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EXECUTIVESUMMARY

The Department of Energy (DOE) Office of Civilian Radioactive Waste

.... Management (OCRWM)is responsible for developing a system to manage spent

nuclear fuel and high-level radioactive waste in accordance with the Nuclear

Waste Policy Act of 1982 and its subsequent amendments.

Pacific Northwest Laboratory (PNL) is assisting OCRWMin its investiga-

tion of whether system-level reliability, availability, and maintainability

(RAM) requirements are appropriate for the waste management system and, 'if

they are, what the appropriate form should be for such requirements. Based on

the results of a literature search, a facility survey, and RAMmodeling of the

waste management system, PNL offers the following recommendatiPns:

o System-level RAMstandards and analyses should be considered as
appropriate aids in designing the waste management system. They
can be valuable early in the system definition and design processes
as long as they accurately reflect the state of knowledge about the
system.

° Fundamental system performance objectives (e.g., the most basic
schedules, waste priority/acceptance criteria, throughput, dose
limits, cost targets) should be established before system-level RAM
standards are written. However, system-level RAM-type analysis can
be a valuable tool when applied early tO help establish practical
system perf'Jrmance objectives.

• System-level RAMstandards should be few and concisely stated. For
each major systen_ element (e.g., individual facilities), an overall
availability standard should be set. More detailed RAManalysis
can then be used to help design smaller system components in con-
formance with system-level standards.

, Detailed RAManalysis for the waste management system is not
immediately necessary in view of ongoing work to further define the
basic system configuration and performance objectives. Detailed
RAManalysis must proceed in an iterative manner in conjunction
with system design through increasing levels of specificity.

• DOEdoes not need to develop generic RAMtools and guidance
materials. Ample resources (instructional materials, computer
programs, analytical services) are av_,ilable. RAMmodels tailored
to the waste management system should be developed from available
generic tools.
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Most of the RAMstudies done on large, complex systems are part of

either classified government projects or business-sensitive industrial proj-

ects. Little documentation is publicly available, but several organizations,

including architecture and engineering firms, construction contractors, elec-

trical utilities, and industry groups, were willing to describe their experi-

ence with system-level RAMstandards and analyses. The consensus amongthe

surveyed organizations follows:

. System reliability, availability, and maintainability should be
considered from the start of a project as part of good engineering
practices.

• RAMstandards created at a project's conceptual stage are typically
few and broadly stated, and should be derived directly from basic
operational objectives.

• RAMrequirements established at any subsequent design stage must be
derived from the system or subsystem operational objectives.

• A clear, logical, rational hierarchy of RAMrequirements must be
maintained, with each level of RAMstandards derived from those of
the next higher level.

• RAM analysis is more general, qualitative,and varied in its
applicationat early phases of major systemsdevelopmentprojects
than at later design stages.

• RAM analysis is appropriateonly to the level of detail for which
adequate supportingdata are available.

iv



f

CO__NTENTS

EXECUTIVESUMMARY . ......................... "ii i

ACRONYMSANDABBREVIATIONS ...................... ix

1.0 INTRODUCTION............... , ............ i.I

' 1.I OBJECTIVES .......................... 1.1

2.0 CONCLUSIONSAND RECOMMENDATIONS................. 2.1

2.1 CONCLUSIONS ........................ 2. I

2.2 RECOMMENDATIONS................... . . . 2.3

3,0 LITERATURESEARCH ...................... 3.1
II

3.1 RAMGUIDELINESAND RAMANALYSISTOOLS........... 3.1

3.2 RAMDATA ....................... 3.2

3.3 RAMEXPERIENCE .................... 3.2

4.0 SURVEYOF ORGANIZATIONSAND FACILITIES ........... 4.1

4 1 COGEMAINC. ANDNUMATECINC............... 4,2

4.1.1 French Spent Nuclear Fuel Reprocessing ..... 4.2

4.1.2 French Nuclear Waste Disposal ......... 4.4

4,2 U.S. DEPARTMENTOF ENERGY.............. 4.4

4.2.1 The U.S. Nuclear Waste Management System . . 4 5

4.3 WESTVALLEYNUCLEARSERVICESCORPORATION..... 4 5

4.4 GENERALELECTRICCORPORATIONMORRISOPERATION. . . 4 7

4.5 U.S. NUCLEARREGULATORYCOMMISSION ......... 4 8

4.6 NUCLEARINDUSTRYORGANIZATIONS........... 4 8

4.7 WESTINGHOUSEELECTRICCORPORATION.......... 4 10



4 8 MITRE CORPORATION.......... ........... 4.10

4.8.1 The U.S. Army Chemical Stockpile Disposal
Program (CSDP) ................ ..... 4.ii

4.9 RALPH M. PARSONS COMPANY .................. 4.13

4.9.1 The U.S. Army ChemicalStockpile Disposal
Program (CSDP) .................... 4.14

4.10 BECHTELGROUP INCORPORATED .......... . . . 4.15

4.10 1 Power, Refinery,and ManufacturingSystems ..... 4.15

5'0 SYSTEM-LEVFLRAMMODELANDANALYSISOF THE U.S. NUCLEARWASTE
' MANAGEMENTSYSTEM ............. ........... , 5.1

,,

/

6 0 REFERENCES ... ......................... 6.1

7.0 BIBLIOGRAPHY ................. .... ..... 7.1j
, /

/

/APPENDIXA - MISCELLANEOUSBACKGROUNDINFORMATION ........... A.I

APPENDIX B - RAM CALCULATIONSAMPLE RESULTS B.I
F

/
/
/

,,'

/

/

vi



FIGURES

2.1 SimplifiedFlowchartof the RAM Process ............. 2 2

4.1 Flowchartof the U.S. #rmy's ChemicalMunitionsDemilitarization
Operations ............................ 4.12

B.I Level I FunctionalFlow Diagram for the Basic MRS Waste
ManagementSystem .............. , ......... B 2

B.2 Basic Waste System Level 0 RAM Model ..... ....... . . . B 3

B.3 MRS AvailabilityAnalysis .................... B 5

B.4 Waste Generator/MRSTransportAvailabilityAnalysis ....... B 6

B.5 Waste Generator/MRSTransport0% Availability ......... B 7

B.6 MRS/RepositoryTransport0% Availability............. B 8

TABLE

4 1 Sources of RAMInformation .................... 4.2

vii



ACRONYMSAND,..,.ABBREVI ATlO,NS

A&E Architectural and engineering..

CAMDS Chemical agent munitions disposal system

CEA French Atomic Energy Agency

CHB " Container handling building

CSDP Chemical stockpile disposal program

DOE U.S. Department of Energy

EPRI Electric Power Research Institute

FMEA Failure modes and effects analysis

GE General Electric Corporation

HLW High-level radioactive waste

IAEA International Atomic Energy Agency

INEL Idaho National Engineering Laboratory

ISFSI Independent spent fuel storage installation

JACADS Johnston Atoll Chemical Agent Disposal System

LWR Light water reactor

MDB Main demilitarization building

MRS Monitored retrievable storage

MTU Metric ton uranium

NPRDS Nuclear Plant Reliability Data System

NRC U.S. Nuclear Regulatory Commission

NSSS Nuclear steam supply system

NWPA Nuclear Waste Policy Act

OCRWM Office of Civilian Radioactive Waste Management

OEICD Organization for Economic Cooperation and Development



I

PNL PacificNorthwestLaboratory

PRA Probabilisticrisk assessment

PWR Pressurizedwater reactor
I

RAM Reliability,availability,and maintainability

RESAR Referencesafety analysisreport

RHR Residualheat removal

RMP Ralph M. ParsonsCompany

SWI SouthwestResearch Institute

WVNSC West Valley NuclearService Corporation



1.0 INTRODUC"FIO_N

The U.S. Department of Energy (DOE) Office of Civilian Radioactive Waste

Management (OCRWM)is responsible for developing a system for managing high-

level radioactive waste and spent fuel in accordance with the Nuclear Waste

Policy Act (NWPA)of 1982 and its subsequent amendments. OCRWMresponsibili-

ties include integrating and coordinating the design and development of system

elements to ensure that they can be deployed on schedule, achieve reliable

system performance, and.meet cost objectives. _

Pacific Northwest Laboratory (PNl.)(a) is assisting OCRWMin investigat-

ing whether a system-level operational reliability requirement is appropriate

for the national radioactive waste management system and, if it is, in defin-

ing the appropriate form for such a requirement.

1.1 OBJECTIVES

The goals of this investigation were to determine whether reliability,

availability, and maintainability (RAM) standards at the system level are use-

ful and/or necessary for the waste management system to meet its performance

objectives and to describe the appropriate RAMstandards and how they should

be applied. This report describes the results of three activities that have

been conducted to date' I) a system-level RAMliterature search (described in

Section 3.0), 2) a survey of organizations and facilities that have performed

RAManalyses and/or set high-level RAMstandards (Section 4.0), and 3) pre-

l iminary RAMcalculations performed on a model of the U.S. nuclear waste man-

agement system as it is presently envisioned (Section 5.0 and Appendix B).

Conclusions and recommendations can be found irl Section 2.0, while survey

resources are contained in Appendix A.

The literature search and facility survey were conducted to identify

nuclear-related organizations and facilities that have incorporated RAM

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-ACO6-76RL..O1830.
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standardsinto their design and to assess how RAM standardscan assist waste

managementfacilitiesin meetingtheir performanceobjectives.
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2_0 CONCLUSIONSAND RECOMMENDATIONS

The consensus of the cognizant engineers, analysts, and project managers

interviewed in the course of this study was that large projects can benefit

from consideration of RAMissues in the early stages of development. While

early RAMstandards will necessarily be general and qualitative, early con-

sideration of RAMissues is considered to be good engineering practice. The

degree of d_tail of resulting RAMstandards should match the degree of comple-

tion of the overall design. Ali the organizations that regularly include RAM

analysis and/or RAMstandards in their system design procedures cutlined a RAM

proc_:ss similar to the one shown in Figure 2.1 (Guthrie et al. 1988a).

2.1 CONCLUSIONS

The points of consensus on complex, multiple-facility system development

that emerged from this study are these:

• System reliability, availability, and maintainability should be
considered from the start of a project. Consideration of RAM
issues is part of good engineering practice.

• RAMstandards created at a project's conceptual stage should typi.-
cally be few, broadly stated, and derived directly from basic mis-
sion statements (e.g., schedule, throughput, safety, and economic
objectives).

, RAMrequirements established at any subsequent design stage must be
derived from the system or subsystem operational objectives (sche-
dule, throughput, safety, cost).

• A clear, logical, rational hierarchy of RAMrequirements must be
maintained, with each level of RAMstandards derived from those of
the next higher level:

-. mission statement and operational objectives for the overall system

- system-level RAMrequirements (pertaining to interacting
facilities)

facility-level RAMrequirements

RAMstandards for major plant operations

2.1



Task 1 JEstablishRAM " ' ' "

Requirements J-"

Task 2
ProvideInputto the
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FIGURE 2.1. SimplifiedFlowchartof the RAM Process
(Guthrieet al. 1988a)
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- RAMstandards for work stations

- RAMstandards for individual machines.

° RAManalysis is more general, qualitative, and varied in its appli-
cation at early phases of major systems development projects than
at later design stages, when formal RAManalyses are regL!larly per-
formed on specific subsystems, plant components, work stations, and
machines.

° RAManalysis is appropriate only to the level of detail for which
adequate supporting data is available. RAManalysis should be per-
Formed in conjunction with system component design as work pro-
ceeds, in an iterative manner, increasing the detail of the analy-
sis as more specific and accurate RAMdata is made available for
components that interact within the system.

2.2 RECOMMENDATIONS

Based on the findings of the literature search, facility survey, and RAM

analysis, PNL offers the following recommendations:

° System-level RAMstandards and analyses are recommended as approp-
riate aids in designing the waste management system. They can be
valuable early in the system definition and design processes as
long as they accurately reflect the state of knowledge about the
system.

• Fundamental system performance objectives (e.g., the most basic
schedules, waste priority/acceptance criteria, throughput, dose
limits, cost targets) should be established before system-level RAM
standards are written. However, system-level RAM-type analysis can
be a valuable tool when applied early to help establish practical
system performance objectives.

• System-level RAMstandards should be few and concisely stated. For
each major system element (e.g., individual facilities), an overall
availability standard should be set. More detailed RAManalysis
can then be used to help design smaller system components in con.
formance with system-level standards.

• Detailed RAManalysis for the waste management system is not imme-
diately necessary in view of ongoing work to further define the
basic system configuration and performance objectives. Detailed
RAManalysis should proceed in an iterative manner in conjunction
with system design through increasing levels of specificity.
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° DOE does not need to developgeneric RAM tools and guidancematerials.
Ample resources(instructionalmaterials,computerprograms,analytical
services)are available. RAM models tailoredto the wastemanagement
system should be developedfrom the availablegeneric tools.
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3,,0 LITERATURESEARCH

For many years, U.S. and international organizations involved in nuclear

waste management have studied RAMrequirements for small- and medium-scale

facilities. The literature search and review conducted for this study focused

on I) identifying appropriate principles for developing RAMstandards and RAM

computational models, 2) identifying and locating essential RAMdata, and

3) identifying operating facilities with experience in RAMrequirements, RAM

testing, or other relevant topics. Both domestic and international data

sources were searched, including databases at DOE, the U.S. Nuclear Regulatory

Commission (NRC), national laboratories, the U.S. utilities, foreign govern-

ment sources [foreign equivalents of DOE, the U.S. Environmental Protection

Agency (EPA), and foreign national power authorities], and international

organizations, such as the International Atomic Energy Agency (IAEA) and the

Organization for Economic Cooperation and Development (OECD).

3.1 RAMGUIDELINESAND RAMANALYSISTOOLS

Guidelines and instructions for performing RAManalyses can be found in

textbooks on the relevant basic techniques and, for project-specific applica-

tions, basic RAMguidance reports written For DOE's nuclear waste management

program (Orvis et al. 1981). Sufficient instructional and tutorial material

is readily available within the existing collection of RAMguidance materials

for DOEand its contractors to execute any desired RAManalysis of the OCRWM

system.

The literature search located numerous system modeling and/or analytical

tools, commercial and proprietary software, and RAManalysis services that

apply to the OCRWMsystem and its components. The offerings include generic

industrial modeling, RAManalysis programs, and analytical programs specifi-

cally designed for use with particular systems. Examples of generic tools

include GPSS(Minuteman Software) (Schriber 1974), @RISK(Palisade Corp.)

(Palisade 1988), SIMAN (Systems Modeling Corporation) (Pegden 1985), and RAM

analysis service offered by Ralph M. Parsons Company. Examples of system-

specific programs include RAMSlM/NWSI(Sovers 1987) and FACSIM/MRS-2(Huber et

3.1
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al. 1987) at PNL .forthe OCRWM system;proprietarymodelsdevelopedby Ralph

M. ParsonsCompany for various systems (RMP 1982, 1985, 1987a,1989); and two

proprietarymodels of the MITRE Corporationfor the U.S. Army's Chemical

StockpileDisposal Program (Goldfarb1987; Rod and Klingener1989).

3.2 RAMDATA

Reliability data for small machines and machine components(usedto sup-

port RAMcalculations of small, relatively simple systems) were abundant in

both domestic and international databases; however, reliability data on larger

system components (needed to support RAManalysis or to form the basis for RAM

requirements for large, complex systems) were almost totally unavailable. The

notable exception was data on nuclear power plants as part of the Nuclear

Plant Reliability Data System (NPRDS)(SWI 1980).

3.3 RAMEXPERIENCE

The literature search revealed innumerable examples of RAManalyses that

had been performed on small elements of systems (e.g., individual machines and

work stations) and several examples of factory-scale and facility-level RAM

analyses, but no examples of formal, quantitative RAManalyses or standards

applied to multiple-facility systems.
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4.0 ..S.URVEYOF ORGANIZATIONSAND FACILITIES

The purposesof the facility surveywere to I) identifynuclearwaste

handling facilitiesthat have incorporatedRAM standardsinto their design and

operation (as well as those that have not), 2) identifyand collectRAM data

found (by field experience)necessaryto charact,_rizeand supportdeveloping

and implementingRAM standards,and 3) assesshow RAM standardscan help

large-scaleradioactivewaste management facilitiesmeet their performance

objectives,as revealedby publisheddata and field experience.

A national nuclearwaste managementsystem includeswaste sources (e.g.,

numerouscommercialnuclearpower plants,researchand test reactors,

government-ownedreactor facilities,and other nuclearmaterial production

facilities),interimfuel storagefacilities,waste processing/packagingfacil-

ities,a transportationsystem,possiblyan interimwaste storagefacility

[e.g.,monitoredretrievablestorage (MRS) facility],and at least one perma-

nent waste disposal facility. Several of these systemelements have been

developedand are operating. For example,the system in France,which con-

sists of fuel reprocessing,waste packaging,interimhigh-levelradioactive

waste (HLW) storage,and an internationallylicensedtransportationsystem,

has beel!operatingfor severalyears. Great Britain,Germany, Sweden,the

Netherlands, and Japan_ amongothers, have some portion of a nuclear waste

management system either operational or under field-scale study.

Based on the literature search, follow-up contacts were made at major

nuclear waste management facilities and architecture and engineering (A&E)

companies with n.clear experience. Table 4.1 shows the principal sources of

relevant RAMdata and/or design standards. Intarviews and requests For data

and reports were conducted by letter or telephone or through arranged site

visits. Ali necessary concurrences, approvals, and clearances were obtained

from the appropriate authorities before contact was made in each case.

4.1
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TABLE 4.1. Sources of RAM Information(a)
:,

U.S. U.S. Foreign Foreign
System Commercial Gov./Defense Commercial Government
Klemen_...... Sources Sources ....Sources Sources

Reactors Contacted Contacted -- Contacted

Transportation -- Contacted .... _

MRS Contacted -- Contacted --

Reprocessing/
Consolidation/ Contacted -- Contacted --
Packaging

Disposal site -- Contacted -- Contacted

ReguIation -- Contacted ....

Design/
Construction Contacted -- Contacted --

(a) See Appendix A, SectionA.2 for additionalsources.

4.1 COGEMA INC. AND NUMATEC INC.

COGEMA is a private industrialcompany that is wholly owned by the Com-

missariata l'EnergieAtomique (CEA),the FrenchAtomic Energy Commission.

Its purpose is to providecomprehensivenuclear fuelprocessing services from

uraniummining to permanentwaste disposal. NUMATEC,a subsidiaryof COGEMA,

providesengineeringsupportto the parent company. COGEMA and NUMATECrepre-

sentativesdiscussed RAM issues and approacheswith regard to two key elements

in their nuclear fuel processingsystem: the spent fuel reprocessingfacili-

ties at La Hague and Marcoule and a planneddeep geologic repository for HLW.

4.1.1 French Spent NuclearFuel Reprocessing

Constructionof the first French industrialreprocessingfacilityfor

irradiated.nuclearfuel, the UPI plant, began in 1955 at Marcoule, and active

operationbegan in 1958. Basic data for UPI design and constructionwere pro-

vided by a pilot plant that had been operatingsince 1954. There is no recol-

lection of formal RAM analyses being conductedor RAM standardsbeing set for
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the UPI plant at Marcoule duringdesign and construction;however,RAM data

have been collectedcontinuouslyon UPI (Delange1987; Regnaultet al. 1989)

and have been used in designingthe subsequentUPi and UP3 reprocessingplants

at La Hague. The UP2 plant at La Hague opened in 1976to reprocesslight-

water reactor(LWR) fuel, while UP3 startedoperatingin 1990. Reliability,

availability,and maintainabilitydata collectionand feedbackLo system and

equipmentperformanceimprovementscontinues(Bern and Chabert 1989; Dreyfus

and Le Blaye 1989).

No quantitativesystem-levelRAM analysiswas performedbefore opera-

tions began at UP2 and UP3 at La Hague. RAM-typeanalyseswere performedon

the plants'major operations,components,and machinesas part of the design

phase to identifycritical processingpaths and redundanceneeds; but speci-

fic, quantitativeRAM standardswere not establishedfor the reprocessingsys-

ternsor their components. Instead,COGEMA set broad standardsin terms of

"guaranteedproductioncapacity"[metrictons of uranium(MTU) processed

during a campaign of fixed duration],target "individualdose rates," and

general requirementssuch as "highequipmentreliability"(Hutchisonand

Lemaistre1987; Bastien-Thiryan_ Justin 1988). Studieswere conductedto

maximize utilizationand throughputof facilitiesand minimizeplant size.

Plants were designedto meet overallperformanceobjectives,but detailed RAM

standardswere absent.

Once plants opened, improvementsin reliability,availability,and main-

tainabilitywere made througha three-.phaseoperation/observation/feedback

approach" I) demonstrationof processfeasibility,2) progressiveincrease in

throughput,and 3) operationat nominalcapacity. The followingschedule for

UP2 at La Hague provides an example(COGEMA1990)'

Operation begins 1976

Demonstration of process feasibility 1976-1978

Progressive increase in throughput 1979-1983

Operation at nominal capacity 1983-present.
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For the UPs plant, maintainabilityof plant componentswas considered in

the plant'sconceptualdesign. NUMATEC performedanalysesto minimize the

"mean time to replace"components and settledon a broad design philosophyof

modular operatingunits that would be used for a predeterminedtime and

replaced before they failed, Once this scheduledreplacementapproachwas

implemented,data on the modules and plant maintainabilitywere compiled.

Recently,after eight years of data collection,various analysesof the main-

tenance policy were conducted, and the existing replace-and-.disposeprocedure

is now being replacedwith off-line rehabilitationand recyclingof used plant

modules.

4.1.2 French .N,_clear_WasteDisposal

CEA plans to dispose of HLW by deep burial. COGEMA and NUMATEC are

developingconceptualdesigns for a deep geologic repository,and system-level

RAM studiesare being done as part of the process, A study currentlyunder

way at NUMATEC involves investigatingthe effects of failuresof critical

repositorycomponentson the entire nuclear fuel processing system. This

critical componentanalysiswill be used in preparinga more detailed design.

The study is not publicly available,but the following scenariowas cited by

NUMATEC as an exampleof the type of resultsobtained.

A criticalcomponent in the currentconceptualdesign (_fthe deep geo-

logic repositoryis an elevator platformfor lowering waste canistersto the

emplacementarea. A catastrophicfailureof the elevator could result in the

entire repositorybeing unavailablefor as long as three to four years (the

estimatedtime requiredfor complete replacementof the elevator system). The

consequencesof repositoryunavailabilitythen propagateback though the fuel

cycle. This result will be consideredin subsequent,more detailed design

stages.

4.2 U.S. DEPARTME.NTOF ENERGY

Handling HLW and spent fuel in the U.S. comes under'the authorityof the

DOE. Within DOE are a number of organizationsthat have specificgoals and
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duties related to nuclearmaterialsproductionand waste, The research is

frequentlyperformedby numerous privatecompaniesacross the country under

contract to DOE.

4.2.1 The U,S._.Nuclear W_s_teManagementSyst_t_j]]

As discussed in Section 1.0, OCRWMis responsible for developing a sys-

tem for managing HLWand spent fuel in accordance with the 1982 NWPAand its

amendments. Before enactment of NWPA,OCRWMhad explored the use of RAMstan-

dards and analyses to help Coordinate the development of system elements and

to ensure the achievement of overall system performance objectives. A brief

list of some key DOEand DOE-sponsored activities aimed at providing guidance

for RAManalysis in the context of the waste management system follows:

1980: Development of a methodology to aid in preparing engineering
design criteria for a nuclear waste repository, This investiga-
tion included developing a conceptual design for the repository
and a preliminary flow diagram for repository equipment and
processes

1981: Publication of guidance for' performing RAManalyses on reposi-
tory equipment (Orvis et al. 1981)

1983-1988: Publication of a series of DOEorders pertaining generally to
various aspects of large system development, including consid-
eration of tile use of RAMstandards and analyses

1988. Publication of additional RAMguidelines (Guthrie et al.
1988a,b).

Other DOE-sponsored activities have investigated specific RAMcharacter-

istics of the waste management system and its components (Eger and Zima 1979_

Westick et al. 1979; Orvis et al. 1981; Sovers 1987, 1988; Clark and Myers

1989).

4.3 .WESTVALLEY NUCL.E_ARSERYlCES CORPORATION

In 1980 Congress passed the West Valley DemonstrationProjectAct, which

directed DOE to conducta HLW solidificationdemonstrationat the Western New

York Nuclear Ser.viceCenter. Large volumes of liquid HLW are currentlystored
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in tanks from a former commercial nuclear fuel processing plant that operated

at West Valley from 1966 to 1972. Under the terms of the Act, West Valley is

to'

. solidify the HLWinto a form suitable for transport and disposal

. develop suitable containers for the permanent disposal of the
solidified waste

. transport the solidified waste to a federal repository for perma-
nent disposal as soon as is feasible

• dispose of the low-level waste (LLW) and transuranic wastes it
produces

• decontaminate and decommission tile facility, equipment, and
materials used in HLWsolidification.

West Valley Nuclear Services Corporation (WVNSC), a subsidiary of tile

Westinghouse Electric Corporation, is designing the system to solidify

(vitrify) the HLWat West Valley. The literature search found numerous tech-

nical reports on various aspects of the design of the vitrification system and

its components, but none of the design reports dealt with RAManalysis.

Follow-up interviews with the WVNSCengineering staff revealed that

there had been no formal RAManalysis performed as part of developing the

vitrification process, nor had establishing RAMstandards been considered.

However, consideration was given to reliability and availability issues, which

were investigated on an ad hoc basis as needed for specific features of the

system,

To improve system and equipment availability, WVNSChas relied more owl

feedback from actual equipment tests and monitoring of system performance.

For example, when recent tests of the waste glass melter system were com-

pleted, it was stated that "these tests confirmed equipment operability,

control system reliability, and provided samples of; waste glass for durability

testing" (WVNSC1989).

The vitrification system description is not yet complete. The current

major focus of analytical activity i;l WVNSC'sSystem Engineering and Support

Department is preparing the preliminary safety analysis report. Certain

4.6



features of RAManalysis will likely be included in probabilistic risk assess-

ments and failure ,lode analyses that will be performed as part of the overall

safety analysis effort, but formal RAManalysis is not contemplated at this

time.

A system-level RAManalysis, _1.!ur_ Mode_s and Effects, Nla]vsis of the

_est Valley Nuclear services Vitrification sys_tem(Westick et ai. 1979), was

performed in 1987 by PNL. The abstract of that report states:

"A failure modes and effects analysis (FMEA) was performed to
identify design changes and other corrective actions to improve
system integrity and operational performance of the West Valley
Demonstration Project vitrif,ication system. The FMEAincludes
descriptions of the failure modes and causes of those failures,
possible effects of the failures, qualitative estimates of the
probability and severity of the fallures, and possible corrective
actions, Nineteen items were identified as having a high failure
frequency or a medium failure frequency with lengthy repair times.
An additional thirty items were identified whose failures could be
mitigated or eliminated by design modifications or additional moni-
toring. Recomm.=ndations for improving these items are provided,
An effort was also made to quantify the failure rates and repair
times to prioritize the important components and to estimate the
vitrification system's availability,"

4.4 GENERALELECTRICCORPORATION MORRIS__

General Electric's (GE)Morris Operationis an independentspent fuel

storage installation(ISFSI)near Morris, Illinois,adjacentto the Dresden

Nuclear Power Station. lt has spent fuel pools with a total licensed capacity

of 750 M'FU(GE 1990). lt has been operatingwith this capacity since 1976 and

has in recent years been operatingvirtuallyin a steady-state,storage'only

mode, since spent fuel shipmentshave been curtailed. The facility'sopera-

tions and maintenanceprograms are probablytypical of those that would be

encounteredat future wet-storageISFSIs.

At the time Morris was designedand built, RAM standardswere not con-

sideredcritical to ensuring successfulplant operations,and RAM consider-

ations are not included in Morris Operation'sconsolidatedSafety Analysis

Report (GE 1990). Due to externalconstraints,the scheduleof operations at

4.7

l ', , ' ,i ' '_I qr .... b , , , rs, rill ,'m l_' ' mi ,, , ,r Irl ''



Morris currentlyhas considerableexcess capacity and RAM standardsare, for

all practicalpurposes,moot.

In 1979 the NRC commissioneda study of spent fuel storageoperations at

the Morris Operation (Eger and Zima 1979). The study was to provide a

descriptionof spent fuel handling activitiesand systems and to analyze the

system's performanceover its (then) seven-yearoperationalhistory. Although

the analysis focusednot on throughputbut on safety-relatedperformance I ',
"

measures (e.g.,containingradioactivematerials, shieldingagainst radiation, Ii; _
preventingcriticality),it did have RAM implications,

i

4.5 UI.S.NUCLEA.RREGULATORY.COMMISSION
,

An extensiveliteraturesearch of NRC reportsrevealed very little in

the way of RAM studies,RAM guidance,or the promulgationof RAM standards in

regulationsor orders. The few examplesof RAM requirementsset by the NRC

derive from safety standards (Tzanosand Bezella 1984). The NRC does partici-

pate in the collectionof RAM data for use within the nuclear industry;for

example, it publishesNUREG reportscontainingnuclear-specificRAM data from

the Nuclear Plant ReliabilityData System (NPRDS),a source of reliabilityand

failure informationon safety-relatedsystemsand components (SWI 1980). The

NRC also contracteda retrospectiveRAM-type study of the Morris Operation's

spent fuel storage facility as part of its oversightresponsibilitywith

respectto ISFSIs (Eger and Zima 1979).

The NRC performs (or contractsto have performed)RAM analyseswhere

they are requiredto address specific nuclearsafety issues. For instance,in

the investigationof Generic (safety) Issue 99, "Loss of Residual Heat Removal

(RHR) Capability in PWRs," the NRC performeda RAM analysis and set RAM stan-

dards Lo ensure that the RHR system could be relied upon to providebackup

reactor cooling in certain emergencysituations(Tzanosand Bezella 1984; Chu

et al. 1988; Spano 1989).

4.6 NUCLEARINDUSTRYORGANIZATIONS

Nuclear plant and equipment reliability, availability, and maintain-

ability has been an ongoing issue for the industry, motivated by both economic
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and safety considerations. However, there is apparentlylittle work by indus-

try on RAM issues for large-scalesystems, severalorganizationssponsoredby

the nuclear industryconduct generic researchfor the benefit of the industry

as a whole (e.g., the Electric Power Research Institute[EPRI],the Edison

Electric Institute,the Institutefor Nuclear Power Operations,and the

Nuclear Safety Analysis Center). However, their studies typicallyfocus more

on specific,high-visibilityissues or current problems, intendingto maintain

or improvenuclear plant performanceat existingfacilities. While various

generic industry studiesinclude some RAM-type informationor RAM-typeanaly-

sis, formal RAM analysisat the system level has not been emphasized. Other

analysts (those closer to specificfacilities,systems, and equipmentdesign

tasks) more frequentlyperformRAM analyses as they need them.

Though nuclear industryorganizationshave not emphasizedestablishing

RAM standardsor performingRAM analyses themselves,they have organized sys-

tems to compile, store, and disseminateRAM data for the benefit of other RAM

analysts. The NPRDS, sponsoredby the American Public Power Association,the

Edison Electric Institute,the TennesseeValley Authority,and the NRC, is an

exampleof a nuclear-specificdatabase of RAM informationand experience. The

NPRDS was designed to "serveas a sourceof reliabilityand failure infor-

mation for operators,designers,manufacturers,architect-engineers,construc-

tors, and regulatorsof safety-relatedsystemsand components" (SWI 1980).

Its primary purposesare "to provide operatingstatisticsof safety-related

systemswithin a unit which may be used to compare and evaluate reliability

performanceand to provide failuremode and failurerate statisticson com-

ponentsto be used in failuremode effects analysis,fault hazard analysis,

_i and probabilisticreliabilityanalysis" (SWI 1980).

The nature of tilenuclear industry'sefforts in the RAM field can be sum-

marized as being "descriptive"rather than "prescriptive,"that is, they

describe the RAM parametersof system componentsand are used to maximize sys-

tem availabilityfrom the bottom up. They are not yet being used to set RAM

requirements for' lower-level system components to meet a preset overall system

: RAMstandard.
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4.7 WESTINGHOUSEELECTRICCORPORATION

Westinghouseis a major worldwidevendor of nuclearsteam supply systems

(NSSS),as weil as a providerof advanced analysisservicesfor a great vari-

ety of clients, Virtuallyall of their analyticalwork in the area of systems

analysis [e.g., RAM analysis,failuremode analysis,probabilisticrisk

assessment (PRA), and human factorsanalysis]are for privateclients. The

two main thrusts of the company'swork in this area are related to improving

nuclearplant efficiency(i.e.,profitability)and safety (drivenby both

business and regulatoryimperatives).

Westinghouseregularlyperforms RAM analyseson small- and medium-scale

systems such as specific safetysystemsat nuclearpower plants. To the

extent that power plant systems interactin complexways, such system inter-

actionsare frequently incorporatedinto the analyses. PRAs copcentrateon

failuremodes of safety systemsand their consequencesand are used more often

than RAM analysesfor large-scalesystems (e.g.,an entire nuclear power

plant).

RAM standardshave not been used as part of fundamentalnuclear plant

design criteria. No mentionis made of formal RAM analysisor standardsin

plant design or plant licensingguidelines. RAM analysis is not included in

Westinghouse'sbasic plant licensingreport,the ReferenceSafety Analysis

Report (RESAR) (Westinghouse1975). RESARs are submittedto the NRC in

accordancewith 10 CFR 50, "Standardizationof Design Staff Review of Standard

Designs." Westinghousefirst issueda RESAR in 1970 as part of its efforts

toward design and licensingstandardizationof its NSSS.

4.8 MITRE CORPORATION

The MITRE Corporation was contracted to assist the U.S. Army destroy its

stockpile of obsolete chemical agents and munitions. MITRE ha's participated

in various aspects of the program, including facility and process conceptual

design, performance testing and analysis, system modeli_.g, and RAManalysis.

Most of the program's reports, including those relevant to RAMstandards and

analyses, are not approved for public release; however, MITRE representatives

agreed to discuss their RAMstudies.
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4.8.1 The U.S. Army Chemical StockpileDisposal proqram (CSDP)

The chemical stockpilesat eight Army storage facilitiesare to be

destroyed. In each case the entire processwill be conductedon the base; no

offsite transportationof chemicalmunitionsis planned. The munitionswill

be removed from their concrete storage "igloos,"loaded into transportcon-

tainers,transportedonsite, unloaded into a containerhandlingbuilding (CHB)i

for temporary storageand possiblethawing, and moved to the adjacentmain

demilitarizationbuilding (MDB) for disassemblyand incineration_ Figure 4.1

shows the basic process (Rod and Klingener1989),

Two facilitieshave alreadybeen built to demonstratethe destruction

process. The first operatingfacility,the Chemical Agent MunitionsDisposal

System (CAMDS),is a pilot plant in Tooele,Utah, used to test various

processesand gather operationaldata, includinglarge amounts of RAM data.

The JohnstonAtoll ChemicalAgent DisposalSystem (JACADS)is a full-scale

processingfacilitythat is presentlygearing up to demonstratethe complete

destructionprocessas it will be carriedout at the eight future chemical

weapons destructionfacilities.

MITRE has performednumerous RAM analyseson the CAMDS and JACADS facil-

ities and sub-elementsof these facilities,includingindividualmachines

(Wusterbarthet al. 1988, 1989, 1990). The results of RAM analyses at each

stage of programdevelopmentwere used as input into subsequentdevelopment

and design stages. RAM data collectedat CAMDS, along with RAM analyses of

early JACADS designs,were used to refine the final JACADS design. JACADS RAM

data and additionalconceptualMDB RAM analyses are being used to refine MDB

designs.

The RAM analysesperformedas part of the chemical stockpiledisposal

program (CSDP)describethe RAM parametersof system componentsand are used

to maximize system availabilityfrom the bottom up. They are not yet being

used to set RAM requirementsfor lower-levelsystem componentsto meet a pre-

set overall system RAM standard.

The only system-levelstudiesthat resemble RAM-type studiesperformed

to date on the CSDP system are a "logisticalanalysis in supportof
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demilitarizationoperations" (Rod and Klingener1989) and a similar follow-on

study currentlyunder way at Ralph M. Parsons Company, These studies assess

the performanceof the conceptualsystem shown in Figure 4.1 under various

logisticalassumptionsand adverseexternalconditions. They are being used

to determinebuilding and buffer sizes and equipmentrequirements.

MITRE has recommendedto the Army that a comprehensiveformal RAM analy-

sis be performedfor the conceptualonsite demilitarizationsystem; the Army

is agreeableto conductingsuch an analysiswhile the eight onsite 'facilities

are still in the early design stages.

4.9 RALPH M..._PARSONS_C.OMpANY

The Ralph M. ParsonsCompany provides a wide range of engineering,

architectural,and projectmanagementservices to governmentand private

industry. Its services includesystemsanalysiswork such asRAM analysis,

PRA, and risk/benefitanalysis (RMP 1990b).

ConfidentialityconstraintspreventedParsonsrepresentativesfrom dis-

cussingor releasingdetails of specificclients' applicationsof system-level

RAM analysis. They did, however,describe Parsons'typical use of RAM stan-

dards and analyses.

Parsonsroutinelyperforms formalRAM analysis for engineeredsystems at

many levels oi" complexity: machines, work cells, major components or opera-

tions within facilities, and entire industrial facilities. RAManalyses of

multiple-facility systems are rare, mainly because such systems are rather

rare. One example of a system-level quasi-RAM study, the U.S. Army's chemical

stockpile disposal program (CSDP) is cited below.

System-level RAManalyses (whole-factory RAManalyses) would typically

be conducted as an integral and ongoing part of the following facility design

process:

• Fundamental objectives are developed in consultation with the
client. Fundamental objectives may include schedule, throughput,
cost, and safety goals.

• "Availability goals" for' the overall system are derived from the
mission objectives.
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• Preliminary system designs ("0% designs" - functional block diagrams,
equipment general arrangement, etc.) are created, based on mission
goals.

• Various system performance analyses are performed, possibly includ-
ing elements of RAManalysis, at a level of detail consistent with
the extent of facility design and the availability of RAMdata.

• More detailed design is undertaken, incorporating the results of
the previous system analyses and numerous other inputs, both quan-
titative and qualitative.

• Formal RAManalysis is typically performed, incorporating the addi-
tional information developed during the design process at about 35%
design completion. Results of the analysis are compared with
availability goals, and modifications to the system may result_

• Formal RAManalysis is again performed at about 90% completion,
incorporating the new design data. Results of the analysis are
compared with availability goals.

° A final system design will be created based on these analyses,
other analyses, and various other considerations,

This general approach has been applied to several projects, including

the Strategic Petroleum Reserve, other oil and gas facilities (RMP 1990b),

Idaho National Engineering Laboratory's (INEL) Remote Analytical Laboratory

(RMP 1982), INEL's Fuel Processing Restoration Facility (RMP 1985, 1987b), the

U.S. Army's Multiple Launch Rocket System Binary Chemical Warhead Production

Facility (RMP1989), and the Army's CSDPin a study done by Ralph M. Parsons

Company in 1990. RAManalysis was not used and no RAMrequirements were con-

sidered when Parsons developed a preconceptual design for an MRStransfer

facility within the U.S. nuclear waste management system (RMP1990a; Wood et

al. 1991).

4.9.1 The U.S. Army Chemical Stockpile Disposal Program (CSDP)

Like MITRE, Parsons has been contracted to assist the U.S. Army in des-

troying its stockpile of obsolete chemical agents and munitions. Parsons has

been involved in various aspects of the program, including both conceptual and

detailed design of facilities, system modeling, and RAManalysis. None of the

existing Parsons reports on the program, including those relevant to RAMstan-
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dards and analyses,are approvedfor publicrelease;however, Parsonsrepre-
sentativesdiscussedtheir RAM studies for the CSDP.

Parsonsperformednumerousformal RAM analyseson the CAMDS and JACADS

facilities(RMP 1987a). The resultsat each stage of program developmentwere

used as input into subsequentdevelopmentand design stages. However, like

the MITRE studiespreviouslydiscussed,Parsons'reports are descriptive.

They are not yet being used to set RAM requirementsfor lower-levelsystem

componentsto meet a preset overall system RAM standard.

The only system,levelstudiesthat resembleRAM-type studiesperformed

to-date on the CSDP system are more detailedfollow-upstudies to the MITRE

logisticalanalysis (Rod and Klingener1989). These studies are being used to

determinebuildingsizes, buffer sizes, equipmentrequirements,and other

design criteria,

4.10 BECHTELGROUPINCORPORATED

Bechtel provides a wide range of services to both government and private

clients, including virtually all industrial sectors. Under the broad heading

of "Systems Engineering," the company provides services covering all phases in

developing major industrial projects, including RAManalysis, system analysis,

PRA, and risk/benefit analysis. Bechtel conducts its system engineering acti-

vities through three major business lines' "Power," "Refinery and Chemical,"

and "Manufacturing."

For reasons of confidentiality, Bechtel provided no documentation

describing the company's experience with or applications of system-level RAM

analysis. However, PNL received approval from Bechtel's president to inter-

view the manager of Engineering Technology, Special Operations, Bechtel Group.
A summary of the interview follows.

4.10.1 _Power_Refinery_ and Manufacturi.ng Systems

Analyses are always conducted at the earliest stages of major engineer-

ing projects (e.g., power plants, refineries, factories) to identify critical

aspects of the system under design and ensure that it meets the client's
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objectives. 'Thisanalysismay or may not be called RAM analysis,but features

of RAM-type analysisare part of the system analysis.

The initial system analysis is tailoredto the characteristicsof the

particularsystem under development. For electricpower plants, systemrelia-

bility,availability,and maintainabilityare affectedby complex interactions

among many plant systems. Therefore,Bechtelperforms"interactionsanalysis"

to understandhow component or system failurespropagateto shut down the

power station (as plant designs progress,this type of analysisevolves into

formal PRA). Refineriesand chemicalprocessingplants are characterizedby

the throughputof bulk materials. For these types of facilities,input/

output analysis is performedto identifycriticalnodes (or choke points)and

the consequentneed for buffersor queues in the processpath. For manufac-

turing plants, the need for efficientparts deliveryand inventorymanagement

systemscalls for "just-in-time"studies,which are an extensionof input/

output analyses.

For all industrialdesign and developmentprojects,Bechtel'saim is to

determine (and optimize)the resilienceof the system (hoW rapidlybackup

processesand/or procedurescan restartthe systemafter a failure). Also, in

the early stages o'Fall projects,system-levelRAM-typestandardsare derived

from the client's preliminaryobjectives (e.g.,throughput,cost, producti-

vity, and safety goals). Early standardsare frequentlys.tatedqualitatively

and are made more quantitativethrough severaliterationsof system analysis

and facility design. As systemdesign progresses,more specificRAM standards

are determined by the higher-levelrequirements(i.e.,system requirements

determinefacility requirements,which determinework stationrequirements,

which determinemachinerequirements,etc.). The developmentprocess,how-

ever, remains a mixture of quantitative analysis and heuristic design

improvements.
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5.0 SYSTEM LEVEL RAM MODE..LAND ANA.L.Y.SISOF _THE

U.S.NUCLEAR WASTEMANAGEMENT.SYST.EM

PNL created a system-levelRAM computationalmodel using the existing

commercialsoftware SIMAN to performthe system-levelRAM analysisfor the

U.S. waste managementsystem (Pegden1985). Its purposewas to explorethe

usefulnessof RAM analysisfor gaininginsightsinto the operationalrela-

tionshipsamong major waste systemfacilities.

For this initialexploration,the model was kept as simpleas possible,

includingonly a "Level0" descriptionof the basic systemas described in

System Descriptionof the Basic MRS System for the FY 1990 Systems Integration

.ProgramStudies (McKee et al. 1991). The RAM model includessix major ele-

ments: waste generators,waste-generator-to-MRStransportation,waste-

generator-to-repositorytransportation,the MRS, MRS-to-repos.itorytransporta-

tion, and the repository.

The analysisyielded resultsconsistentwith those of earlierRAM

studiesof alternativesystemconfigurations(e.g.,MRS, multipleMRS, and

repository-onlysystems). Though the analysisat the level of detail used in

this study producedrather straightforwardresults, it is clear that system-

level RAM analysiscan yield valuableinsightson the kindsof issues that are

critical to the waste managementprogram (e.g.,queue and interimstorage

sizes, averageand peak inventories).

Sample resultsof the calculationsperformedfor this study are pre-

sented in Appendix B.
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APPENDIXB

,RAMCALCU,LATION,,,,SAMPLE.RE_SULTS.

System-levelRAM calculationswere performed,using an existing low-

complexitycomputermodel to study the effectsof differingfacilityrelia-

bility levelson other facilitiesthat must perform in series in the waste

managementsystem.

PNL createda system-levelRAM computationalmodel using existing com-

mercial software,SIMAN (Pegden1985),to performthe systemlevel RAM analy-

sis. The model was kept as simple as possible,includingonly a "Level O"

descriptionof the basic system,as describedin Sy_stemDescriptionof'th_e

Basic MRS System for the FY 1990 Systems InteqrationProqram.Studies(McKeeet

al. 1990). The basic monitoredretrievablestorage (MRS) system is shown in

Figure B.I, and the derivedmodel used in tilepresentanalysisis shown in

Figure B.2.

The model system'smajor elements includewaste generators,waste

generator-to-MRStransportation[PWR (pressurizedwater reactor)rail, BWR

(boilingwater reactor)rail, PWR truck, and BWR truck options],waste-

generator-to-repositorytransportation(MRS bypass),the MRS, MRS-to-

repositorytransportation(rail transportonly), and the repository.

The basic MRS and non-MRS (repositoryonly) systemshave previouslybeen

modeled and analyzedwith spent fuel throughputrates rangingfrom 3,000 to

6,000 MTU per year (Clarkand Myers 1989). For this study,a nominal shipping

rate of 2,200 MTU per year fromwaste generatorswas used. This value was

derivedfrom the 10-yearaverageannual acceptanceallocationsfor all waste

generatorsfrom OCRWM's AnnualCaap_a_citvRepor___tt(DOE 1990).
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RAM analyseswere run for all of the system'sfacilities, The effects

of facility availabi'litiesof from 0 to 100% for Bach system elementon all

other elenlentswere assessed, Sample results are shown irlFiguresB,3through
B,6,

In a system with an MRS, low availabilityat one facilityneed not

affect tileprocessingrate at other facilitiesfor severalyears if the MRS

inventoryis maintainedroughlytnidrangebetween0 and its legal maximumof

15,000MTU, For example,Figure B.3 shows that for MRS averageannual availa-

billty down to 50%, overallsystem throughputcan be maintainedby using MRS

bypass transportation, FigureB,4 shows quantitativelythat low availability

of shipping from waste generatorsdoes not,necessarilyreduce deliveriesto

the reposi'tory,ShortfallsFrom waste generatorscan be made up from MRS

inventoryuntil it is exhausted, Figure B.5 shows that, at a 2,200 MTU/year

throughputrate throughoutthe system,tota'I.failureof sllippingfrom waste

generatorsleads to exhaustionof a I0,000MTU inventoryat the MRS In about

4.5 years (idlingtileMRS and the repository), FigureB,6 shows the effects

of long-termunavailabilityof tileMRS/repositorytransportlink. Waste gen,.

eratorscould continue to ship 2,200 MTU/year to the MRS for about 2,4 years

before the MRS exceeded its legal maximum inventory. After that point, all

shipmentsfrom waste gen(,ratorswould have to go directlyto the repository.

The present analysisyielded resultsthat are :onsistentwith earlier

RAMstudies of alternative system configurations (e.g., MRS, multiple MRS, and

repository-only systems), Though the analysis at the level of detail used In

this study produced rather straightforward and intuitive resu'Its, It Is ('.lear

that system-level RAManalysis can yield valuable insights on the kinds of

issues thai: are critical to the waste management program (e.g., queue and

interim storacle sizes, average and peak inventories, and other

considerations),
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E_TLGU_.U.B_E__B:3_,MRS AvailabilityAnalysis

ASSUMPTIONS:
• MRSopens in 1998 with a maximumcapacity of i0,000 MTU
• MRS inventory in 2010 is just under i0,000 MTU
• Repository opens in 2010
• MRSmaximumcapacity after 2010 i's 15,000 MTU
• 100% availability processing rate is 2,200 MTU/year
• MRSbypass (WG/repository transport) used as needed.

B.5



SPENTFUELSHIPPEDFROM MRS"ro REPOSITORY
45 - , ....... , ....................... , ..

I=l" I _i ..... _ ' ml

, _ 40 -
,pm

"_ 36 -

30 -
::3 OF SPENTFUEL

25 - ,

2o-
L_15-

MRS INVENTORYOF SPENTFUEL ---'-'-4"_---"'-'-'_

0 ........... i i , i.........
50% 60% 70% 80% 90% 100%

WG/MRS TRANSPORTAVAILABILITYPERCENTAGE

FIGUREDEPICTSSYSTEMSTATUSIN 2030 (20YEARSOF OPERATION)

F_,GUREB,.,4.Waste Generator/MRSTransportAvailabilityAnalysis

ASSUMPTIONS:
• MRSopens in 1998 with a maximumcapacity of i0,000 MT(J
• MRSinventory in 2010 is just under 10,000 MTU
° Repository opens in 20,10
° MRSmaximumcapacity after 2010 is 15,000 MTU
• "100% availability" processing rate is 2,200 MTU/year
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ASSUMPTIONS:
° MRS opens in 1998 with a maximum capacity of 10,000 MTU
• MRS inventory in 2010 is just under I0,000 MTU
° Repository opens in 2010
• MRS maximum capacity after 2010 is 15,000 MTU

, ° "100% availability" processing rate is 2,200 MTU/year
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ASSUMPTIONS:
• MRS opens in 1998 with a maximum capacity of I0,000 MTU
• MRS inventory in 2010 is just under i0,000 MTU
• Repository opens in 2010
• MRS maximum capacity after 2010 is 15,000 MTU
• "100% availability" processing rate is 2,200 MTU/year
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