-speed-with-
flooding states were devel oped by adding the costs for the appropriate over-speed and flooding
states, taking care to exclude double counting of activities that were duplicated in the two work
descriptions. These combined costs are presented in the Construction columns of Table 2.26 and
Table 2.27.

Figures D.1 to D.9 present the cost summary sheets identifying the required work activities and
associated repair costs for the five over-speed damage states and for the four flooding states that
result in damages.

D.2 Lost Power Costs

Equation 2.11 in Section 2.3.2.2 was used to calculate the costs of lost power generation from
RPC,, the per-unit incremental energy replacement cost, FE,, the per-unit incremental foregone
energy, and t,, the per-unit time-out-of-service. These costs are evaluated individually for each
unit out of service.

The COE provided inputs to RPC, and FE, from previous detailed studies for Lower Granite
(LWG) (small-plant with 6 units) and John Day (JDA) (large plant with 16 units). Specifically
for LWG, the analysisis based on sequential stream flow regulation model (HY SSR) study
BIOP3/BIOP94, for JDA, the analysisis based on HY SSR study RF9596F.

The COE ran HY SSR to obtain a period-by-period estimate of project generation with all units
available. HY SSR uses amonthly timeinterval (except for April and August, that are split into
two periods each) and a 60-year period of record (August 1928 through July 1988). Because
other Power Branch models (including PCSAM) currently able to manage only 50 years of data,
HY SSR output used in most power impact studiesis limited to the August 1928 through July
1978 time period.

The COE modified the HY SSR output to obtain a period-by-period estimate of project generation
with one or more units unavailable. In simple generator rewind studies (like LWG) where
rehabilitation of turbinesis not under consideration, estimates are obtained using a spreadsheet
analysis. In major rehabilitation studies (like JDA) where rehabilitation of turbinesis under
consideration, estimates are obtained using the HALLO model, that is able to model turbine
characteristicsin considerable detail. Because the time and effort required to develop turbine
characteristicsis so great, the HALLO model approach is used only in mgjor rehabilitation
studies.

The COE used the period-of-record estimates of project generation with all units available and
with one or more units unavailable as input to the system analysis model (PCSAM). PCSAM is



used to measure the system-wide power impacts, in terms of increased system production costs
(SPC), associated with having one or more units unavailable at a project. SPC represents the
estimated annual cost of meeting a specified load demand. Descriptions of the HY SSR, HALLO,
and PCSAM models are provided in the major rehabilitation report prepared for the COE TDA
study in Appendix C.

The COE used the output results from the LWG and JDA studies to estimate average annual
generation (GWh) and annual plant factor (percent), as a function of the number of units
available. SPC output from PCSAM was used to develop cumulative energy benefits ($1000)
and the cumulative value of energy ($/MWh), again as a function of the number of units
available. For usein Equation 2.11, PNNL changed the cumulative valuesinto the incremental
values.

Table D.1 and Table D.2 present the results of the COE analysis that are used as inputs to
Equation 2.11. Figure 2.9 in the body of the report is a graph of the valuesin Columns 8 and 10
of Table D.1 against the number of units on outage. Thisinformation is combined with the
estimated time-out-of-service values tabulated in Table 2.24 and Table 2.25 using Equation 2.11,
resulting in the costs tabulated in the “ power replacement” columns of Table 2.26 and Table 2.27.

TableD.1. Results of COE Studiesto Determine Amounts and Costs of Lost Energy asa
Function of Number of Units Out of Service — Small Plant Model (Lower Granite)

Cumulative|Cumulative |Cumulative [Increment |Incremental
. Maximum HYSSR Average Value of |Energy Energy Energy Value of
# of Units Capacity | Percent Annual Eneray Plant Factor] Energy |Benefits Foregon Foregone |Energy
Available [On Outage (MW) Exceed |(GWh) _[(MW) (Percent) | ($Mwhh) |($1.000) (Gwh) (Gwh) ($MWh)
6 0 931.5 0 2916 333 35.7 30.66 89397 0 0
5 1 776.25 6 2846 325 41.9 31.02 88274 70 70 16.05
4 2 621 12.7 2719 310 50 31.55 85784 197 127 19.6
3 3 465.75 24 2468 282 60.5 32.35 79831 448 251 23.72
2 4 310.5 42 2044 233 75.1 33.7 68879 872 424 25.83
1 5 155.25 77.6 1308 149 96.2 36.26 47428 1608 736 29.15
0 6 0.00 100.0 0 0 100.0 36.82 0 2916 1308 36.26
Table D.2. Results of COE Studiesto Determine Amounts and Costs of Lost Energy asa
Function of Number of Units Out of Service— Large Plant Model (John Day)
Cumulative |Cumulative |Cumulative |[Increment |Incremental
Maximum HYSSR Average Value of |Energy Energy Energy Value of
# of Units Capacity | Percent |—AnnualEneray lpjant Factor| Energy |Benefits Foregon Foregone |Energy
Available Jon Outage (MW) Exceed [(GWh) [(MW) (Percent) | ($MWhh) |($1.000) (GWh) (GWh) (SMWh)
16 0 2484.00 0 10687 1220 49.1 34.93 373277 0 0
15 1 2328.75 2.4 10677 1219 52.3 34.93 372971 11 11 29.18
14 2 2173.50 4.5 10629 1213 55.8 34.94 371404 58 48 32.70
13 3 2018.25 6.9 10548 1204 59.7 34.96 368764 140 81 32.48
12 4 1863.00 9.6 10433 1191 63.9 35.00 365159 254 115 31.45
11 5 1707.75 14.1 10277 1173 68.7 35.08 360568 410 156 29.45
10 6 1552.5 20.5 10045 1147 73.9 35.28 354354 642 232 26.83
9 7 1397.25 30.3 9695 1107 79.2 35.70 346132 992 351 23.45
8 8 1242.00 38.5 9225 1053 84.8 36.70 338572 1463 470 16.08
7 9 1086.75 51.9 8615 983 90.5 39.06 336455 2073 610 3.47
6 10 931.50 69.5 7772 887 95.2 43.25 336146 2916 843 0.37
5 11 776.25 86.1 6712 766 98.7 48.80 327555 3976 1060 8.11
4 12 621.00 100.0 5440 621 100.0 51.73 281394 5247 1272 36.30
3 13 465.75 100.0 4080 466 100.0 51.73 211068 6607 1360 51.71
2 14 310.50 100.0 2720 311 100.0 51.73 140712 7967 1360 51.73
1 15 155.25 100.0 1360 155 100.0 51.73 70356 9327 1360 51.73
0 16 0.00 100.0 0 0 100.0 51.73 0 10687 1360 51.73
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D.3 Environmental Costs

Environmental costs associated with oil spilled in the river include the emergency response to
stop the spread of the oil and clean it up as well as the mitigation costs associated with restoring
the environment to its original condition (e.g., planting vegetation). The size of the powerhouse
determines the quantity of oil released and therefore affects the environmental costs.
Environmental cost estimates for the small and large plants are contained in the following
sections.

D.3.1 Small Powerhouse Environmental Costs

To estimate the environmental costs for clean up and mitigation, the majority of the spilled oil is
assumed to be Mobil7 DTE Heavy 30W. It isalso assumed that projects would implement their
spill response team and control the spill at a certain point in theriver. Implementing the initial
first response for the spill cleanup consists of booms and absorbent pads. Each project has the

necessary equipment and trained personnel in their spill response teams. The following list isan
estimate of the costs for the spill response team actions and other cleanup activities:

1) Eight each GS7 or equivalent pay grade personnel ($40.00 x 10 hrsx 8 = $3,200
per day); oil spill requires 2 days of spill response team hours (includes for
overtime) = $6,400; remediation and cleanup of immediate shore area requires
an additional 15 days = $48,000

2) One GS12 or equivalent pay grade as supervisor ($80.00 x 10 hrs = $800.00 per
day) 10 days probable total = $8,000

3) Four hundred thirty bales of Sorbent pads (1 bale absorbs 84 gallons of oil) =
$42,000

4) Eight hundred 55-gallon drums ($48.00 each) = $38,400

5) Rental cost of high-pressure steam cleaners, pumps skimmers, etc. = $9,000

6) Contract for the transportation/disposal of oil (unregulated waste) = $60,000

7) Fine by the Washington State Department of Ecology = $10,000

8) Environmental Assessment and Water Quality Study post spill = $20,000

9) Twenty percent contingency ($48,360).

Total estimated cost = $290,160
Approximately 15 days labor to cleanup the shoreline, and 10 additional days for post problem
cleanup study resultsin an estimated 25 days for cleanup. The time to clean up is contingent
upon quick response. It is assumed that Emergency Management will be given full authority to
act and procure emergency cleanup service, if necessary, and contracts for the necessary supplies
and equipment.
These cost estimates are listed in the Environment columns of Table 2.26 and Table 2.27 in the
body of the report. They are associated only with the F4 flooding state, where the powerhouse
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has been completely flooded, with water escaping from the maintenance door on Level 4 of the
powerhouse.

D.3.2 Large Powerhouse Environmental Costs

Scaling these costs to a large powerhouse dam recognizes a higher dilution factor of the oil and a
reduced amount of waste disposal. It is also assumed that flows will take a significant amount of
the oil with the event. The majority of the cleanup cost associated with alarge power house
(Columbia River Project) are assumed to be in the cleanup of wildlife habitat areas.

1) Twenty-four each GS7 or equivalent pay grade personnel ($40.00 x 10 hrsx 24
= $9,600 per day);oil spill requires 2 days of spill response team hours (accounts
for overtime) = $19,200; remediation and cleanup of immediate shore area
requires an additional 20 days = $192,000

2) Two each GS12 or equivalent pay grade supervisor ($80.00 x 10 hrsx 2 = $1,600
per day); 10 days probable total = $16,000

3) Eight hundred bales of Sorbent pads (1 bale absorbs 84 gallons of oil) = $81,000

4) Sixteen hundred each 55 gallon drums ($48.00 each) = $76,800

5) Rental cost of high pressure steam cleaners, pumps skimmers, etc. = $30,000

6) Contract for the transportation /disposal of oil (unregulated waste) = $140,000

7) Fine by the Washington State Department of Ecology = $20,000

8) Environmental Assessment and Water Quality Study post spill = $20,000

9) Twenty percent contingency ($119,000).

Total estimated cost = $714,000
The actual time to clean up the areaiis estimated at about 20 days. After the cleanup 10 additional
days would be needed for the post cleanup water quality study. Thus, thetotal timeto cleanupis
about 30 days, contingent upon quick response. It is assumed that Emergency Management will

be given full authority to act and procure emergency cleanup service, if necessary, and contracts
for the necessary supplies and equipment.



Figure D.1. COE Cost Estimate for Damage Sate O-1



FigureD.2. COE cost Estimate for Damage State O-2



Figure D.3. COE Cost Estimate for Damage State O-3



FigureD.4. COE Cost Estimate for Damage State O-4



FigureD.5. COE Cost Estimate for Damage State O-5



Figure D.6. COE Cost Estimate for Damage State F-1
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FigureD.7. COE Cost Estimate for Damage State F-2
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Figure D.8. COE Cost Estimate for Damage State F-3
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FigureD.9. COE Cost Estimate for Damage State F-4
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Acronyms and Abbreviations

$MWh
A

AE
B/C
BE
BPA
CE
COE
CR

DF

E

EXT
FBFS
FMEA
FTC
FTO
GADS
GEN DROP
HDC
HY

HY SSR
I.G.
JDA
LWG
MWe
MWh
NERC
NPV
NRC
(O
PCSAM
PGE
PNNL
PUD
p\/

R

SPC
SPCAF
TMFS
UF
VDC

dollars per Megawatt hour

estimated annual probability
average energy

benefit/cost (ratio)

basic event

Bonneville Power Administration
cumulative energy

Corps of Engineers

crane

Downstream Flooding

estimated cost of damage

external

fish bar fish screen

Failure Modes and Effects Analysis
failureto close

failure to open

Generation Availability Data System
generator disconnect initiated by dispatcher
hydraulic design center

hydraulic

sequential stream flow regulation
intake gauge

John Day (plant)

Lower Granite

Megawatt electric

Megawatt hour

North American Electric Reliability Council
net present value

Nuclear Regulatory Commission
Over-speed

PC System Analysis Model

Portland Gas and Electric

Pacific Northwest National Laboratory
Public Utility District

present value

Risk

System Production Costs

single payment compound amount factor
traveling mesh fish screen

Upstream Flooding

VoltsDC
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