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Abstract

A wide variety of factors make reservoir operation a complex and dynamic problem, including
multiple operational objectives, hydrgical uncertainties and dam safety considerations.
Concerns have grown in recent years regarding reliability of existing hydrogtevege and
discharge facilities, as many of these facilities are aging and their failure could significantly
impact reservio operations and pose threats to dam safety. A number of reliability methods were
investigatedn this studyand a formal reliability analysis process has be#opted taassess the
reliability of water release facilities using censored failure ddtanonparametric produgdimit
estimation method was usedto analyze the timeependent reliability of different types of
spillway gates and hydropower turbines, and parametric model fitting techniques were
subsequenthappliedto fit reliability functions. Rilure and repaieventswere simulated using
Monte Carlo simulation, which provided random variables to capture the uncertainty of
availability for hydrofacilities. The reliability analysis process was integrated irgomalation
optimizationoperationgplanning model to developraliability-based modeling framewotkat
guantitativelytreatsrisk and uncertaintiesr hydro operationsA specific reservoir system in
British Columbia was selected as to illustrake modelapplication. Results and analgs
provided guidelines for evaluating and comparing alternative reservoir operating plans that
incorporate reliability assessment and failsiraulation It is demonstrated that dam overtopping

is more likely to occur due to a simultaneous occurrencegbfinflow events and spillway gate
failures than being caused by an extreme inflow evidm. presented work highlights the needs

to systematically collecand archivereliability data andto conduct reliability analysis for

hydropower water release fat#iswhenever new information and data become available
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Chapter 1: Introduction

Many existing hydropowestorage andischarge facilities were built decades ago tedrisk of
failure of these aging infrastructure facilities mereasingMost of these facilities are located in
remote areas and are subject to sevemgironmental conditions which can cause early
degradation of components such as spillway gates. A preliminary analysis-and t@st data
show that the probabijitof a single spillway gate failing to open on demand is estimated to be 1
in 10, which is considered to be very hi@dlewin, Ballard and Bowles 2003Malfunction and
insufficient capacity of discharge facilities could resaliam overtopping, a mechanism which
has contributed to approximately 34% of all dam failures in YB#sociation of State Dam
Safety Officials 2013)Because of this, application of reliability analysis to hydropower systems
particularly water discharge facilities, is crucial for managing risks in reservoir operations

planning.

1.1 Water Discharge Facilities

Hydropowersystens comprisea broad set of components sucldams storage reservoirgjater
discharge facilities, pumpg stations, pipelines, channels, penstocks, hydroelectric generating
turbines, fish ladders and other faciliti¥®8ater discharge facilities are among the most essential
components since thegleaseexcess wateto prevent dam overtopping and reduceithpacts

of high-flow events

Waterdischarge facilitiesn dams can be classified into uncontrolled and controlled spillways.
An uncontrolled spillway does not have gates or valves. It releases water when reservoir level

rises above the crest of the gpdy. The controlled spillways, on the other hand, provide more
1



flexibility in reservoir operations. Spillway gates act as movable water barriers and actively
control and regulate the rate of flow. They are critical componeuatsare not always reliabten
demand. The failure of spillway gates could be caused by loss of electrical panuee, of

automatic control systesncorrosion of wireéopesor other defects.

Radial and sluice gates are the most commonly used discharge facilities in hydroposves.sys
Radial gates, sometimes called tainter gates, consist of adcplate reinforced by beams and
supported by vertical and horizontal girders. The operating machineoyriglly located above

the gate and typicallgonsists ofwvire rope hoists, chaihoists, or hydraulic cylinder@ovak, et

al. 2001) Extreme weatheronditiors could freeze the trunniaiat serves as a pivot point when

the gate rotates, whiagh problematic foradial gate operationgn 1989, the radiagjate in Seton

Dam opened accidentally when the hoist motor activated without wa(bi8BR 2002) Ice

around the power supply raised the conductors, forcing the contacts closed and turned on the
motor. The hoist raised the ggtast the fully open position, causing the gate to hit the upper
structure and blow the circuit fuses. Debris and other obstructions can also block radial gates,

significantly reducing the discharge capacity.

Sluicegatesopen and closeertically, usng hoist mechanisms such as lifting screws, chand
pulleys. The purpose of most sluice gates is to provide compensation of flows in the event of
power plant shutdowrnThesespillway gates are generally operated whleareservoir elevation

is high. Sluce gates are easy to operate; howefration forces betweenaging wheelsand

rollerscanlead togatejamming during operation



1.2 Operations Planning

The operation of large and complex hydropower systems requires careful study and continuous
planning. BC Hydro owns and operates 31 hydroelectric projects and twdirgdsthermal

power plants which serve 95% of the BCG6s popl
province of Alberta and the USEC Hydro 2015)Operatons planningf hydropower systems

at BC Hydro aims tonaximize the value of hydropower generation in a reliable and safe manner

while meeting environmentandsocialobjectives.

Mathematical and computer models are essential to support operators img nopkimal
operation decisionsSince the establishment tife Harvard Water Program the 1960s(Maass,
et al. 1962) two powerful methodologiets simulation and optimizatigrhave beenmesearchd
and applied to water resaas planning and operationsith positive resultsBoth modeling

techniques can assist planning reservoir operations irt@ngshortterm andreal time scales.

1.2.1 Simulation Models

Simulation models are based on predefined rule curves that are devéopethply with
physical constraints and are typically guided by operational experience. Computer models are
used to simulate reservoir operations and reproduce the performance of reservoir systems given
hydrologic inputs and operating rules under varyingditions(Wurbs 1996) Alternative runs

of a simulation model are often made to evaluate alternative storage and operating plans.

Many simulation models are customized for specific reservoir systems. The Potomac River

Interactive Simulation Model (PRISM) was developed by a research team at Johns Hopkins
3



University to simulate the operation of several reservoirs and allocation of water within the
Washington metropolitan arg®almer, et al. 1982)The US Bureau of Reclamation (USBR)

also developed a number of simulation models used at specific projects in several western states.
Among the most famous ones are the Projects Simulation Model (PROSIM) for simulating
operations of the Central Valleroject in California(USBR 1990)and the Colorado River
Simulation Systems (CRSS) which simulates operations of the major reservoirs in the Colorado

River Basin for water supply, low flow augmentation and flood coft#8BR 2012)

There are also generalized reservoir operation simulation models designed to be applied to
different systems, including the Water Rights Analysis Package (WRABYas A&M
University 2005)and ResSim(USACE 2013) Commercial software products such as STELLA
(Taffe 1991)also provide simulation modeling environments for developing reservoir system

simulation models.

1.2.2 Optimization Techniques

While simulation models are generally descriptive and demonstrate what will happen if a
specified operating plan is adopted, optimization modeling techniques enhance capabilities to
develop models that are prescriptive. An optimization model has thatageaof being able to
search through a large number of feasible decision variables to find the optimal operating plan
using systematic and efficient computational algorithms. With fast growing computer power and
advanced development in operation reseaptimization models are becoming more popular as
effective tools for reservoir operatiorfsollowing published literature, the term optimization is

used synonymously with mathematical programming, referring to a mathematical formulation in

4



which a formalalgorithm is used to compute a set of decision variables which minimize or
maximize an objective function subject to constraints. Most reservoir system optimization

models involve linear or dynamic programming methods or extensions thereof.

Linear progranming (LP) has been widelysed inhydropower reservoir operations planning,
being one of the most robust optimization techniques. LP can efficiently solvestzige
problems, converge to global optimums and can deal with nonlinearities by piecewase line
approximation.Shawwash et al2000) developed the shoteérm optimization model (STOM)
using Inear programmingo determine the optimal hourly generation schedule to maximize the
value of hydro resources. STOM whker adapted to develop the Generalized Optimization
Model (GOM) which BC Hydro uses as-louse software for medium and long term reservoir
planning. Linear programming optimization models have also been built for operating multi
purpose reservoirs inwahg conflicting criteria such as flood control, recreation, and fish habitat
preservation(Labadie 2004) The weighting method is used in LP to explicitly capture the
tradeoffs which exist between conflicting and remmmensuate objectives, by assigning

weights to each objecti®evelle, Whitlatch and Wright 2004)

Sometimes hydro system optimization problems require some of the variables to be integer
values. Typically, these integealued var abl es are one and zero to
status of generating turbine unite failures of discharge facilities The mixed integer
programming (MIP) technique extends the capability of LP, representing the nonlinear and

discrete nature of hydmperations planning. Needham et(@D00)applied MIP to deterministic



flood control operations in the lowa and Des Moines Rivers, but they noted that the

computational time of MIP could be excessive for-teak operéon.

Another powerful optimization technique applied to reservoir operations is the dynamic
programming (DP) methoflyakowitz 1982) While LP uses a directed search of the feasible
extreme values defined by the constrais ut i |l i zes the Bell manés
(Bellman 1957) DP involves decomposing a complex problem into a series of smaller sub
problems which are solved sequentially over each stage, transmitting essential infofroation

one stage to another wusing the Astateod conce
non-convexity and discontinuity in reservoir operations. Stochastic dynamic programming (SDP)
has been developed for hydropower operations consideringhtdestainty of reservoir inflows

using transition probability matrices. Several researchers have successfully applied SDP to single
reservoir operation problems, such as Stedinger €t284)and Huang et a(1991) However,
applications of SDP to multeservoir systems suffer more from a larger state dimensionality
than in the deterministic case, especially when spatial correlation of unregulated inflows must be

maintainedLabadie 2004)

The approach of chance constrained programming attempts to include risk in optimization,
where risk constraints that consider the uncertainty of hydrologic inputs are modeled as random
variables. ReVelle et al1969) developed a linear decision rule (LDR) which removed the
dependency of risk constraint on reservoir storage levels by creating its deterministic equivalent.
Loucks and Dorfmar§1975) evaluated the solutions of various chance constrained models and

showed that results of LDR to be conservative. Srinivasan and Simqi9@4) developed a
6



reliability programming (RP) model to minimize the economic losstdueservoirs failing to
meet required reliabilities for hydropower supply and flood control. However, difficulties to

estimate economic loss limited the use of RP metficaizadie 2004)

Even though both deterministic andbahastic optimization models have been developed and

used for operations planning, the reliability of water discharge facilities is generally treated
deterministically, which appears to be inadequate. The influence of successfully operating
discharge facities on demand is significant to reservoir operations. Therefore, we propose that a
reliability analysis framework should be taken into consideration as part of the decision making

process in operations planning.

1.3 Reliability Analysis

In recent years, liability analysis methods have gained recognitiorbath acaderma and in
engineering practice.Reservoir operations planning for satisfying hydropower system
requirements should be evaluated from a reliability and risk perspective because many variables,
such as reservoir inflows and availability of facilities, are characterized by randomness and

uncertainty.

Hydrological aspects of risk and uncertainty have been widely discussed in literature. Methods
for analyzing flood frequencies are covered in higlyp textbooks(Bras 1990, Bedient and
Huber 1992, Linsley, et al. 1992, Maidment 199@)oviding estimation for the exceedance
probability of inflow and reservoir storage during specified time. Bet tive years, the interest

and accomplishment of uncertainty and reliability analysis has focused only on hydrology.
7



Uncertainties other than natural randomness of floods and rainfalls have not been considered
until recently (Natonal Research Council 2000The National Research Council noted that
hydraulic system performance, stadjscharge errors, geotechnical reliability are all relevant
concerns for reservoir operations and flood management, and a framework is needed to

understand the full range of risk and uncertainty.

The uncertainty of flow control systems in reservoir operations is related not only to hydrology,
but also to reliability of mechanical and electrical components of discharge facilities, as well as
human fators.The alility to estimate theeliability of a facility is importantfor understanding

its expected performance over tingipporting operators and engineers to quantitatively assess

uncertainty in operations planning.

Several researchers investightthe applications of reliability analysis with respect to dam
spillway gates and other discharge facilities. Yen ef1@80)applied the cocepts of reliability

to hydraulic design of conduits using the firstrder sscondmoment (FOSM) method to
determine theprobability of failure.Cheng(1982) later discussed various methofts risk
calculation of dam overtoppingcluding return period analysis, Mon@arlo simulation and
meanvalue first-orderseconédmoment(MVFOSM). Stedinger et al(1989)applied the concept
of Event Tree Aalysis (ETA) to describe the random factors contributing to major floods,
reservoir operatics) and possible downstreadamages. They presentad evaluation of the
failure probability usingMonte Carlo simulationLafitte (1993) developed the Fault Tree
Analysis (FTA) that identified the events which could cause faflurspillway gatesas well as

the associated operating equipmeRtutcha and Pate{1997) applied the concept of time
8



dependent reliability to navigational miter gates where load and capacity are treated as random
variables as a functionf eime. Failure mode and effects analysis (FMEA) was developed for
risk-informed analysis that maps out the consequences of specific failure events during the
operation of dam system($lartford and Baecher 2004Estes et al(2005) investigated the
adaptation of an existing comidn indexing (Cl) methodologyo assess overall risk and failure

probability of spillway gate systems in dams.

1.4 Scarcity of Reliability Data
Reliability analysis islependent on the amount of available data to perform a valid analysis. For
any particular data set, depending on the context and the objective of the analysis, a specific

reliability approach can be fitted to the déasell and Phillips 1989)

In the field of reliability engineering, systems can be classified into two classes based on the
setup: manufactured systems such as aircrafts and automobiles, and infrastructural systems such
as bridges, levees and hydropower resieisystemgTung, Yen and Melching 2006Reliability

analysis for manufactured systems has a longer hig&hrgwhart 1931and is relatively more
developed than infrastructural systems. The ufecturing industry has collected reliability data

which contains sufficient information on components and systems. Dhillon and Viswanath
(1990)presented a review of failure data sources produced by quality controiaandacturing

groups. One can also refer to the NRBEBD(RIAC 1995) IEEE gold book(2007) and the
Handbook of Reliability Prediction Procedures for Mechanical Equipr8WC 2011)for

similar data. On the infrastructural side, public attention on the safety of the nuclear industry and

earthquake hazards has provoked development of reliability approaches on infrastructural
9



systems. Yet, most of the reliability mettologies and related data are focused on structural

analysig(Madsen, Krenk and Lind 1985, Marek, Gustar and Anagnos 1995, Melchers 1999)

Unlike manufactured systems, facilities of hydropower systems gerations of which
interrelate with natural process are often custoatle, making it difficult to find historical
information on the reliability of the system. At present, few hydropower dam owners or
operators keep adequate and sufficient records withradetp failures of water discharge
facilities during their operational lifespan. Poorly documented failure case history makes it
difficult for traditional reliability methods to deliver accurate estimates of the reliability of such
facilities. Past expemee and previous studies in published literature are a less costly source of
data, but often are only applicable to specific projects of interest. Therefore, the development of
reliability analysis procedures which are customized to provide adequate wesiulimited data

is needed to handle the scarcity of reliability data in hydropower and the utility industry.

1.5 Research Goals
The main objective of this researchtesintegrae thereliability analysis of water discharge
facilities into hydro reservoiloperation modelingn order to quantitatively treat risk and
uncertainty in operationplanning A comprehensive reliabilithasedmodeling framework is
developed based on currently available dataough this researcthé B C Hy @dpeoatioss
PlanningTool (OPT) is enhanced, adding new features including discharge facility failure and
repair simulation. T@achieve the research objectitiee following tasks were undertaken

1 Review reliability analysis literature for spillway gates.

1 Investigatehe physcal and operationalonstraintof hydropowerreservoirsystems.
10



1 Identify the hydrologic risk and reliability of water discharge facilities in reservoir
operations.

1 Identify available data sources and collect failure data to conduct reliability analysis.

1 Consult withOperations Planning engineeisout operating rules and orders.

1 Build hydropower system model configurations for specific projects.

1 Validate the modeling framework by testing model performance.

1.6 Organization of Thesis

This is a manuscrighasel thesis organized in four chapters atiee appendtes The
introductory chapter provides general problem statement includiag overview ofstorage
reservoir discharge facilities operation modeling techniqguesa review of reliability
methodologies ah current status of data scarcithe research goals and thesis organization.
Chapter 2 describes the reliability analysis approach for operations plasinimgdropower
systems A version of thischapter was published as a paper in the proceeding of ithe
International Conference odydroinformatics Chapter 3developsa reliability-based optimal
operation modelingramework forreservoir discharge facilitieA case study and modeling
results are included in this chapt&€onclusios and recommendatis on future workare
presented inChapter4. Appendix A presents the failure records of spillway gates for the
reliability analysis conducted in Chapter 3. Appendix B extends the availability analysis of

spillway gate facilitiesAppendixC outlines the édrmulation of thehydro operationrmodel
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Chapter 2: Reliability Analysis Approach for Operations Planning of

Hydropower Systems

This chapter is based on a technical paper published in the proceeding of the 11th International
Conference on HydroinformatitsThe absfict and references are not included in this chapter.

References cited in Chapter 2 can be found in the Bibliography section of the thesis.

2.1 Introduction

BC Hydro owns, operates and maintains 40 dam facilities throughout British Columbia as the
major partof its generating systefB8C Hydro 2014) Most of BC Hydr@ kydropower facilities

are in their middle service life, but some are reaching the-aigaphases and BC Hydro is
currently rehabilitating a number of these aginglitees such as the John Hart generating station

in Vancouver IslandBC Hydro 2014) There has been a spillway gate upgrade and replacement
program since 2005 to address reliability issues across BC Hydro's fleet of fa@Ei¢$ydro

2014) The upgrade program is initiated to ensure the reliability of gate operations in times of
flood when high inflows exceed the ability of generating units to pass the flood. The upgrades
include spillway gate dists and towers, various electrical, mechanical and structural components
as well as the control systems. These spillway gate facilities are critical for safe and reliable
operation of hydropower systems. They mainly act as movable barriers impoundvagenen

the reservoir and control the amount of water that can be discharged from the reservoir.

1 Zhou, Jiyi., Ziad K. Shawwash, Daniel Archila, Paul Vassilev, Gillian Kong, Vladmir Plesa, Alaa Abdalla.
"Reliability Analysis Approach for Operations Planning of Hydropower Systemsfdrmatics and the
Environment: Data and Model Integration in a Heterogeneous Hydro Wddd: York: HIC2014, 2014.
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Uncertainties that exist in hydro operations planning mainly arise from natural and operational
uncertainties. Natural uncertainties are associated wehirtherent randomness of natural
processes such as random occurrences of heavy precipitation and flooding events. Operational
uncertainties include those associated with operatiatedisions and release policies,
maintenanceand human errors. As hydrossgm operations planning cannot be assessed with

certainty, conventional deterministic modeling practice is inapprofiiateg 1996)

Reliability analysis methods have gained recognition in both the academic field and in
engineering practice in recent years. Among many reliability approaches, event tree and fault
tree analysis are two widely used methods which, albeit approximate, consider quantitatively all
major factors that influence the total system reliability. Evexg analysis (ETA) is an inductive
logical model that includes all possible chains of failure events resulting from an initiating event.
Stedinger et al1989)applied the concept of ETA to describe the random factumgributing to

major floods, reservoir operation, and possible downstream damages. They presented an
evaluation of the failure probability using Monte Carlo simulation and importance sampling.
Fault tree analysis (FTA) is a deductive failure analysisriggie, in which component failures

are analyzed given a particular system failure event. L4fi8@83)identified events that could
cause failure and developed a FTA framework for spillway gates and associated operating
equipment. Reliability Block Diagram (RBD) is another diagrammatic or a graph method to
show how component reliability contributes to the success or failure of a complex system. The
purpose of using RBD is to concisely illustrate various sqraallel bbck combinations that

result in the successful operation of a facilitySDOD 1998) In this paper, reliability of

individual components is assessed as well as the interrelationships between components using

13



RBD. A spillway ga¢ system is analyzed and relative contribution of each mechanical or
electrical component failure to the overall system failure is presented. To produce system
reliability diagrams, an overall understanding of its components is necessarily required. An
alternative approach to assess reliability of a system is also presented using historical failure data
of water discharge facilities, where the KapMeier estimator(Kaplan and Meier 1958

applied. The KaplaiMeier estimator i® nhonparametric method which provides powerful results

as the reliability function is not constrained to fit any particular predefined probability
distribution. The KaplaiMeier estimator provides an elegant solution to estimate system

reliability particdarly when incomplete data is encountered.

The operation of a large and complex hydroelectric system includingower release facilities
requires careful management and continuous planning. Hydropower operations planning is
guided by safety of lives dnproperty, load obligations and maximizing the value of generating
resources. The operation process involves a wide range of input information such as inflows,
generation unit availability and market price, etc. A computer model, the Operations Planning
Tool (OPT), is developed to simulate the operation of the hydroelectric system to maximize the
financial value of the system output while meeting physical and operational constraints. Risk is
commonly defined as the combination of failure probability amtsequenceg@Muhlbauer 2004,

Reeve 2009)Failure probability of hydropower facilities can be assessed using the reliability
analysis approaches we present in this paper. The magnitude of consequences depends on how
the operator and the hydro system responses to failure and it can be evaluated using the OPT

modeling results. A reliabiligpased modeling framework is developed to formally treat risk and
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uncertainty in hydro operations planning, and it is demonstrated rebability analysis

approaches for hydro facilities can be integrated into operations planning models.

2.2 Reliability Analysis

Reliability is commonly defined in literature as the ability of an item to successfully perform its

function over a period of timéBillinton and Allan 1992, Rausand and Hoyland 2004, Pham

2006) More specifically for hydropower systems, reliability is the probability that the system

will successfully operate within a specifiedripel of time under given operating conditions

without failure. Mathematically, reliability can be expressed as:

Yo 0°Y o (2-1)

where”Yis a nonnegative random variable denoting the failure time, @isdthe designated

period of time given the operating conditions. Assuming 1Rat is the probability density

function (PDF) for the failure timeé( the reliability function can be calculated as:

Y o "6 Q6 (2-2)

The reliability function’Y 0 can also be defined as the complement of the cumulative

distribution function (CDF),00 , corresponding t&Qo :
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Yo p 00 p  QOQO (2-3)

2.2.1 Lifetime Distribution

This section presents two continuous probability distributions that can be used to model the
uncertainties of hydropower facilities. The Weibull distribution is selected for modeling
component failure times andethognormal distribution is used to model maintenance and repair

times.

2.2.1.1 The Weibull Distribution

The Weibull distribution is one of the bdstown distributions in reliability analysis. It is widely

used due to its flexibility to model failure behaviargh changing hazard rates. The Weibull
distribution can adequately describe observed failure times of different types of equipment and

phenomena. The CDF of the Weibull distribution is formulated as follows:

00 0Y O p Q  h ™ mwd T om (2-4)

where| is the scale parametér,is the shape parameter which determines the shape of the
distribution andf is the location parameter. Fbr 1, Equation 24 becomes a twparamete
Weibull distribution(Murthy, Xie and Jiang 2004, Pham 200@je reliability function of the

two-parameter Weibull distribution is:
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Yo Q" K m @ m (2-5)

As a special case, whén p, the Weibull distribution is equivalent to the exponential
distribution. The exponential distribution has a constant failure rate which is known as its
Amemor yl es @®edfprd and €Eagoke Y@1)t means that a used compahevhich has

not failed is as good as a new compornierg rather restrictive assumption which limits the

application of exponential distribution.

2.2.1.2 The Lognormal Distribution

The lognormal distribution is based on the normal distribution and it is a mosatile

di stribution than the normal distribution as
(2012)analyzed repair time data of maintainable systems and found that repair times tend to be

lognormally distrituted. The PDF of the lognormal distribution is given as:

Q0 —Q hHb ° H, 1 (2-6)

where parametefsand, are the mean and standard deviation of the log of the distribution,

respectively.

2.2.2 System Reliability Models
Malfunction, damage and instabilitgf hydropower facilities including generating turbines,
spillway gates, and other equipment can significantly affect reservoir operations and increase

17



operational risk. These facilities are typically made up of many mechanical and electrical
components wich have complex failure modes that are associated with uncertain variables such
as operating environment, interactions between components and maintenance (®gfued

and Cooke 2001)One of the main challenges to asséesreliability of hydro facilities is to

obtain failure data. Failure data can be established in one of the two ways: from experimental
testing and from operational field data. If these are unavailable, it is necessary to use generic data
collected and amgzed by other organizations. This requires reliability analysis to be completed
using data from larger systematic samples of similar systems. Billiton and(A988)reviewed

a number of welknown sources of relialiiy data including published data handbooks such as

the US Army report, USMIL-HDBK-217, and data banks such as the Canadian Electrical

Association (CEA) generation/ transmission data bank.

The overall system reliability of a spillway facility or turbirgenerating system can be
represented as a sergarallel combination of individual components using RBD. In a serial
system, the components are connected in such a manner that if any one of the components fails,
the entire system fails. Such a system lsarschematically represented by an RBD as shown in

Figure 2.1

Figure 2.1 Reliability Block Diagram of a Serial System

For a series of independent components, the system reliabilitydfist
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Y0 Y o (2-7)

where'Y 0 is the reliability of thé@ component in the series. Serial system reliability is
inversely proportional to the number of components included in the RBD. In other words, the

more components there are, thevér the system reliability becomes.

In a parallel system, the system fails only when all of the system components fail. The RBD for

the simplest parallel system is showrFigure 2.2

Figure 2.2 Dual Parallel RedundantSystem

In this dual parallel redundant system, successful operation is guaranteed if either one or both
components function well, therefore the overall system reliability is equal to the probability of
component 1 or 2 surviving. The general expressiagystem reliability for parallel redundancy

is given as:

Y o p p Yo (2-8)
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where'Y 0 is the reliability of the@h component anéd is the number of components in parallel.
In some parallel configuraths,& out of¢ components may be required to be working to make
sure that the overall system is functioning. This is cateslt-of-n redundancyScheuer 1988)

If all components are identical and their reliabilities areaddo’Y 0, the reliability function of

the system equals the summation of their binomial probabi{Kies and Zuo 2003)

‘EQ Yo p Yo (2-9)
A serial system structarfor spillway gates is reflective of the interrelations between mechanical
and electrical components of thates ané malfunction of any component will contribute to the

total system failurgKalantarnia, Chouinard and Folt®®24) Figure 2.3illustrates the system
reliability of a typical spillway radial gate and the reliabilities of its major mechanical and
electrical components over 10 years using RBD. It is assumed that all the components are in
series. The RBD is modeletdth reference to the tainter gate machin@#sACE 2001)and is
developed for sufficient level of details for which data, such as failure rates and probability
distribution parametersre available from published datasoes. The twgarameter Weibull
distribution is used to analyze the reliability for each component, where paramateds were
selected from the Nonelectronic Parts Reliability Data handijpekson, et al. 1991)hese
parameters were adjusted to applicable operating and environmental conditions typically
encountered in the BC Hydro $gm using K factor{Green and Bourne 1972For more

complex systems, the minimal cut set method based on the rules of Boolean algebra can be used
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to evaluate the system reliability to avoid repeated calculations for indivatuimaponents

(Bauer, Zhang and Kimber 2009)

Reliability
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Figure 2.3 Reliability of Major Components in Spillway Radial Gate System

2.2.3 Kaplan-Meier Estimator

Lifetime data of hydropower facilities can be clfied into two types: complete data (i.e. all

times of failure are observed and recorded) and censored data. If equipment did not fail in the
observation period till timé, thendcan be considered as a lower estimate of the time to failure.
This type & data is called censored data and is commonly encountered in hydropower facilities

such as generating turbines and spillway gates. In this section, both the empirical reliability

function for complete data se#dthe KaplanMeier reliability estimator sing censored data

are discussed.

Arrange the historical time to failure data in an ascending order:
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O o0 E 0o o (2-10)

The empirical reliability function for complete data is formulated as follows:

Yo —0 o o hQ pRiBR p (2-11)
0

ho o0 0o (2-12)

The KaplanMeier estimation procedure is based on a sampieiteins, among whicfQvalues

are distinct observed time to failur@( ¢&). The reliability estimate function is given by:

0 o6 o0 KhQ pkMHQ p (2-13)

where¢ refers to the number of operating items right befoyeand & is the number of

failures at timed.
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The KaplanMeier estimator is a nonparametric approach which provides robust results, but it is
neither easy nor convenieto directly use such nparametric reliability estimatesults without

fitting them to specific probability distributienFor example, the reliability function in Equation

2-5 can be transformed to a linear function by taking natural logarithm obils dides, as

follows:

1T1T¥o 11D 1tadh ™ (2-14)

With results from the nonparametric analysis, linear curve fitting can be conducted using
Equation 214. An example of such analysis is demonstrated by analyzing forced outage
historical records of a gerating unit in the Ruskin Powerhouse, as showhignre 2.4 The
scattered points that represent the nonparametric reliability estimates are well aligned, and a

regression analysis provides the following result:

W T P AW T TWIthY T80 @ w( (2-15)

which indicates that Weibull distribution is an appropriate probability distribution for the

reliability analysis of this hydropower facility and for similar facilities. The scale parameter

and shape parametercan be estimated as well by tekpe and the intercept of the fitted

function with the yaxis.
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Figure 2.4 Weibull Plot of the Kaplan Meier Estimated Reliability for A Generating Turbine in Ruskin Dam

2.3 Reliability -based Hydro Operations Planning

2.3.1 Hydro System Operation Modeling

The Operations Planning Tool (OPT) is a simulat@timization model that has been developed

at BC Hydro for operations and planning of hydropower systems to meet economic,
environmental and social constraints. It is formulated &sear programming problem using
AMPL (Fourer, Gay and Kernighan 200&)d is solved using CPLEX solv@BM Corp. 2010)

A graphical user interface (GUI) is currently underdeyelopment to provide a uskiendly
environmenm for coupling the AMPL model with CPLEX solver and to assist -specified
input. Figure 2.5shows the OPT framework that consists of input data, optimization model and
output variables including reservoir elevation, spill through different-pumwer rekase

structures, daily turbine discharge, hydropower generation and energy revenue.
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Figure 25 General OPT Model Framework

Hydropower operations are typically operated with a set of constraints on preferred ranges of
reseroir elevations and spillway releases. These ranges can be specified and set by users and
interested parties, such as operations planning engineers and stakefblelecemplywith BC

Hydro operating orders to prevent overtopping or excessive overdrdie akeservoir. Water
releases through spillway facilities are also constrained to certain target levels to meet
environmental requirements, for instance, to maintain minimum flow rate to protect salmon
habitats. Deviations outside theses ranges are wabesiand are subject to penalty functfons
which are treated as soft constraints in the model to reflect system operating priorities. Hard
constraints in the OPT are constraints that cannot be violated and consists of mass balances,
storage and dischargmapacities, diversion and streamflow requirements, and to address other
aspects of operating requirements for specific hydropower systems. The objective function in the

model is formulated as below:

2 Formulation of the OPT model is discussed in Appendix C.
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Minimize: BO 'O B0 "O B0 "0O0 (2-17)

whereb ,0 and0 are the weight coefficients used to specify the relative importance of each
term in the objective function based on different operation requiremérasid O are the values
of the penalty fuations for reservoir elevation and spillway release, respecti@ly, the

hydropower generation as a function of turbine discharges) @the electricity market price.

2.3.2 Case Studyi Cheakamus Hydropower System

The Cheakamus hydropower system isduto illustrate an operations planning modeling study
that incorporates reliability analysis of spillway gates. The Cheakamus River originates in the
Coast Mountains in British Columbia, running northwest towards the famous ski ofsort
Whistler before drning south to join the Squamish River, as shownFigure 2.6 The
Cheakamus hydro system comprises a small storage reservoir forming the Daisy Lake, a power
plant located on the Squamish River and a tunnel linking the Daisy Lake to the power plant.
Normal operating water level in the reservoir ranges between 364.97 m and 377.95 m above
mean sea level. Discharge facilities in this system include two generating units, two spillway
radial gates, overflow weirs, a low level sluice gate and a hollow cone.\Feddure of spillway

gates to operate on demand may result in dam overtopping incidents, which could lead to loss of
life, and othereconomicand social consequences. This is particularly serious in the Cheakamus
system where the reservoir storage volusngmall and rapid changes in water level could occur

in high inflow events. During the flood of October 2003, peak flow lasted for extended period

and the rise in reservoir water level was 5 m within 24 hours.
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Figure 2.6 Cheakamus River System MagBC Hydro 2005)

Using the reliability analysis approaches discussed in Se2t@nthe reliability function of

spillway radial gates in the Cheakamus Dam is fitted to the Weibull distribution]@sgol

YO Agb — (2-18)
TXOQ

Monte Carlo simulation is performed to simulate the spillway gate failure based on the analytical
reliability formulation in Equation -A8. A random binary number is generated to represent the
probability of an event occurring at a given time, in this case the spillway gate failure event. The
repair time after each failure is also simulated using a similar approach based on the fitted

lognormal distribution.
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A historical high inflow scenario (1995) is us& demonstrate the case study. Hydrologic data
and hydraulic data for the Cheakamus hydropower system was defined in the OPT. It is assumed
that the spillway gate failure mode consists of complete failure to open on demand (i.e. spill
equals zero). It islso assumed that all the facilities were maintained or repaired in the previous
year, and that the Monte Carlos simulation results are independent from previous duhiges.
2.1shows a typical simulation outcome of failure and repair time and dutibe radial gates

outages for the Cheakamus system.

Table 21 Failure Simulation of Spillway Radial Gates in Cheakamus Dam

Gate Number| Simulation Start Time Failure Start Time Failure End Time
SPOG1 January 1, 1994 July 17, 1995 July 29, 1995
SPOG2 January 1, 1994 April 26, 1995 May 22, 1995

Figure 2.7shows the reliabilifbased operation modeling results for the 1995 inflow year. Two
cases with and without gate failure are presented. The optimal decision variablesngcl
spillway gate releases, turbine discharges and reservoir elevations are illustrated. It can be seen
that the SPOG2 failure did not cause significant rise in reservoir elevation. In contrast, SPOG1
failure coincided with higher inflow and relativelyigh reservoir level, and resulted in
significant rise of approximately 6 m in the reservoir water level. When SPOGL1 failed, excessive
water is released through SPOG2 to mitigate the excessive water level rise. It can be also seen

that the turbine releasetsedule is not affected tspillway gate failures.
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2.4 Conclusions

Many existing hydropower storage facilities were built decades ago and components of these
aging infrastucture facilities have higher risk of failure which could potentially increase the
probability of dam safety incidents. Current approaches used to assess the risk and uncertainties
in operational decision making are mainly based on qualitative assessina¢misy stfer from
subjectivity This paper investigated a number of reliability analysis approaches which can be
used to quantify the reliability of hydropower facilities such as spillway gates and generating
turbines. Timedependent reliability functits were developed using system reliability models
and reliability block diagrams. Alternatively, if historical failure data is made available,
reliability functions can be derived using the KapMaier estimator and numerical Weibull
distribution curve fiting techniques. Other similar types of facilities in hydropower systems can

be treated using similar approaches as well.

We integrated the reliability analysis approach into a deterministic hydro system simulation
optimization model to develop a relitity-based operation framework which formally treats risk

and uncertainty that is typically encountered in reservoir operations. This paper presents the
framework we have developed and illustrates the application of the framework to a hydropower
system inBritish Columbia. Preliminary modeling results and analysis revealed that it is
important to conduct reliability analysis for hydropower facilities. The analysis framework we
outlined in this paper can provide decision makers with information about opatatisks in

hydropower system operations.
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Chapter 3: Reliability -based Operations Planning Mdeling of Reservoir

Water Release Facilities

This chapter presents a manuscript whichoide submitted to a technical journal related to
water resources engineering. fopides an overview of a reliabiltlyased modeling and analysis

framework for water release facilities of hydro reservoirs.

3.1 Introduction

Failure of hydropower water release facilities could significantly impact reservoir operations and
can potentially pse threats to public safety, and cause damage to properties and the
environment.Spillway gateor valve failurehas beerone of the main causes of reported dam
safetyincidents(US National Research Council 1988) July 19950ne of the spillway radial

gates at Folsom Dam in California failed, owing to the flawed joints adjacent to the trunnion,
causing sudden large downstream flood in the lower reaches of the America(iTRoe1999)
Another cgastrophic incident that resulted in the injuries of five people was the dam breach of
the upper reservoir at the Taum Sauk Pumped Storage Project in Missouri in 2005. A pumping
unit failed to shut down due to a sensor malfunction, causing water to otlegtemnbankment

of the dam for 7 minutes. The overflow undermined and scoured the embankment, leading to the
dam failure within that time framéRogers, Watkins and Chung 201Qewin et al (2003)
provided a number of spillway gate failure examples from around the world and investigated
different approaches to ensure gate reliability at dam projects in the US and in Europe. They
summarized the major failure modes of spillway gate installatem$addresed the needs for

assessing the reliability of spillway gate systemidentify potential problems.
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In recent years, there has been growing interest in developing and utilizing reliability
methodologies to estimate the reliablity of spillwayd dow-control facilities to evalute and
understand potential equipment and operational failiffes.et al.(1980)applied the cocepts

of reliability to the hydrauliadesignof conduits using the firstrder seconédmoment (FOSM)
method to determine th@obability of failure.Cheng(1982)later discussed various methods to
calculate theisk of dam overtoppingsing return period analysis, using Monte Gailmulation

and the meanalue first-order secondmoment (MVFOSM) method.Stedinger et al(1989)
applied the Event Tree rialysis (ETA) to describe the random factors contributing to major
floods, reservoir operatignand possible downstream daraagTheyevaluated the probability

of dam failure and the distributions of damages and loss of life using combinations of various
analytical methods and Monte Carlo simulatidrafitte (1993) developed the Fault Tree
Analysis (FTA) which identified the events that could cause faflorepillway gates as well as

the associated operating equipmdsdrker et al(2003)used the FTA to analyze the mechanical
and control component failure$ radial and drum gates to determine the reliability of the overall
system Event tree and fault tree analyses enable the assessment of probabilities of multiple and
combined failures in complex systems, but both methodologies are accurate only ifoall maj
contributors to failures are anticipaté@dlemens and Simmons 199&)or complicated system
failures and operatorsdé cognitive errors, wh
typically difficult to find, the ETAand FTA need to include subjective probablities that are
usually estimated by expert&umanmoto and Henley 20Q(utchaand Patey1997) applied

the concept of timelependent reliability tmavigational miter gates where load and capacity are
treated as random variables as a function of t@re of the newly proposed approaches is the

dormant reliablity analysis for infrequently operated spillway gates, the failures of which are
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latent (Kalantarnia, Chouinard and Foltz 2014jowever, his approach has the limtation of
assuming constant failure rates which means thaedcomponenthat has not failets as good

asanewcomponentand it is not applicable tp#iway gaes that are frequently operated

A long list of other factors make reservoir operation a complex and dynamic problem, including
hydrological uncertainties, dam safety concerns, and multiple operational objectives that are
often conflicting.Hydrological aspects of risk and uncertainty have been widely discussed in the
literature(Bras 1990, Bedient and Huber 1992, Linsley, et al. 1992, Maidment.1d@#)ods

for analyzing floods provide estation on the exceedance probability of inflows and reservoir
storages during specific time. But over the years, the emphasis and accomplishment of
uncertainty and reliability analysis has focused merely on hydrology innesetvoir operation
studies(Labadie 2004)Uncertainties other than the natural randomness of floods and rainfalls
have not been considered until recenflyational Research Council 2000The National
Research Council notedatreliability performance of hydraulic systems, stdgeharge errors

and geotechnical reliability are all relevant concerns for reservoir operations and flood
management, and highlighted the need for a framework to understand the full range of risk and
uncertainty.Since the establishment of the Harvard Water Program in the {PB@ss, et al.

1962) various statef-the-art computermodelng tools have been developeid support of
reservoir system management and operagpd@nning These models are traditionally based on
predefined rule curves and are typically supplemented by the experience and judgement of the
operators and decision makers of these systems. Chance constrained programming has been used
to model the probaliy of spillway releases being within their preferred operating zones using

the determininistic equivalent of the corresponding uncertain val(@eMelle, Joeres and Kirby
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1969, Simonovic and Marifio 1980, Changchit and Terrell 1993, Archila, et al). 2{dwever,

many authors raised concerns about the use of deterministic linear decisigihoutds 1970,
Stedinger 1984, Strycharczyk and Stedinger 1987 well recognized now that reservoir
operations planning models should take into accountytsteraatic uncertainy of water release
facilities to evaluate the potential risks for supporting operational decisions, which requires a

formal process to incorporate reliability of these facilities in decision making.

In this paperwe outline areliability-basedmodeling framework to integrateliability analysis

of water release facilitiei® reservoiroperations planning to formally and quarttitaly treat the
uncertainty in an economical and reliable manner. The remaining part of this paper iseorgan
as follows. Sectior8.2 provides a general overview of the reliabiiigsed hydro reservoir
operations planning modeling framewprkhere thereliability analysis process to evaluate and
predict the performance of wateelease facilitiesis presented Section 3B presents the
application of the framework to a hydropower reservoir system in British Columbia. Sedtion 3.

provides conclusion and recommendations for future research and development.

3.2 Reliability -based ModelingFramework

This sectionpresentsa reliability-based reservoir operatiamodelng frameworkto support
decision makings in reservoir operations and planning. The nomeporateghe hydrological
uncertainty and utilizesreliability analysis approaches analyze the performance of water
release facilities and to predict their failurése modeling framework is illustrated Figure 31
and it consists of several components including the input data module, reliability apedgsiss

module, the optimization model, and model output and analysis module. Section 3.2.1 discusses
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the reliability analysis process we have developed to predict and simulate failure events of water
release facilities in operation using statistical tlity assessment, where failure data is
collected and used for the nonparametric protiogt estimate of censored failure dafehis
estimate isthen fitted to parametric distribution models and is validated using confidence
interval analysis Section 3.2 presentthe multirobjective optimization model developed to
assist planning the operations of hydropower reservoir systems. The input data required for the
optimization model such as hydrologic data and the energy price are discussed in Section 3.2.3

The output of the model is described in Section 3.2.4.
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Figure 3.1 Reliability -based Reservoir Operations Planning Modeling Framework
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3.2.1 Reliability Analysis Process

Reliability analysisgenerally has two main proceduressesment and prediction. Assessment
involves the estimation dahe reliability of a component or systerthroughout its useful life
Prediction igheextrapolation and simulatioof futurefailures depeding on historical data. This
section focuses on the ligbility analysis process for reservoir water release facilities to
guantitatively assess their reliability and to simulate their outages for modeling this class of
uncertainty in reservoir operations. This reliability analysis process we have devedopbd c
used to model the reliability of spillway release facilities and other syst@&masi, et al. 2014)
Section3.2.1.1 provides a review of reliability data including failure datequisition, data
classification and estimation methodologies. Statistical procedures to assess the reliability of
water release facilities are discussed in Sectohl.2 through Section3.2.1.4 and the

simulation of failure and repair events of water release facilgidscusseth Section 3.2.1.5.

3.2.1.1 Review of Reliability Data

Quantitative reliability methods depend on the amount of available data to perfoaida v
analysis. However, reliability data regarding failures of-power release facilities is scarce. At
present, few hydropower dam owners or operators keep adequate and sufficient records on
failures of norpower release facilities during their operaablifespan. Most publicly available

data are qualitative and difficult to analyze mathematically. Estes €R@05) used the
Conditional Index method to evaluate the verbal descriptions of spillwayrgability from
inspectorsof these facilities. This methgarovided the capability to disaggregate and interpret
qualitative data, but such analyssll carries limitation with certain level of subjectivity.

Previous studies ithis filed, though limited, caalsobe important data sources. For example,
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the U.S. Departmentfdhe Army (2006) prepared a technical manual summarizing the process
of obtaining reliability data regarding power generation, power distribution and HVAC
components. The U.S. Army Corps of Engine€2901) published reliability data for the
mechanical and electrical systems of navigation locks. These are publically available data

sources but they are mainly applicable tocspeprojects of interest.

In this paper, failure data information of water release facilities was retrieved from the
Commercial Management (CM) system, an enterprise database application developed and
maintained by BC Hydro. The database contains irdtion on water release facilities such as
generating turbine outages, npawer spillway operation failures and unusual conditions of
water conveyance. Recorded details of outages include complex failure modes of different types
of facilities. The CM datadise includes extensive records on turbine unit outages over the past
decade. However, only a finite number of failure data of spillway facilities has been recorded

that contains only partial information about the failure time and duration.

Using collectd failure data,the parameters of the reliabilitgistribution functions can be
estimatedto formulate and predict the tirgependent reliability of components. Popular
estimation techniques for analyzing the reliability of dam gates and associated ngperati
equipment arethe method of momentfMelching, Yen and Wenzel 1990jhe maximum
likelihood method(Guo, Szidarovszky and Niu 2013and Bayesian inferenc€Smith 2006,
Wilson, AndersorCook and Huzurbazar 2011)ohnson and Kotf1994)reviewed the method

of moments and the maximum likelihood method for estimating parameters of the Weibull

distribution, a lifetime distributin which adequately describes observed failures of different
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types of components. However, the use of these methods is not recommended for small data
samples(Murthy, Bulmer and Eccleston 2004, Lai, Murthy and Xie 200®)erefore here we
seek an estimation method that is appropriate for analyzing the reliability of water release

facilities.

Researchers in the reliability analysis field classify the failure data into two types: complete data
and censored data. In the qulete data classification, each observation in the data set is the
actual time to failure for the facility over its lifetime. Censored data arises when monitoring of a
facility in order to observe the time to failure is stopped before the facility fduls.tf¥pe of data

is incomplete as only partial information on the failure time and duration is coll@@hdtps

2003, Pham 2006ensored data could also result from removal of facilities from service before
failure or could be the result of loss of failure records due to extraneous ¢hietssn 1972,
Rausand and Hoyland 200&aplan and Meie(1958) developed the produdimit estimate
methodology to estimate survival functioftg life testingin medical treatment studies using
censored data. The proddirhit method is outlined in the following section to estimate thetime

dependent reliability of water release facilities.

3.2.1.2 Product-limit Estimate

When the failure data is censored, we are not able to observe all the potential time to failure in
the data set over the lifetime of a facility. The potential lifetime is the time a facility would be
operated until failureGiven¢ random variableof the potential lifetiméYRYR HY, and¢

random variables of the censoring tithé® B 5 which are assumed to be independent of the

potential lifetimesthe observed lifetime, is presenteds:
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o | ETWHD HQ pkiB R (3-1)

Figure 32 illustrates a schematic of the random lifetime am#nsoredlifetime data The
minimum of the lifetime and censored time determines whether the observatomiisated by
failure or by censoring. For example, the observed lifetime of Facility 1 is the exact failure time,
whereas the observed lifetime of Facility 2 and 3 is set to the censored lifetimetigse

produce lower estimatef the actual lifetime

_?__:
Facility 1
3 C.
- L ]
: T, .
Facility 2
. ;
= -
T3
Facility3 2!
3 c.
creren Potential Lifetime<—s
T. Censoring Time —e
Facilityi C.

I 1 1 1 Eall

End of the Monitoring Time

Figure 3.2 lllustration of Random Lifetime and Censored Time Data

The produciimit method for estimatinghe timedependent reliabilityfunction follows three

steps
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(1) Arrange the observetifetime data by dividing it into suitably chosen time intervals
o hol MBho M ,whered T

(2) For each intervalofd , where'Q 1ipf8 h"O p the term fnHis computedas an
estimate of the conditional probability of sumvig just past tim@, giventhe condition

of beingoperative just prior to as follows:

€ a

i —

(3-2)

wheree representghe number of facilities operative just prioo 0 andd represents
thenumber of failures ab.
(3) Build up he estimate of reliability functioly 6 as a product of each termfor all

intervals prior tdime &:

Yo il (33)

Peterson(1977) ElandtJohnson and Johns¢h980) Lawless(1982) Cox and Oake$1984)

and othergurther examined and justified the proddiatit estimate andliscussedts properties.

If the failure data is complete without censoring, fineductlimit estimate coincides with the
commonly use@mpirical reliabilityfunction (Ayyub, Kaminskiy and Moser 1998, Rausand and

Hoylard 2004)

P EFl® o0 o
Y o P 3 Al ® o6 o hQ pkBhe: p (3-4)
Tt Al ® o
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wheret is the number of the observations ando decreases byjust before each observed

failure time.

The outage data of water release facilitiess retrieved fromthe BC Hydro CMdatabase and
procesed using the produclimit estimation methodThe data represents the failure records
from 2003 to 2014 for spillway sluice gates and radial gates. The start time and end time of all
recorded failure events, as well as the failure causes, are aggregated and presented in Table A.1
and A.2in Appendix A.Figure 33 presend the timedependetreliability estimateof sluice and

radial gatesusing the censored data for r@servoir systemsn the Lower Mainland and
Vancouver Island. binrpowerreleasdacilities in these two regionare more frequently operated
than those ithe Interiorregion of BC The ot of thereliability estimate is atepfunctionwith

a series of discontinuities or jumps at the observed lifetithesan be seen thahe reliability
estimateof sluice gatesirops from 1 to 0.7% the first yearandit drops t00.63in the second

year provided that the gates are still operatiRadial gates have higher reliabilégg compared

to sluice gatewithin 2 years of operatio heir reliability drops from 1 t6.85by the end of the

first year and drops t00.68 by the end of the second year, provided that the gates are still
operative It can also be seen thidwe productimit estimatefor radial gates tend to hagéightly

lower reliability than sluice gates when they are operated for more than 3 earpoduct

limit estimation method using censored datn estimatehe timedependentreliability of
spillway gates explicitlyvhen limited number of failurevents has beemcorced. This type of
nonparametric estimate can also be used as a basis for dittindequate parametric reliability

function(Rausand and Hoyland 2004)
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Figure 3.3 Time-dependent Reliablity Estimate of Norpower Water Release Facilties

3.2.1.3 Model Fitting Analysis

The produciimit estimate of reliability is nonparametriwhich means itloes not depend dhe

parametric features afertainprobability distributios. However, it is not convenient tlirectly

usesuch nonparametrieliability estimaésresultsin operations modelg without fitting them

to specificprobability distributiors. The Weibull probability distributionfunctionis widely used
for fitting the lifetime data; other models such @ polynomial hazardunction can achieve

good fisas well(Krane 1963)
Distribution parameters can be estimated either using graphical probability paper or using
statistical methods. Graphical probability papers usually yield crude estimates whereas the

statistical methods are more refined and ecanded to obtain confidence limits for the estimates.
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One of the statistical methods is the lespiaresestimation in whichthe unknown parameters

of thedistribution can be linearly relatedroughthetransfornation of the reliability function:

QYO0 — —0 E —ao (3-5)

whered 0 8 fr 6 can be derived from the reliability function and form a linearly independent

set of functions ob, and—h—8 h— are the regression paramettrge estimated.

For example, the reliability function of a twxarameteMeibull distributionis:

YO p 00 A@b—- h m ™ (3-6)

wherel is a scale parametér,is the shape parameter that determines the appearance or shape
of the Weibull distribution, andO0 is the cumulative distribution functiofiY 6 can be

transformed logarithmically twice, as shown in Equatief 3

IT11vo — 1o (3-7)

where— I o&gnd— fT.

Similar to the Weibull distribution model| the polynomial hazard functiomodel also offers

flexibility in modeling failure rates, which can adequately describe many physical failure
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processes, though sometimes higher degree polynomials could be problématess 1982)

The cumulative polynomial hazard function can be defined as follows:

N0 & HGo E Go (3-8)

where & o FB o are parameters that must satisfy certain constraints to ensure that the

cumulative hazard functio® 0 is an increasing function @f 71t Thereliability function can

be expressed in terms 8D 0 asbelow:

Yo Q AGDd &6 E GO (3-9)

A secondorder polynomial exponential reliability functiofQ ¢) can be logarithmically

transformed as follows:

i fyo — —o —o (3-10)

where—  GOh'Q ripk .

The regression parameters, can be estimated in similar fashion as those in Equati®na3

follows:

(3-11)
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wherew Y 0 arethe corresponding estimategliability values from the censored data aad
is the number of dat@samples The gadient descerdlgorithmcanbe used tdit the regression
parametergMitchell 1997) If only limited number of reliability data is availablefinements

such agheregularizatiormethodcanbe used t@ddresshe underfitting problem, as follows:

0 — — w — —ao6 E —ao — (3-12)

where_ is the regularization parameter which contrtie regressiorparameters— As the

magnitude of the regression parameters increases, the regularization term wasentne

penalty term in the cost function.

Figure 3.4 shows thereliability model fitting results, superimposed on the nonparametric

estimated reliability function of spillway radial gatds.can be seen that both the Weibull

distribution model and the polynomial hazard function model give adequate parametric

estimates. The shape paramgterf the Weibull function was estimated at 1.15, which indicates

that the radial gates have started to enter the wearout phase of their service life. More

specifically, the gates have an increasing concave failureTlagecoefficient of determination

Y is 0.969 for the Weibull fitting and is 0.971 for the polynomial hazard function model. This

provides a strong verification and confidence that both model fitting methods are acceptable for

modeling spillway gates investigated in this study.
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Figure 3.4 Model Fitting of the Spillway Radial Gate Reliabilty

3.2.1.4 Confidence Interval Analysis

In this sectionthe confidence interval ofhe spillway gateeliability estimateis analyzed. This

type of analysis is important espetyahen the size of the data sample is small. ddidence

intervalof the productimit estimate of reliability is give@s:

YO a _ wdiYo (3-13)

wherg is the significance level which is the complement of confidence intérea] T1@&tu

reflects a confidence interval of 95%)) _ is the p - quantilesof the standard normal
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distribution. In particular, for thed95% confidence intervald = p8@TheGr eenwoodd s

formula(Upton and Cook 20083 appliedto calculate the variance as follows:

WwOIYO0 Y O — (3-14)

where¢ andd& representthe number of facilities operative just prior and thenumber of
failures atdo respectively, as discussed in Equatiocf.3This approach coulgbossibly yield
confidence mterval values thatare outsidehe rangettp . For example, if analyzing the 95%
confidence interval for theadial gate reliability using Equation-B3, the upper bousdor Tt

0 1@ qwould exceed 1 and the lowbobundsfor 0 @& qwould go below Qasshown in
Table 31. In this caseteplacement of negative lower bowixy O and upper bounds greater than
1 by 1 is necessarin addition, the assumption of normality, implicit in Equatich3 may not

hold for small to moderatfailure data sizeglosmer and Lemeshow 1999)

Table 31 Sample Calculations of the Confidence Interval for the Radial Gate Reliability

Time to Failure | T U 95% Confidence Interval
(Years) o @ OJ[IY(O)] Lower Bound Upper Bound
0.000 1.000 0.0000 1.000 1.000
0.127 0.979 0.0004 0.937 1.020
0.186 0.957 0.0009 0.900 1.015
0.320 0.936 0.0013 0.866 1.006
0.323 0.915 0.0017 0.835 0.995

X X X X X
5.473 0.213 0.0036 0.096 0.330
6.320 0.064 0.0013 -0.006 0.134
8.356 0.021 0.0004 -0.020 0.063
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An alternative approach wasgproposed byKalbfleisch and Prerde (2002) to avoid these

problens, by giving an asymmetric confidence interval

A @DPQ YO QwnQ (3-15)

where

Gn 1T avo & _ ool llive (3-16)

and the variances in Equatiofil8 can be formulated as:

ool T11Tro

i Ty o : & 4 (3-17)

The upper and lowdsounds of spillway radial gates reliability resultimgm the application of

this method are shown graphically kigure 35. For example, tte reliability of spillway gates
after being operated for one year is between 0.713 and 0.926 with the likelihood of 95k and t
most likely estimate is 0.851t can also be observed kigure 35 that the Weibullreliability
functionremains within the 95% confidence intervidarametric curves fitted for the upper and
lower bounds arelso presentedThe variancerepresenting the uncertainty of the reliability
estimateincreases in the first three years and eventually reachmesiimumof about 0.5% and

then it diminishesndicaing thatthe estimate is accurat8everal authorfurther described the
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problem of obtaining smalample confidence intervals for reliabilifyohns and Lieberman

1966, Thoman, Bain and Antle 1970, Mann and Fertig 1973)

Nonparametric Product-limit Estimate — 0.006
95% Confidence Interval Lower Bound
95% Confidence Interval Upper Bound
Parametric Reliability (Weilbull Fit)
Lower Bound (Weibull Fit) B
Upper Bound (Weibull Fit) 0.005
Variance of Reliability Estimate
— 0.004
2 @
= 2
§ — 0.003.2
i ps
— 0.002
— 0.001
= : - 0.000
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Time to Failure (Years)

Figure 35 Spillway Radial Gate Reliability Estimate with 95% Confidence Intervals

3.2.1.5 Monte Carlo Simulation

Whenfailure of a waterrelease facilg occurs, such aa spillwaygateor a turbine generator
restoringit back tothe normaloperatng conditionbecomes ta primarytask The failurerepair
process typically follows a twphase cycle, whose duration is determined by the tinf&ltoe
(TTF) and the time to repair (TTRYheTTF is the elapsed time since the last perfect repair until
the next failure happerend it reflects how reliable a facility is. THER represents the time

required to repair a failed facilityt assumes that perfect repairs are carried out, that is, once the
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facility has failed and a repair is completed, its function is fully restofée. lognormal
distribution can be used by fitting the repair time da@i&onnor and Kleyner 2012figure 36
preserdg thefitted cumulative probability distribution functioss of the TTR for the BC Hydro

spillway gaes investigated.
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Figure 3.6 Cumulative Lognormal Distributions of Spillway Gate Repair Time

Given the timedependenteliability function andthe lognormal repair time function which are
monotonic and contuous, Monte Carlo simulation can be used to predict the time of failure and
repair eventsThe random variables of TTFs and TTRs cangkeerated using the inverse
transform methodTung, Yen and Melching 2006Bupposea rardom variable Yfollows the

uniform distribution ovetheunit interval Tip , the following relationships hoild
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YYOY Y (3-18)

YYYO Y (3-19

where’Y 7Y and’O Y are the inverse distributions of the ditt reliability function and the
cumulative lognormal function respectively. To simulate Tié¢, random variables following
the uniform distribution can be generated by the pseaddom generatdmBillinton and Allan
1992) Next, Equation 318 and 319 are solved for the TTF using each of the generated uniform

random variables.

Figure 37 showsthe simulated TTFs and TTRs of thgillway radial gates. The scaterdata
pointsconsist of 3,000 gemated random sequences of alternating lifetimes and repair times. The
marginal plots illustrate the univariate histograms and fitted probability density functions of the
TTF and TTR respectively, which are independent and identically distributed. Thenoloable

TTF for the radial gates is between the 1 year and 1.5 years, and the average simulated repair
process takes 15 days. The results of the Monte Carlo simulation can be used to analyze the

operational availability of the water release facilitiessgdascribed in Appendix B.
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Figure 3.7 Simulated Time to Failure and Time to Repair for Spillway Radial Gates

3.2.2 Operations Planning Model

We have enhanced and used the BC Hydro Operations Planning Tool (OPT), an optimization
model that is typically used by the operations planning engineers to simulate operation of
hydropower generation schedules. The model objective is to maximize net income from power
generation while meeting operational constraints on dam safety, fish adfidewhlabitat and
recreational requirements. The model can also optimize the timing and duration of plant and

turbine outages. The model can also be used to prepare reservoir operating plans using inflow
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and market forecasts, and to evaluate the impacts#rvoir operations on water releases and

levels under various operating scenarios.

The operations planning model is programmed in AMPaurer, Gay and Kernighan 2002)
programming language that is popular for solving cexmptimization problems. The linear
programming (LP) method, one of the most widely used techniques in reservoir opghations
1985, Wurbs 1991, Labadie 20043 used to solve the largeale optimizabn problemand
converge to a global optimal solution. Some extensions of LP such as the mixed integer
programming (MIP) and piecewise linear approximations are also used to model discrete
variables and to approximate nonlinear functions. The ILOG CP&di)éer is used to solve the

LP and MIP problem@BM Corp. 2010)

The OPT model incorporates multiple and conflicting objectives to maximize hydropower
generation revenues and to minimize the negative impacts of reseleaations and water
releases that deviate from a set of operataggirement¢BC Hydro 2011) To solve the mult
objective problem the weighting method is used to explicitly capture the tradeoffs among the
objectives. Further detailson the objective function formulation and model constraans

described in Appendig.

3.2.3 Model Input
To run reservoir operation simulation studies, a number of model input data are required
including the hydrologic data, market prices for lombwer electricity, and the hydraulic

characteristics data of reservoir systems.
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Hydrologic and other inputiata are prepared. The historical inflow records for pertinent

|l ocations of reservoir systems from BE Hydr
reservoir inflow sequences have been reviewed and adjusted using a data quality control process
based on comparisons to nearby gaged basins with similar hydi®Meggilev, Sreckovic and

Groves 2008rovering a period of 4Qears of inflow records. The hydrologic data is recorded as

the mean flow rates over specified time intervals (e.g., daily) or time steps. The OPT model can
adopt hourly or daily time steps during flooding events, and can use longer time steps such as a

week or a month for normal hydrologic conditions.

Given the historical inflow records, stochastic simulations of hydrologic time series can be used
to generate synthetic inflow dat&.set of synthetic inflow sequences were generated using the
SAMS systen(Sveinsson, et al. 2007he SAMS system preserves the statistical characteristics
of the historical data. This set of inflow sequences were used for the hydrologic input in the OPT
model and provided the model a variety of fofdgic scenarios, including those of critical

conditions, such as critical and unforeseen flooding events.

The energy price is another uncertain input parameter in the OPT. Energy prices are influenced
by many factors such as the electricity demand,rabgas price fluctuations, global or regional
economic growth, and government policy on greenhouse gas emi@©rdydro 2013) It is

difficult to accurately predict electricity prices because the prices are very volatileeaause

they do not follow certain trends. The electricity market price at the@sidmbia (MidC)

region is used to calculate revenues from power generation production of the hydro reservoir

systems.
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Specific hydraulic data for each hydro reservoirjgebis used. It can be categorized by the
reservoir system network data and reservoir physical characteristics. The reservoir system data
contains the number and names of storage reservoirs argtarage control points, which are
interconnected by flowpaths for each river system. The reservoir physical data includes the
relationships between reservoir elevations and storage volumes, and the discharge capacity rating
curves for generating turbines and spillway gates. The reservoir physical data provides

fundamental information characterizing a reservoir system as required in modeling studies.

3.2.4 Model Output

The model output comprisethe optimized values foa number of decision variables and
essential datéor evaluating the performance and feasibilifystmulated operation scenarios.

The output data is stored in a tabular format, including optimal reservoir elevations and storages,
spillway releases, turbine releases, power generation, the unit commitment, and the objective
function values To avoid péect foresight and to simulate actual system operation, the
optimization problem is solved for aday rolling planning horizon. Output data on ending
reservoir elevation and water releases from the rolling horizon runs are used to initialize the next

run.

3.3 Reservoir Operation Case Study

In this section, e reliabilitybasedmodeling framework is applied to ti¥isy Lake Reservair

a hydrgower storage reservoir system in British Columbta illustrate the application of
reliability-based modeling framerk. The investigation includes numerous simulation runs and

analyses of the results. Both the historical and synthetically generated inflows were used. The
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reservoir operating policiesvaluated in the study incluaeater releases form multiple discharge
facilities and reservoir elevations under different operating scenarios and hydrologic conditions.
Although the focus of the case study is on the reliabigged operations planning that considers
both the reliability of water release facilities and tofdgic extremes, conventional operation
studies based on historical inflows are also discussed. S&cBdrprovides an overview of the
Daisy Lake Reservoir and the inventory of the water release facilities in the resgisteim.
Section3.3.2presents the operations planning study results using 40 years of historical inflows.
Section3.3.3 consists of the reliability analysis applications to the spillway gate systeth
simulations of the operations planning model using synthetic inflows, followed by interpretations

and discussions of the model results.

3.3.1 Reservoir System Overview

The Daisy Lake reservoir is located adjacent to thet&&ky Highway, approximatelyZ3km

north of Squamish in southwestern British Columbia, Canada. The Cheakamus Dam impounds
water flowing south from the headwaters of the Cheakamus River, forming the Daisy Lake
Reservoir. A power intakeinnellinks the Daisy Lake Reservoir to the 157 MWwerhouse in

the Squamish ValleyBC Hydro 2005) Two penstocks carry the water from the tunnel exit to

the Cheakamus generating station which is discharged into the Squamish River. The maximum
turbine release is 65%s. Thenormal operation head of the reservoir is about 340 m between the
Daisy Lake Reservoir and the power generating station at the SquamishHrjueg. 38 shows

a schematic of the Cheakamus dam and reservoir system and the tygrésuef water release

facilities.
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Figure 3.8 Physical Layout of the Daisy Lake Reservoir System in British Columbia

Water release facilities in the Daisy LakedRrvoirsystem compriséwo turbine units, two
spillway radal gates, one low level sluice gateur free crest weir spillway sections on the main
dam and one low level hollow conalve (HCV) primarily used for fish flow releaseshe two

radial gates are operated to pass the flood flows. The control of tlz¢ gatk movement is
limited to certain ramping rates to reduce the risk of downstream flood damages resulting from
rapid water releases. The sluice gate is operated either fully open or fully closed, and is only
opened when the radial gates reach theirimarm discharge capacity. The free crest overflow

weir sections supplement the discharge capacity when reservoir level reaches 378.4 m above

mean sea level.
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During normal operations, the Daisy Lake Reservoir has an operating range from 364.90 m to
377.95 m a fluctuation of 13.05 m. The reservoir can store about 55 million cubic meters of
water, which is only 3.5% of the average annual total infl(B¢ Hydro 2005) Sudden increase

in inflows due to intense precipitations or smoelt can rapidly increase the reservoir water level

in a short period of time. Other hazards such as floating debris and icing load on spillway

facilities in winter, also contribute to the potential operational risks in this system.

3.3.2 Normal Operation CaseStudy

The following section illustrakzhow the OPT operations planning modélas been normally
usedby BC Hydro operation engineeas a tool to optimize hydpowerreservoir releases and
explore daily operation alternatives.daily time step is used toptimize generation schedsje
reservoir releass and elevationin a typical 5-day lookahead rolling horizon optimization
interval with perfect foresight of reservoir inflows. In this study, daily inflow records for the
period 1967- 2006 are used to metinormal operations of Daisy Lake Reservoir. The median,
10" and 90" percentiles and the daily reservoir inflows for the period of record are presented in

Figure 39.
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Figure 3.9 Daisy Lake Reserwir Daily Natural Inflow (1967 -2006)

The optimization process is driven by the economic goal of maximizing generation productions
after satisfying other multipurpose goals and constraints such as minimizing adverse effects of
flood events through operatioof spillway facilities, maximizing physical conditions for

recreation and minimizing environmental impacts such as fish impact.

A typical reservoir operating plan is usually followed to meet target elevations at various times
of the year. From 1 Octob&y 31 December, when heavy precipitations are more likely to occur,
the target reservoir level is lowered to provide additional storage volume to manage high inflow
events. During the spring freshet period, usually from May to August, the natural imtiow i

Daisy Lake Reservoir normally surpasses the turbine release capacity; therefore, the reservoir is

59



usually drawn down before the onset of the snowmelt in the freshet to accommodate the high
inflows with minimum spillway releases to reduce future doveastr flood risk. The target
reservoir elevation is derived using the penalty functions which serve as operational constraints
in the model. Any deviation from the target elevation is penalized according to the penalty values
as represented by a piecewiseelir convex functiofQQ. Similarly, water releases that deviate
from the target flow regimes are penalized using the penalty funi€iorhe minimization of
penalty functions and the maximization of the value of hydropower generation constitute the

objective functionas follows:

i ETEREUA QO © QYrr O "0 (3-20)

whereOy, is the reservoir elevation in reserv@iat time ste@, 'Yjj is the norRpower water
release from facilitg, 0 is the electricity market pricéQy, is thepower generatedy ,0 and

0 are the weighting factors assigned by decision makers to the corresponding objective
function term, as discussed in Appendix C.1. The formulations and features of model constraints
are described in Appendix C.2. Physical and operational constraints for the Daisy Lake Reservoir
are established using the system operating orders and recommesndatim the Cheakamus

River Water Use Pla(BC Hydro 2005)

In this study, an operation scenario is modeled runningyedfsequence of historical inflows.
Figure 310 illustrates the results of optimal reservoir elevatienfor the historical inflow

scenarig and itshows that the Daisy Lake Reservoir level fluctumseasonally within current
60



reservoir elevatiormperating range from 367.45 m to 377.95Ihtan also been seen thaet
reservoir elevatiowanexceed the maximum normal lexaringthefall storm season (October

to December) due to high infl@v This has occurreith 12 years of the entire foryear study

period Figure 311 shows the optimatotal water releases from the Daisy Lake Reservoir,
including turbine releases and spills through -power release facilities into the Cheakamus
River. Note that this operating scenario does not include special constraints such as turbine unit

maintenancecheduling and failure simulation of npower water release facilities.

Figure 3.10 Optimal Reservoir Elevation of Daisy Lake Reservoir
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