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FINAL REPORT ON THE PRIORITIZATION OF TASKS IN THE 
DRAFT LWR SAFETY TECHNOLOGY PROGRAM PLAN 

1.0 INTRODUCTION 
1.1 Objectives 

The purpose of this report is to describe both the approach taken 
and the results produced in the SAI effort to prioritize the tasks in the 
Sandia draft LWR Safety Technology Program Plan (1). This work used the 
description of important safety issues developed in the Reactor Safety 
icudy (2) to quantify the effect of safety improvements resulting from a 
research and development program on the risk from nuclear power plants. 
Costs of implementation of these safety improvements were also estimated to 
allow a presentation of the final results in a value (i.e., risk reduction) 
vs. impact (i.e., implementation costs) matrix. 

The remainder of Section 1 will summarize the approach taken to 
solving the problem and the difficulties encountered in that approach. Section 2 
will discuss in greater detail the methodology employed in the work, while the 
results will be presented in Section 3, and resulting recommendations will be 
noted in Section 4. Greater detail on the risk reduction potential and 
implementation cost analysis is presented in Appendices A and B, respectively. 

1.2 Summary of Approach 

The preliminary program plan is segregated into eight (8) subprograms 
each of which is composed of a number of research projects (sometimes referred 
to here as "tasks"). Since the approach being employed in the prioritization activity 
involved the use of the Reactor Safety Study risk model, it was necessary 



to restructure the research projects (or tasks) in the program plan into 
activities the results of which could be quantified as to their risk impact 
and implementation cost. This restructuring involved the definition of 
sixteen "research programs" each of which is composed of research projects 
(tasks) from the Sandia program plan. The details of this process are dis
cussed in Section 3. 

Following definition of sixteen manageable research programs and 
the assignment of research projects (tasks) from the program plan which 
support their successful completion, the risk reduction potential associated 
with successful completion of these programs was calculated using a method 
developed by Parkinson (3). In addition, costs of implementation of these 
research programs were estimated using information on hardware and outage 
costs from the open literature. 

Finally, value-impact matrices were prepared for both existing and 
future nuclear power plants. These matrices were constructed to rank the 
sixteen research programs. The risk reduction values of individual research 
projects (tasks) were determined by an unfolding process which is described 
in Appendix A. Implementation costs at the level of research projects (tasks) 
were not determined because of the inherent difficulty in that process. 

Thus, the final results of this work are value-impact matrices, 
for both existing and future plants, on which risk reduction potential 
and implementation costs are plotted for all sixteen research programs. 
In addition, a listing of research projects (tasks) segregated by risk 
reduction potential is presented. 
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1.3 Difficulties Encountered 

The major difficulties encountered in the prioritization work 
are itemized below: 

o Effectiveness of Research Programs Clearly, the risk reduction 
potential associated with a given research program is related to 
both the research dollars expended on the program, and the degree 
of maturity inherent in the technology being developed. In this 
analysis it was impossible to make quantitative statements on 
either of these topics. However, by evaluating the effect on 
plant risk resulting from various degrees of improvement associated 
with the research program, it was possible to understand the 
sensitivity of plant risk to the degree of success of the research 
program. 

o Reasonableness of Cost Estimates Because it is difficult to 
determine in advance of completion of a research program its 
detailed effect on plant cost, the accuracy of the cost estimates 
can be questioned. However, by considering the contribution to 
life cycle cost associated with equipment, procedures, and outages 
which might result from a research program, it was possible to 
estimate the potential for cost impact. It is these estimates 
which are reported here. 

o Uncertainties in the WASH-1400 Risk Model Although uncertainties in 
the risk model and results present in WASH-1400 have been the 
subject of considerable recent debate, it is acknowledged as the 
best current evaluation of accident "topology" (4). For this reason 
the WASH-1400 model was employed in this study. Since one of the 
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major limitations of WASH-1400 was that it treated only one 
Westinghouse PWR and one General Electric BWR, significant 
variations in which accident sequences are important would be 
expected among various reactor and plant designs. For this 
reason, where possible, the limitations of WASH-1400 have been 
acknowledged and quantitative estimates of risk reduction potential 
have been made for reactor concepts other than those in WASH-1400. 

The Effect of Risk Measure on Research Program Value Significant 
variations in the values of a particular research program would be 
expected for various measures of risk. For example if risk were 
defined as "core melt probability," then research programs which 
address the effectiveness of containment systems would have no 
value, whereas the same systems would have significant value in 
reducing the integrated man-rem exposure from a complete spectrum 
of accidents. In Appendix A, risk reduction potential is developed 
for a number of measures of risk. In general, the effects of a 
research program on reductions in latent fatalities (related to 
total man-rem exposure) are reported in summary figures. 
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2.0 TECHNICAL APPROACH 

The proposed light water reactor safety technology program 
consists of eighty-five individual research projects. Several of these pro
jects are stand-alone in the sense that successful completion of that project 
can be identified with an improvement in a specific component, system, or 
procedure. Since risk models, such as WASH-1400, and cost models are 
generally developed in terms of plant components, systems, and procedures, the 
risk reduction (value) and costs (impact) of the stand-alone projects 
can be evaluated directly. However, the majority of the projects are not 
stand-alone. In other words, a specific component or procedural improve
ment requires successful completion of several projects. Furthermore, some 
of these projects may contribute to a variety of improvements. In this case, 
the interactions and dependencies between various projects make it extremely 
difficult to directly evaluate risk reduction an^ .̂osts of individual projects. 

An alternate approach is to define a set of integrated research 
programs. The objective of each program would be an improvement in a 
specified component or procedure. The risk reduction and costs of each 
program could then be calculated directly. Estimates for the contribution 
of each project to a defined program could be combined to obtain the risk 
reduction of individual projects. 
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After the value and impact of each research program has been 
calculated, a plot can be generated showing the relative position of each 
research program on value-impact coordinates. Figure 2.1 illustrates this 
interpretation for a hypothetical case with four research programs. Error 
bars attached to each point indicate the associated uncertainty. In this 
example, the relative error in the value parameter is larger than the error 
in the impact parameter for all research programs. 

An alternative to plotting point estimates for each research pro
gram is the use of a value-impact matrix concept which effectively plots the num
ber of research programs within given intervals of value and impact. Figure 
2.2 replots the information of Figure 2.1 in the value-impact matrix format. 
The matrix has K value intervals and J impact intervals. Each research pro
gram is assigned to one and only one element of the K x 0 matrix; however, 
some matrix elements may contain several research programs. 

Section 2.1 defines a set of sixteen (16) integrated research 
programs. Each program has a well-defined objective and is a logical com
bination of the various research projects. The methodology used to calcu
late the risk reduction of a research program and estimate the value of 
individual research projects is presented in Section 2.2. Finally, Section 
2.3 illustrates the calculation of the costs for proposed programs. 

2.1 Definition of Integrated Research Programs 

Since evaluation of nuclear reactor risk is most conveniently 
performed in terms of specific components and operating procedures, the 
individual projects within the LWR safety technology program have been 
grouped into sixteen integrated research programs. Each program has a well-

6 
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defined objective which can be identified with specific inputs of a risk 
evaluation model. 

Table 2.1 lists the research programs and the proposed projects 
within each program. The identification of research projects is taken fror 
Reference 1 and is used throughout the section. The first programs focus 
on component or system hardware improvements. In other words their objec
tives are to upgrade the hardware of a given component or within a class 
of components. The projects which contribute to these programs either focus 
directly on the objective or are supporting projects whose results can be 
applied to meeting the objective. The remaining programs emphasize minimi
zing transient frequency and accident mitigation methods. 

Block diagrams illustrating the role of individual projects within 
the research programs are included to facilitate the discussion. The basic 
structure of these diagrams is shown in Figure 2.3. The objective of the 
program is stated in the oval at the top of the diagram. The series and 
parallel arrangement of blocks model the interaction of projects which aid 
in achieving the goal of the program. Each branch (or success path) of 
the block diagram is a coherent series of projects which assist in achieving 
the program objective. The branches are assumed to be independent, i.e., 
the success or failure of a given branch does not influence neighboring 
branches. The total success of the program obviously requires success in 
all branches. If only seme of the branches are successful, the degree cf 
program success will be equal to the sum of the contributions from the 

successful paths. The projects may be categorized as independent, dependent, 
or supportive with respect to a given success path. Independent projects 
form separate success paths and will contribute to the success of a program 
regardless of the other projects in the program. Dependent projects must 
be undertaken collectively and all successfully completed before any of them 
can contribute to the program success. A series of dependent projects can 
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Figure 2.3 Block Diagram of Typical Research Program. 



form a success path. Finally, supportive projects increase the likelinood 
that an independnet or dependent project will succeed, but they are not 
absolutely required. For example, in Figure 2.3, projects 2, 3, and 4 
are dependent projects which form a success path. Project 5 (denoted by 
the "dangling" rectangle) supports the independent project 1 which forms 
a separate success path. The contributions of the two success paths are 
indicated by W. and W. respectively. 

The research programs defined below are based on the proposed pro
jects as outlined in Reference 1. Since many of these projects are still 
in the preliminary or planning stages, their scope and objectives are fre
quently and not surprisingly ill-defined and obviously subject to revision. 
In many cases, the activities from several projects overlap. Hence, the 
reader is reminded to recognize the limitations inherent in the program 
definitions. 

2.1.1 Improved Valve Performance 

The goal of the first research program is a general improvement 
in performance of valves. Since the structure of this program is similar 
to several other component oriented programs, it will be discussed in some
what greater detail. As shown in Figure 2.4, the two success paths for this 
program are 

(1) project 1.1.1 (valves), and 
(2) supporting projects which affect the design and selection 

of values. 
Notably absent from this program are projects aimed at reducing test and 
maintenance errors. These projects are included in program 10, a separate 
program designed specifically to address test and maintenance errors. Further
more relief valves are included in a separate research program and are also 
specifically excluded from this program. These assumptions limit program 1 to 
reducing valve related failures by incorporating hardware modifications. 
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The primary contributor to achieving the program objective is 
through the valve project 1.1.1. Secondary contributions are of several 
types. Better quality assurance (QA) procedures during construction would 
reduce the likelihood that defective valves or improperly installed valves 
would exist in the plant. Furthermore, more effective in-service inspection 
would locate valves which had become defective during operation ana allow 
repair/replacement. Equipment qualification projects would identify 
detrimental environmental conditions such as coolant chemistry or operating 
stresses and ensure that the selection criteria for the vilve take proper 
account of these conditions. Fracture mechanics studies would support the 
effort. A better understanding of the relationship between the operating 
modes of the valve and plant safety would improve the overall system design. 

2.1.2 Improved Relief Valve Performance 

The goal of research program 2 is to improve the performance ot 
relief valves. Once again only modifications of the hardware are considered. 
The composition of this program is analogous to program 1; consequently, the 
definition of the program is the same. Figure 2.5 contains the associated 
block diagram of the defined program. 

2.1.3 Improved Pump Performance 

The goal of research program 3 is to improve the performance of 
pumps. Only hardware related failures are addressed. Figure 2.6 contains 
the associated block diagram which is also identical in composition to 
program 1. Further description of the project interactions will be similar 
to that found in 2.1.1. 

2.1.4 Improved Steam Generator Performance 

The goal of research program 4 is to improve the performance of 
the steam generators with respect to their effect on plant safety. Figure 
2.7 contains this information in block diagram form. 
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2.1.5 Improved Pipe Design 

Research program 5 is designed to improve the performance of 
piping. It is another hardware related program similar in composition to 
program 1. Figure 2.8 diagrams this research program. 

2.1.6 Unresolved NRC Safety Issues 

Research program 6 addresses issues unresolved within the scien
tific and technical communities which concern nuclear safety. Two of these 
programs are addressed directly in project 4.3. These are: 

(1) NRC Task A-ll, Reactor Vessel Materials Toughness, and 
(2) NRC Task A-43, Containment Sump Reliability. 

Project 1.3.2.5, Fluid-Structure Interaction Analysis Methods has been 
identified in this work as relevant to resolution of NRC-Task A-2, Asymmetric 
Blowdown Loads. Figure 2.9 illustrates the three unresolved issues addressed 
by projects in this overall nuclear safety program. 

2.1.7 Enhanced Fuel Performance 

The goal of research program 7 is to improve safety through improved 
fuel designs. Three paths leading to improved fuel design were identi
fied among the eighty-five projects. Better assessments and quantification 
of DNB in fuels and better understanding of the processes resulting in fuel 
failure could both provide for reduced risk. In addition, the analysis of the 
core at Til]-2 could provide invaluable information in the understanding of core 
damage. The block diagram of this research program can be found in Figure 2.10. 

2.1.8 Improved Shutdown Heat Removal Capability 

The goal of research program 8 is to improve shutdown heat removal 
capability. This research program has two paths to improvement of the reli
ability of shutdown heat removal. Systems already designed and in pl'ce 
can yield improved reliability through improved quality assurance. Maintain
ing the elements of the shutdown heat removal system can have a noticable 
impact on safety due to the mitigation of possible common mode failures 
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Figure 2.10. Research Program 7 
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in redundant shutdown heat removal systems. Systems can also be simplified 
and redesigned (especially with the use of the knowledge gleaned from Till-2 
related studies). Risk methods can also provide a support ••ole in the 
design of these systems as well as in identification of failure modes for 
aid in the direction of quality assurance programs. Figure 2.11 illustrates 
the organization of this research program. 

2.1.9 Improved Containment Systems 

Research program 9 concerns improvement of the containment and 
its associated safety systems. Figure 2.12 displays the projects which make 
up this program. There are two paths to optimization of the containment with 
respect to public risk. The first concerns the response of the containment 
to loads caused by accident environments. This includes protection against 
explosions and their effect on equipment and structures. The second path 
concerns review and simplification of active systems, such as the isolation 
system. This path addresses such things as improving QA and system design 
such that failures to isolate similiar in nature to TMI-2 can be avoided. 
Both paths are contributed to by TMI-2 related containment building studies. 
In addition, achieving the goal of optimized containments requires risk 
methods development and use. 

2.1.10 Improved Test and Maintenance 

A significant source of safety component and safety system 
unavailability is human errors committed during test or maintenance pro
cedures. ,he objective of research program 10 is to minimize the number 
and the consequences of test and maintenance errors and thereby increase 
the likelihood that the required safety systems will be available upon 
demand. The two success paths in this research program are: 

1. Modify (simplify) plant design to minimize the impact of test 
and maintenance errors. 
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2. Reduce the frequency of the errors. This can be accomplished 
by upgrading the training and understanding of the human/machine 
interface by plant personnel and improving quality assurance during 
the performance of maintenance procedures. A knowledge of the 
current error rates would help to focus the program onto present 
problem areas. 

This program is illustrated in Figure 2.13. 

2.1.11 Improved Emergency Control 

Improved emergency control, the goal of research program 11, would 
allow for better operator mitigation of accidents after their initiation. 
This program identifies four groupings of projects which would help in achie
ving this goal. A fundamental part of all four paths concerns both the 
identification of the problems and implementation of the proposed design 
changes. Risk methods would be utilized to identify the areas of primary 
concern and to scope out the hardware appropriate for the best solutions. 
The hardware would consist of better instrumentation and other supportive 
systems necessary to aid the operator in determining the best course of action. 
The four different paths define alternate routes between the planning and 
implementation phases. First, a better set of emergency procedures must be 
developed to cope vjith accidents. Similiarly, systems must be designed more 
from a point of view of the human using them. Thirdly, potential uses of 
non-safety systems during emergencies must be scoped out and clearly identi
fied so as to further improve emergency control. Finally, information on avail
able safety margins and system status must be made available to the operator. This 
work includes improved understanding of the primary system and its response 
under accident situations. Figures 2.14a and 2.14b illustrate the options 
for improving emergency control. 

2.1.12 Improved Disturbance Control 

The goal of research program 12 i s to improve disturbance control 
in nuclear reactors by improving plant response to var ia t ions in important 
operating parameters, fewer farced shutdowns w i l l be requi red. In addi t ion 
to improvement in a v a i l a b i l i t y of the p l a n t , safety w i l l be enhanced due to 
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the reduction of the risk inherent in forced shutdown. Three approaches 
to improving disturbance control have been identified. In each approach 
planning with the support of phenomenological studies of transient behavior 
is necessary. As in the previous program hardware must be developed, 
demonstrated, and implemented to acheive better disturbance control. The 
first approach involves work in transient control. The second involves a 
better understanding of the plant protection system. Finally, understanding 
of relations between modes of systems, both operational and safety, and 
how they relate to potential shutdowns can lead to fewer shutdowns. These 
approaches to improved disturbance control are illustrated by block diagrams 
in Figure 2.15a and 2.15b. 

2.1.13 Improved Design Guidance 

The objective of research program 13 is to reduce the frequency 
of transient initiators by appropriate plant designs. Particular attention 
will be directed toward sabotage, earthquakes, and fires as initiators. 
Program 13 is supported by the projects on risk methods utilization and on 
design verification. Two options within these constraints also 
exist in addition to project 1.3.1. Designs can be simplified and therefore 
lead to a better understanding of the above mentioned initiators. In addi
tion, a seismic design car be developed in order to mitigate seismic effects. 
This program is represented in Figure 2.16. 

2.1.14 Emergency Response Teams 

Research program 14 deals with the development of a emergency 
response team and the associated procedures. Two success paths for improv
ing safety relative to this qoal have been identified. The first addresses 
the use of an emergency equipment pool to provide more reliability for 
engineered safety features. This path would also have the support of the 
decontamination and accident recovery project by enhancing repairability. 
The second path deals with improved communications interface with the public. 
Since this would aid in reducing population exposures given an accident, 

35 



Implementation and 
Demonstration Plai 

Verification 1 
Evaluation of 
Hew Designs 

Essential 
Supportive 

Systems 

1.1.3 
InstrumenWtion 

Figure 2.15a. Research Program \'c 

36 



1 
4.2 

T rans ien t 
Behavior 

2.3 

Trans ien t Cant 'Ol 

2.« 

P lan t P r o t e c t i o n 
Syste.T-

Safe ty Ka 
Safety 

Sia 

b 
r g m s and 
Systems 
tus 

]ppro«eC 
?ro< ecu 

Ciacn 

1.3.2.6 

]ri- Service 
Inspection 

1.1.6 
fte\atioi between 
( b e r a t i n g Modes 
& Safety S/stetrs 

Figure 2.15b. Research Program 12 

37 



System 
Simplification 

Asetsmic 
Dtsign 

Risk Methods 
Uti l izat ion 

Figure 2.16. Research Program 13 

38 



it is supported by radioactivity monitoring and the use of robots for the 
same purpose. Both of these paths to completion of the prjgram are depend
ent on risk methods utilization as well as the plant specific input neces
sary for the effective useof these methods. This program is illustrated 
in Figure 2.17. 

2.1.15 Improved Reactor Siting 

The goal of research program 15 is to reduce risk by improved 
siting of nuclear reactors. This program receives support from the project 
concerning atmospheric release, deposition and transportation models, and 
TMI modeling studies since this would lead to better understanding of popu
lation doses. This program is illustrated in Figure 2.18. 

2.1.16 Risk Methods Utilization 

The goal of research program 16 is to improve nuclear safety by 
the use of techniques developed under the program of risk methods utili
zation. The program consists cf all the projects identified under that 
heading in the overall Sandia program. In order to develop a more complete 
understanding of nuclear risks which would be the payoff of such a program, 
it was assessed that all of these programs would be necessary. The more 
complete the development of the methodology, the more value the methods are 
to designing safer nuclear power plants. Figure 2.19 reflects this by 
listing all projects under 3.0 risk methods utilization with equal weight. 

2.2 Evaluation of Potential Risk Reduction 

As shown in Figure 2.20, the methodology used to evaluate the risk 
reduction associated with each research project consists of the following 
five steps: 

(1) determination of a baseline risk corresponding to the present 
generation of light water reactors. 
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(2) assessment of risk reduction after completion of each 
research program defined in Section 2.1, 

(3) evaluation of the contribution from each research project 
to its respective research program, 

(4) combination of the contributions derived in (3) to obtain 
"value" of individual research projects, 

(5) assignment of a qualitative measure (e.g., high, medium, 
and low) to the "value" of each research project from (4). 

The assumptions and relationships derived to implement this procedure are 
detailed in Section 2.2.1. The model used to compute numerical values of 
risk was developed by Parkinson* ' and is briefly discussed in Section 2.2.2 
and in Appendix C. 

2.2.1 Methodology 

The public risk resulting from a nuclear reactor depends on a 
variety of factors such as plant components, systems design, operating 
procedures, and siting. Although the actual relationship between these 
factors and risk is extremely complicated, it can nevertheless be formally 
expressed as 

R= f(Xx \ z ••• X n —\H) (2.1) 

where R is the risk and X is a measure of the n-th factor affecting risk. 
In the present discussion, A will generally represent the failure rate 
of the n-th component or system. However, it can also represent a specific 
operating or maintenance procedure. Even though the absolute magnitude 
of risk as determined by the model in Equation (2.1) may contain large 
uncertainties due to uncertainties in the failure rates, the relative risk 
corresponding to different sets of failure rates is nevertheless generally 
correct. 
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The first step in evaluating the value of research projects and 
programs is to determine the public risk associated with present generation 
light-water reactor. This baseline risk, denoted by R*, is a function of 
;*....Aj.*, the failure rates corresponding to a current generation plant. 
Symbolically, 

R* = f U j * . X z* X N*) (2-2) 

The next step is to determine the risk reduction associated with 
each research program. Since the objective of each research program is 
to improve the performance of one or more systems, the end product of each 
program is ultimately a reduction in one or more component failure rates. 
Hence, the public risk after implementing the recommendations of the j-th 
program is 

Rj = f ( V - 6 V V- w 2j V - 6 V ( 2 - 3 ) 

where 6X . is the failure rate reduction in the n-th component resulting 
from the j-th research program. In general, only a small set of SA . are 
non-zero for a particular research program. Schematic diagrams on Equations 
(2.2) and (2.3) are shown in Figure 2.21. 

The selection of an appropriate value for the non-zero <U • is 
the most difficult aspect of this methodology. The correct value is a 
function of 

(1) the objective of the research program, and 
(2) the degree of success in achieving the stated objective. 

The degree of success, in turn, depends on 
(1) the state-of-the art, 
(2) the level of program funding, 
(3) the period of performance, and 
(4) the personnel or organizations involved. 
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Since considerable uncertainty exists in these factors, engineering judg
ment must be exercised in assessing the S).... Guidance in making this 
determination was also provided by noting the level of success in similar 
previous efforts and by recent advances in the field. Although research 
programs may interact and profit from each other, the present analysis assume; 
that the success of a given program is independent of all other programs. 

The reduction in risk due to completion of the j-th research 
program may be measured by a risk reduction factor F. which is defined as 

* 
F . R_ _ baseline risk ,2 ., 
j R. risk after completing j-th program ^ ' 

This particular definition was selected because it tends to minimize the * impact of uncertainties in the absolute values of R and R-. 

After the program risk reduction factors F- have been established, 
they can be used to estimate project risk reduction factors <)>, . In a 
manner analogous to Equation (2.4), suppose that F.. is defined by 

* 
F U baseline risk ,- _, jk R*_fiR

 risk after completing the k-th U - b' 1 

jk project in the j-th program 
where SR.. is the risk reduction due to the k-th project in the j-th program. 
Parkinson (3) has shown that a good estimate for $. is given by 

*k = Flk F2k - FNk (2-6) 

*k = $ Fjk (2-7) 



In order to calculate the F..'s one needs to estimate the contribution of 
individual projects to each program. For example, i f W is the fraction! 
contribution of the k-th project to the j - t h program risk reduction, then 

6R j k = W j k (R*- R j ) (2-8) 

Substitution of Equation (2.8) into Equation (2.5) gives 

R 
' j k ~ R * - V R * - V 

_1 _ 

(2.9) 

1- W j k(l- R j/R 

1 (2.10) 
-V1" T} 

Since both the baseline failure rates and the improvements in 
failure rates have considerable uncertainty, it may be more appropriate to 
measure the project and program risk reductions qualitatively. The follow
ing five qualitative risk reduction categories have been defined and used in 
this study. 

Category Risk Reduction Factor 
Very high x>5.0 
High 2.0<x<5.0 
Moderate 1.5£x<2.0 
Low l.l<x<1.5 
Very low 1.0<x<l.l 

In the discussion of research projects x=ij). , while x=F. in the discussion of 
research programs. 
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2.2.2 Light ,.ater Reactor Risk Sensitivity Hodel 

The primary tool in this analysis is a light water reactor risk (3) sensitivity model developed by Parkinson: This model consists of fault 
trees, which combine components to represent plant systems, and event trees, 
which are used to model core melt accident sequences. The independent 
variables are point estimates for failure rates of various components. The . 
dependent variable is the public risk due to core melt corresponding to an 
assumed set of failure rates. 

The numerical evaluation of the fault trees and event trees is 
carried out in the computer code LWRSEN, which is described in detail in 
Appendix C. LWRSEN does not employ a consequence category smoothing model 
as WASH-1400. Hence, LWRSEN predictions of absolute public risk differ 
slightly from WASH-1400 results when identical failure rates are used in 
both models. This small discrepancy does not pose any significant prob
lems because it is the difference in the calculated risk that is impor
tant for this project. 
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2.3 ASSESSMENT OF IMPLEMENTATION COSTS 

Appendix B provides a discussion and quantification of estimated 
imDlementation costs for new and existing plants for each research program. Altnough 
level of detail varies between discussions, the general organization of each 
Appendix B Section is comprised of the following: 

1. Summary of purpose of research programs and projects whicn make 
up the programs. 

2. Summary discussion of approach to estimating costs including 
identification of concepts evaluated. 

3. Base data to be utilized in deriving implementation costs. 
4. Discussion of aspects of new plant design, construction and 

operation likely to be modified as a result of successful 
project completion and implementation. Quantification of 
new plant implementation costs. 

5. Discussion of aspects of existing plant design, modification 
and operation impacts likely to result and quantification of 
existing plant implementation costs. 

6. Summary discussion or table of implementation costs. 

In cases where R&D could result in one of several concepts, imple
mentation costs have in some cases been quantified for several of the candidate 
solutions. This method provides a reasonable basis for deriving specific costs 
associated with an action (procedure change, for example) or equipment require
ments. Reported implementation cost will, therefore, occasionally vary over 
a wide range for the various possible solutions related to one research program. 

Summary results of implementation cost quantification are presented 
in Section 3.2. For purposes of benchmarking reported costs, the following 
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sections discuss normalization and utilization of available data. It is 
important for the reader to realize that this discussion is an extreme 
simplification of methodology applied to calculate plant capital investment, 
escalation, interest and replacement power costs normalized to 1976 dollars, 
however, the numbers derived are appropriate for application to concent imple
mentation cost estimating which is the intended application of the data. 

2.3.1 Base Facility Costs 

References 5 and 6 have been extensively utilized throughout this 
study due to the detailed breakdown they provide for BWR and PWR capital costs. 
The reported total base construction costs, in 1976 dollars, range between 
190 and 499 dollars/KW installed or approximately 600 million dollars for a 
BUR and PWR of current size (approximately 1150 MW). Excluded from this 
estimate, however, are such items as interest during construction, escalation, 
fees, taxes, spare parts, unit transformer and transmission facilities, insur
ance, fuel costs and contingency. 

These exclusions are highly significant to total plant costs. The 
parameter that is commonly used to quantify total plant cost is Investment 
Costs, in dollars/KW and includes the capital costs and the exclusions noted 
above. This factor is only meaningful when escalation can be calculated over 
a specified construction duration for specific rates of escalation. In 1976, 
interest during construction and escalation amount to approximately 40% of 
total plant costs over an approximately 5.5 year (66 month) construction 
duration, (reference 7 ). 1977 data (reference 8 ) indicates, however, 
that 95 month construction was the average for nine large nuclear projects 
entering commercial operation with a range of construction durations of 74 
to lit months. An extrapolation of construction duration trends over the 
past several years was recently performed (reference 9 ) to assist estimating 
plant cost for a nuclear plant entering operation in 1990. In this case, 
a 132 month construction duration was predicted with construction interest 
and escalation amounting to approximately 60% of total plant cost. 
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For the purposes of this study, a 95 month construction duration 
is assumed with the corresponding escalation and interest costs amounting to 
50% of total investment costs. Referring back to the above discussion, this 
would amount to an additional =600 million dollars. Hence, for simplicity, 
capital cost data available directly from references 5 and 6 will be 
doubled to include the influence of escalation and interest in Engineering 
& Construction Support, Factory Equipment, Labor, and Site Materials. 

Construction duration is a parameter that will be employed to account 
for significant variances in construction sequences. As indicated above, a 
95 month duration requires "600 million dollars for interest and escalation. 
Any variation in the 95 month construction duration will be noted as + or -
months. The impact will only be noticed when the component, structure or 
system has a direct bearing on critical path scheduling. Cost impact per 
month will be averaged to 7 million dollars per month. 

2.3.2 Operation and Maintenance Costs 

Outage rates directly attributable are reported as the average number 
of days per year current plants are unavailable to produce at or near capacity 
as a direct result of tlie component, system, structure or action identified 
in the Sandia tasks. These rates have been derived from available literature 
(references 10 through 15 ). In addition to the number of hours involved, 
costs associated with replacement power and significant changes in maintenance 
labor and materials are identified and factored into implementation costs. 
Replacement power cost is a factor that varies widely among utilities. Replace-
power costs can be significantly affected by factors such as 1. whether a 
utility has sufficient reserve capacity to internally generate inexpensive 
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replacement power (such as surplus hydro) wi thout u t i l i z i n g peaking f a c i l i t i e s 
( o i l or gas t u rb i nes ) , or 2. i f a u t i l i t y must purchase power which a neighbor
ing u t i l i t y generates using peaking f a c i l i t i e s . Replacement power costs can 
vary by a factor of 3 or 4. For t h i s reason, time of day or season during 
which the outage occurs have a s i g n i f i c a n t in f luence on whether replacement 
power i s r e l a t i v e l y cheap (system average demand i s low) or expensive (during 
peak usage t imes). I n our study, 1100-1200 Myl r» „ l e a r un i t s are assumed to 
maintain a 65$ capac i ty f ac to r wi th replacement power costs amounting to 
300,000 dol lars per day (excluding debt se rv i ce ) i n 1976 d o l l a r s . I t i s 
f u r t he r assumed t h a t p l an t a v a i l a b i l i t y i s l i m i t e d to 90% of each year due to 
unavoidable scheduled outages such as r e f u e l i n g . Hence, the maximum replacement 
power costs that can be incurred fo r one year i s approximately 72 m i l l i o n 
do l la rs /year . L ikewise, the maximum bene f i t t ha t can be der ived from p lant 
operat ion a t maximum capaci ty amounts t o 39 m i l l i o n / y e a r . New plants w i l l 
not incur replacement power costs of t h i s magnitude fo r extended cons t ruc t ion 
sequences, since the cons t ruc t ion durat ion w i l l be known and s t a r t of construc
t i o n would be app rop r ia te l y adjusted. L ikewise, bene f i t i s not rea l i zed f o r 
new plants in shortening const ruct ion dura t ion in the replacement power costs 
area. 

In common usage, 0&M costs inc lude f i x e d costs such as debt s e r v i c e , 
insurance, f ixed O&M and admin is t ra t ion and va r i ab le costs such as fue l cos t , 
taxes and spare par ts usage and replacement. 

For the purpose o f t h i s study, cost areas not inf luenced by Sandia 
Tasks (insurance, fue l cos ts , taxes and debt serv ice) are excluded. Fixed 
operation and maintenance, o f which the major cost i s labor , and adminis t ra
t ion and general expenses are quant i f ied where appropr iate. Fuel and other 
maintenance cost data u t i l i z e d is e i t he r already reported in 1976 do l la rs or 
converted to 1976 do l l a rs as appropr iate. As such costs are passed d i r e c t l y 
on to consumers via the ra te base, fuel and maintenance costs are not modif ied 
for e i ther escalat ion or i n te res t charges. 
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3.0 RESULTS 

The risk reduction and cost associated with each of the research 
programs defined in Section 2.1 have been evaluated using the methodology 
described in Sections 2.2 and 2.3 respectively. The qualitative results 
of these evaluations are summarized in Section 3.1 and 3.2 and plotted in 
Section 3.3. The quantitative details of these calculations are given in 
Appendices A and B. 

3.1 Qualitative Assessment of Program and Project Risk Reductions 

The risk reduction associated with each of the research programs 
defined in Section 2.1 has been evaluated. The components, systems, and 
procedures improved by each program were identified. Engineering judgment 
was exercised to estimate the magnitude of the improvement in terms of a 
reduced failure rate for the given system or procedure. A quantitative value 
of the risk corresponding to the new failure rates is calculated using the 
computer code LWRSEN. The risk reduction of the program is obtained by 
comparison with the baseline risk of a present generation LWR. Finally, a 
qualitative value of risk reduction is assigned to each program. The results 
are summarized in Table 3.1 which lists 

(a) the goal of each research program, 

(b) the qualitative risk reduction of each research program, 

(c) the sensitivity of the program's risk reduction to variations 
in the degree of success in achieving the stated objective 

Qualitative estimates of risk reduction were also made for individual 
research projects. Table 3.2 lists the research projects within each quali
tative risk reduction category, while Table 3.3 lists the projects in order 
and gives their corresponding risk reduction. 
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Table 3.1 Cummary of the Risk Reduction Potential and Tensitivity 
of tut 16 Research Programs 

Research Goal 
Risk Reduction 

Potential 

1. Improved valve 
Performance 

Very low 

9_ Improved relief valve 
performance 

Very low 

3. Improved pump 
performance 

Very low 

4. Improved once 
thru steam generator 
design 

Low 

Z. Inproved pipe per
formance 

Moderate 

6. NRC unresolved 
safety issues 

N.A. 

1. Improved fuel design Very low 

8. Improved shutdown 
cooling 

High 

g. Improved containment 
design 

Very high 

10. Improved test and 
maintenance 

High 

n. Improved emergency control 
High 

12. Improved disturbance 
control 

Moderate 

13. Improved design 
guidance 

Moderate 

14. Improved emergency 
response 

Very high 

15. Improved siting High 

16. Risk Methods utili
zation 

\lery high 

Sensitivity 

Insensitive to high reduc
tions in failure rates. 
same as above 

same as above 

Based on on-site electric 
power recovery 

Diminishing return after 
factor reductions on order 
of ten. 
Increase RSS failure proba
bilities by 1000 before 
these affect risk. 
Bounded to be less than 5;. 
reduction. 
High risk reduction at 
high reductions in failure 
probability. 
High sensitivity to all 
reductions. 
High sensitivity to error 
reduction. 
Ten reductions 

Linear (very high) sensitivity 

Bounded due to random failure 
contribution. 
Diminishing return past 
assessed value. 
With very strict siting could 
be very high. 
Sensitivity based on complete
ness of program. 
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Table 3.2 Suninary of Value Category For A l l Research Projects 
From the Prel iminary Program Plan 

Very H: iqh HM Moderate Low Very Low 

3.0 6.2 1.3.3 7.1 6.5 
1.2.2 2.1 1.3.1 1.1.2 1.1.1 
6.1 1.1.5 2.5 2.4 4.1.5 
6.3 2.11 1.1.6 1.2.1 6.8 
1.1.3 5.2 2.2 1.1.4 1.3.2.6 
2.9 6.6 4.1.1 5.3 1.3.2.7 
2.10 5.4 4.1.2 7.4 1.3.2.3 
2.12 4.1.6 4.1.3 7.5 1.3.2.1 
4.1.7 1.2.4 4.1.4 2.3 4.4 

5.1 4.2 2.6 
1.2.3 6.4 2.7 
6.7 7.2 2.8 
8.0 7.3 1.3.2.2 

1.3.2.4 

56 



able 3.3 Qualitative Risk Reduction Potential of 
Reset rch Projects 

Project 

Qualitative 
Risk 

Reduction Project 

Qualitative 
Risk 

Reduction 
1.0 2.6 Low 
1.1 2.7 Low 
1.1.i Very Low 2.8 Low 
1.1.2 Low 2.9 Very High 
1.1.3 Very High 2.10 Very High 
1.1.4 Low 2.11 High 
1.1.5 High 2.12 Very High 
1.1.6 Moderate 3.0 Very High 

1.2 
1.2.1 
1.2.2 
1.2.3 
1.2.4 

Low 
Very High 
High 
High 

4.0 
4.1.1 
4.1.2 
4.1.3 
4.1.4 

High 
High 
High 
High 
Moderate 

1.3 4.1.5 High 
1.3.1 Moderate 4.1.6 High 
1.3.2.1 Very Low 4.1.7 Very High 
1.3.2.2 Low 4.2 Moderate 
1.3.2.3 Very Low 4.3 N.A. 
1.3.2.4 Low 4.4 Very Low 
1.3.2.5 N.A. 5.0 
1.3.2.6 Very Low 5.1 High 
1.3.2.7 Very Low 5.2 High 
1.3.3 Moderate 5.3 Low 

2.0 
2.1 High 

5.4 
5.5 

High 
High 

2.2 Moderate 6.0 
2.3 Low 6.1 Very High 
2.4 Low 6.2 High 
2.5 Moderate 6.3 Very High 
2.6 Low 6.4 Moderate 
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Table 3.3 (cont.) 

Qualitative 
Risk 

Project Reduction 
6.5 Very Low 
6.6 High 
6.7 Moderate 
6.8 Very Low 

7.0 
7.1 Low 
7.2 Moderate 
7.3 Moderate 
7.4 Low 
7.5 Low 

8.0 Moderate 

58 



The details of the analyses used to obtain the esults of Tables 
3.1, 3.2, and 3.3 are given in Appendix A. Specifically, Appendix A des
cribes 

(a) assessment of improved failure rates, 
(b) quantitative values of program risk reduction, 
(c) sensitivity of risk reduction to level of program success, 
(d) estimates of contribution of each project to the success of 

of a given program, and 
(e) quantitative values of project risk redaction. 

3.2 Implementation Costs 

Order-of-magnitude estimated implementation costs for the sixteen 
research programs are summarized in Table 3.4. Cost estimates have been pro
vided for both new and existing plants. For simplicity in generating these 
costs, a new plant is defined as a project in which the results of Sandia R&D 
can be implemented without requiring redesign or plant modifications that 
would increase cost or delay the project. 

As indicated in Section 2.3, costs are in approximate 1976 dollars 
and include interest charges and escalation of the magnitude incurred in plant 
construction. Hence these costs can be compared with the total project cost 
for a 1150 MW plant of approximately 1.2 billion dollars. 

Usually, cost estimates are based on specific information on a 
particular system or structure configuration, bulk quantities of materials 
involved and other "knowns." In the sixteen Sandia research programs, however, 
the outcome of the R&D effort is not specifically known. This situation has 
required incorporation of an additional level of complexity to the task 
of estimating implementation cost. This problem has generally been 
accommodated for the sixteen programs by describing one or more than one 
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TABLE 3.4 
SUMMARY OF PLANT LIFETIME 

IMPLEMENTATION COSTS (MILLIONS OF DOLLARS) 

RESE ARCH PROJECT NUMBER NEK PLANTS 

1. VALVES <0-6 
2. RELIEF VALVES <0-l 
3. PUMPS <0 
4. STEAM GENERATORS*1' <0/33 
5. PIPING 0-33 
6. UNRESOLVED SAFETY ISSUES 0 
7. FUEL 0-50 
8. SHUTDOWN & EMERGENCY COOLING 60 
9. CONTAINMENT 2/10/11.5/150 
10. TEST & MAINTENANCE <0 

11. 
12. 

EMERGENCY CONTROL 
DISTURBANCE CONTROL } <0 

13. DESIGN GUIDANCE <0 
14. EMERGENCY RESPONSE 12 
15. SITING 100 
16. RISK METHOD UTILIZATION <0 (See d 

EXISTING PLANTS 

{»} 

Appendix I!) 

60/100/240 
PARTIAL IMPLEMENTATION - 0 COSTS 

0 
0-50 
290 

22/38/86/250 

i° 
<0 + 27 (CONTROL ROOM MODIFICATIONS) 

0-20 
12 

NOT APPLICABLE 

<0 (See discussion in 
Appendix P) 

(1) Cost data on multiple engineering concepts are presented. 



reasonable engineering solution for each research program and evaluating 
implementation cost on that basis. As stated elsewhere in this report, 
the "reasonable engineering solutions" are not intended to express judgment as 
to the likely outcome of the R&D for either those solutions evaluated or 
those not evaluated. Rather, they are a necessary and convenient tool to 
base costs upon. 

For containment and steam generators, several implementation costs 
are reported for both new and existing plants. In these cases, a single 
engineering solution would be sufficiently representative. Hence, multiple 
solutions were evaluated and reported. 

Table 3.4 costs are characterized as "order-of-magnitude" costs. 
Given the lack of precise "engineering solutions" at the front end of the 
cost estimating task, the engineering solutions are conceptual. As such a 
detailed cost estimate for each solution is not warranted. Hence the costs 
discussions in Appendix B were derived from available data on major component 
costs, engineering and labor costs and others. These data have then been 
scaled in proportion to the type of structure, system or component under 
evaluation. 

The reader is referred to Appendix B for the details of the approach 
and basis for each of the sixteen research projects' implementation costs. 
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3.3 Value Impact Matrices 

The previous two sections discussed the results of the analysis 
of risk reduction potential and implementation cost of the sixteen research 
programs. In this section these results are combined into value-impact 
matrices. These matrices have been developed for both existing plants and 
future plants. In most cases the risk reduction potential is the same for 
both existing and future plants, while the implementation costs are consider
ably different. 

Figure 3.1 and 3.2 are the value-impact matrices for existing 
and future plants. The coordinates are defined below: 

RISK REDUCTION POTENTIAL 
Category 
Very High 
High 

Moderate 
Low 
Very Low 

Risk Reduction Factor 

5.0 < x 
2.0 _< x _< 5.0 
1.5 £ x £ 2.0 

1 . 1 < x < 1 .5 
1 . 0 < x < 1 .1 

IMPLEMENTATION COST 
Category 
Very High 
High 
Low 
Zero 
Negative 

Implementation Cost ($ Millions) 
50 < c 
15 < c < 50 
5 < c < 15 
-5 _< c < 5 

c < -5 
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Figure 3.1 Value-Impact Matrix Depicting Research Program 
Ranking For Existing Plants 

Very 
High 

High 

Moderate 

Low 

Very 
Low 

© 0 

© © © 

© © © © 

© 

0© © 0 0 
Negative Zero Low High Very High 

IMPLEMENTATION COST 



l i g i i re 3.2 Value-Impact Matrix Depecting Research Program 

Ranking for New Plants 

Very 
High 

High 

Moderate 

Low 

Very 
Low 

© © 
© 
u © ® n © 
© 
© © 

0 

0 

0 0© © © 
Negative Zero Low High Very High 

IMPLEMENTATION COST 



No attempt has been made in the value-impact matrices to reflect uncertain
ties in either implementation costs or in risk reduction potential. These 
issues have been discussed in Appendices A and B. 

3.3.1 Existing Plants 

As shown in Figure 3.1, for existing plants, the best combination 
of high potential risk reduction and possible implementation cost are fcund 
in research program 10 (Improved Test and Maintenance). This conclusion is 
not surprising in light of two facts: (1) procedural changes are not necessar
ily costly and may in fact reduce operating cost; and (2) the reactor safety 
study showed that the dominant failure modes associated with many systems 
are related to testing and maintenance errors. Other research programs 
which have high risk reduction poterLial and low implementation cost for 
existing plants include: 

(5) Improve Piping Performance; 
(14) Improve Emergency Response; 
(11) Improve Emergency Control. 

It should be noted that research program (12) Improved Disturbance Control 
is expected to have an associated implementation cost of nearly the same as 
research program (11). In fact, it is likely that the same equipment can 
be used in the implementation of the results of both research programs. 
Research program (12), however, is limited by its ability to reduce transient 
frequency. To account for the difficulty involved in reducing the frequency 
of transients; a moderate risk reduction factor of 1.5 was chosen. However, 
because of the nearly linear dependence of risk reduction on impro =ment 
factor, this program is certainly of considerable value. 
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Finally, it should be noted that the improved utilization jf 
risk methods [research program (16)] has been assigned a moderate risk 
reduction potential and a low cost of implementation. This a?'ignment 
belies the fact that improved utilization of risk assessmer techniques is 
instrumental in the success of research programs 5, 11, , .id 14, all of which 
have significant potential to reduce plant risk, as noted above. 

3.3.2 New Plants 

As shown in Figure 3.2, for new plants, the research program 
with the best combination of low implementation cost and high risk reduction 
potential is the improved utilization of risk methods (16). This observa
tion is reasonable because experience has shown that use of risk methods as 
an integral part of the design process can significantly reduce both plant 
cost and plant risk at the same time. Examples of these uses of risk methods 
are given in Section A.2.16 of Appendix A. 

Other examples of research programs with high risk reduction potential 
and low implementation cost include: 

(10) Improved Test and Maintenance; 
(11) Improved Emergency Control; 
(12) Improved Disturbance Control; 
(13) Improved Design Guidance. 

In addition, at slightly higher cost, a significant risk reduction potential 
exists for: 

(9) Improved Containment Systems; 
(14) Improved Emergency Response. 

The observations which were made in Section 3.3.1 on research program (12), 
Improved Disturbance Control, are equally relevant to that program as it applies 
to future plants. 
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4.0 RECOMMENDATIONS 

4.1 Possible Additions to LWR Safety Technology Pro ram 

This review of the Preliminary LWR Safety Technology Progrsir 
Plan has revealed no major omissions in that plan. Some mino"- additions 
to existing research projects and some restructuring of the concepts 
presented in the plan might, however, serve to strengthen it. The SAI 
report which has been produced as a companion to this document (16), in which 
the literature issued subsequent to the TMI-2 accident has been reviewed 
for relevance to the program plan, has suggested a number of additions to 
existing research projects. These suggestions will not be restated here. 
Suggestions on limited restructuring of the plan are presented below for 
consideration by Sandia. 

Two general topics which are strongly related to the success of 
the Sandia program are noted in the program plan, but are not emphasized 
to the degree which might be warranted by their importance. These topics 
are: 

o Assurance of Acceptance by the Technical Community; 
o Assurance of Adequacy of Support Systems. 

The first of these topics, assurance of acceptance by the technical community, 
is discussed frequently within the program plan (e.g., in Section 2.0 p. 46), 
but because of its obvious importance might be segregated from the technical 
tasks and, thereby, accorded its deserved importance. Consideration should 
be given by Sandia to making such an activity a major subprogram area on 
an equal footing with the remaining eight subprograms. 
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Examples of the types of tasks which might be funded under such 

ar, Assurance of Acceptab i l i ty " subprogram include: 

o Formal s o l i c i t a t i o n of industry and regulatory opinions on 
important programmatic decisions [perhaps as an adjunct to 
tne task on R&D Selection Methodology ( 3 . 1 . 5 ) 1 . Advisory 
task forces mignt be forme- to continue ir. is exchange of 

opinions and ideas; 

o formal technical peer review of the resu l ts of important 
research projects funded under the eight technical subprograms; 

o Presentation of workshops and seminars on important technical 
issues. These might be used e i ther at the outset of a new 
technical pro jec t to gather opinions and information on the s ta te-
o f - t he -a r t or at the conclusion of a major technical p ro jec t to 
fos ter dissemination of in format ion. These could be documented by 
"State-of-Technology" papers; 

o Establishment of formal information excnange t ies wi th other 
domestic and foreign safety technology programs. This might 
include formal reviuw of important research resul ts such as the 
recently published German Reactor Safety Study. 

o Supporting of an information b u l l e t i n which would regu lar ly 
disseminate, at no charge, the resul ts of sa fe ty - re la ted programs 
fu ided by Sandia/DOE as wel l as those supported by other agencies. 

Because such an "Assurance of Acceptab i l i t y " a c t i v i t y would cut 
across a l l of the remaining eight subprograms, and because i t might require 
s ign i f i can t funding, consideration should be given to according i t sub
program sta tus. 
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The other addition to the current program plan which is worth 
considering is a separate task on assuring the adequacy of support systems. 
Altnough this activity is implicite in several of the other tasks (e.g., 3.1.4 
Non-independent Failures), it is sufficiently important in the assurance of 
plant safety that it might be given research project status under either 
improved Systems (1.2) or Improved Plant Design (1.3). Approaches to evalu
ating the adequacy of support systems would clearly need to draw on tasks 
in the Risk Methods Utilization subsection (3.0). 

4.2 Suggestions on Refinements to Prioritization Approach 

The difficulties encountered in the present prioritization activity 
have been enumerated in Section 1.3. Corresponding to each of these diffi
culties are refinements which might improve the quality of the prioritization 
work. These refinements are treated below: 

o Effectiveness of Research Programs To develop an improved idea 
of the expected effectiveness of each of the research programs, 
it would be valuable to employ industrial expertise. The magnitude 
of this job can be considerably reduced by using the results of 
the current work to determine: (1) which research programs are the 
most effective in reducing risk; and (2) which produce the greatest 
changes in risk for a given fractional change in program achieve
ments. By reviewing the details of the contribution to risk reduc
tion, as reflected in the WASH-1400 model, and formulating questions 
on the expected success potential of the research programs in 
addressing these contributions, knowledgeable industry sources 
can be polled on their opinions of the relationship between research 
program cost and likelihood of success. The results of these surveys 
can then be used as a significant input to defining the course and 
funding level of high priority safety technology programs. 
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o Reasonableness of Cost Estimates The best approach to improving 
the validity of the implementation cost estimates is to develop 
specific engineering concepts designed to reflect specific results 
expected from safety technology programs. Questions might be 
formulated as part of the polling process described above to 
solicite industry opinions on the engineering implications of 
expected results from safety technology programs. Final costing 
should be carried out by industry people with significant experience 
in the construction of such estimates. 

o Uncertainties in the WASH-1400 Risk Model There are two primary 
uncertainties in the WASH-1400 risk model whicn might influence 
the results of this study. The first results from the fact that 
nearly four years of risk assessment work performed subsequent to 
the publication of WASH-1400 have influenced the details of the 
accident sequences reported there. Developments in such areas as 
seismic events and common-cause failure analysis need to be incor
porated in the WASH-1400 models to assure the validity of con
clusions based on those models. The second source of uncertainty 
is that resulting from the significant variations in design from 
plant to plant. These design variations result in significant 
differences among plants in which sequences are most important. 
These differences were treated in the present analysis only when 
events such as the TMI-2 accident have focused on them. 

These two uncertainties can be reduced by the construction of a 
series of detailed risk models which reflect both the state-of-
the-art in risk assessment technology (and failure rate data) and 
the significant design variations which exist among operating 
reactors. Results from these models can then be used in a code 
such as LWRSEN (Appendix C) to assess the risk reduction potential 
and sensitivities of the sixteen research programs. 
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o The Effect of Risk Measure on Research Program Value As noted 
in Section 1.3, the use of different measures of risk will result 
in different conclusions relative to the value of a research program. 
This problem is currently being addressed in the on-going project 
on RSD Selection Methodology. 

In addition to addressing the difficulties encountered as discussed 
above, it would be of value to modify the LWRSEN computer code (Appendix C) 
to allow consideration of the following factors: 

a. To allow sensitivity analysis to be performed to account for che 
risk reduction potential associated with the results of several 
research programs conducted in parallel. This capability would 
allow evaluation of synergistic or masking effects associated 
with multiple programs to be identified. 

b. To allow evaluation of the effect of siting on risk, it would be 
useful to build in a generalized model to account for population 
and meteorological effects. A first attempt at this might be 
made by using the simple model presented in Reference (17). 
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APPENDIX A 
DETAILED DISCUSSION OF THE RISK REDUCTION POTENTIAL 

A.l INTRODUCTION 

This appendix contains two parts. The first contains the tietailec 
presentation of the results of the risk reduction calculations which were 
performed for each of the sixteen research programs. The second part con
tains those results as applied to each of the individual projects which 
make up Sandia's Preliminary LWR Safety Technology Program Plan. 

Each individual research program was analyzed for its risk reduc
tion potential. This was done by the use of calculations from a risk model 
based on the WASH-1400 analysis. A research program was assumed to cause 
some reduction in the risk associated with a change in an input to the risk 
model. For example, improving valve performance would cause a reduction in 
the failure probability for valves and therefore a reduction in public risk. 

These calculations were performed for both a PWR and a BWR where 
applicable. The risk analysis included up to four parameters: latent 
deaths, core melt probability, early deaths, and property damage. The above 
mentioned results are presented for different levels of success of each pro
gram. Based on these calculations a risk reduction potential was chosen for 
each research program. These calculations also indicate the sensitivity of 
risk to higher or lower levels of urogram effort. A summary of the results 
for all the research programs is provided in Figure A-0. 
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A.2 RESEARCH PROGRAM DISCUSSION 

A.2.1 Research Program 1 

The goal of research program 1 is to improve valve safety related 
performance. This was assumed to lead to a reduction in the failure pro
bability of all vslves, except relief valves. The following tables contain 
the risk reduction factors for a given factor reduction in valve hardware 
failure probabilities. 
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PWR 

ictor 
Early 

Fatalities 
Latent 
Fatalities 

Property 
Damage 

Core Melt 
Probability 

3 1.03 1.03 1.05 1.08 
10 1.04 1.03 1.06 1.10 
30 1.04 1.04 1.07 1.11 

BWR 

ictor 
Early 

Fatalities 
Latent 
Fatalities 

Property 
Damage 

Core Melt 
Probability 

3 1.05 1.05 1.05 1.05 
10 1.07 1.07 1.07 1.07 
30 1.08 1.07 1.07 1.08 

The risk reduction potential associated with improved valve per
formance was assessed to be 1.05, or very low. This assessment was based 
on the assumptions that hardware failure rates would be unlikely to be 
reduced by much more than a factor of three and that the value of further 
reduction would be very little. It can be seen that the sensitivity 
of risk to valves diminishes rapidly after a factor of three reduction in 
valve failure probability. Not only is the risk reduction potential for 
improving valve hardware very low, but any effort to achieve significant 
improvement in performance is likely to be quickly wasted. 

A.2.2 Research Program 2 

The goal of research program 2 is improved • (-. nf valve per
formance. Relief valve failures have received much attention since TMI-2's 
pressurizer relief valve stuck open. The pressurizer relief valve is the 
only relief valve with noticeable risk reduction potential associated with 
it for a BWR. In the reactor design characteristic of Surry, the pressur
izer relief valve is actuated much less frequently than the Babcock and 
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Wilcox reactor design at TMI-2. In the Surry reactor the risk reduction 
potential for a reduction in a stuck open relief valve failure probability 
is assessed to be extremely low, or 1.02. This assessment was based on 
the same assumptions as in research program 1. In tlie case of a BSW tran
sient design incorporated in the rest of the Surry design, the risk reduc
tion potential is much higher. Since a transient with a stuck open relief 
valve is equivalent to a small-small LOCA, the probability of small-small 
LOCAs was varied to model the incident of a stuck open relief-valve on a 
B&W PWR. Because of this wide discrepancy in an essentially similar design, 
it was assessed that the set point on the relief valv was designed too low 
and will be fixed independent of this program. The. jre the Surry results 
were chosen for the final results. The results for both plants are pre
sented below. The reduction of relief valve failure probability corres
ponds to a reduction of small-small LOCA probability from a base value of 
one every ten years. This results from ten transients per year and a stuck 
open relief valve demand failure probability of one in one hundred. 

Surry PWR 

Factor Latent Core Melt Probability 

3 1.00 1.02 
10 1.01 1.03 
30 1.01 1.03 
100 1.01 1.03 

TMI "Assessed" PUR 

10 5.47 5.56 
100 7.01 9.11 
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It can be seen that in the Surry design there is no sensitivity 
to reductions in relief valve failure probability to lower than 10" 
per year. 

A.2.3 Research Program 3 

The goal of the t h i r d research program is to improve pump per
formance. As in the two previous programs only hardware-related fa i l u res 
were reduced in l i k e l i h o o d . The r isk reduction for improved pumps is pre
sented below. 

PWR 

Factor 
Early 
Deaths 

Latent 
Deaths 

Property 
Damage 

Core Melt 
Probability 

3 1.02 1.02 1.04 1.07 
10 1.03 1.03 1.05 1.09 
30 1.03 1.03 1.05 1.09 

BWR 

:actor 
Early 
Deaths 

Latent 
Deaths 

Property 
Damage 

Core Melt 
Probability 

3 1.01 1.01 1.01 1.00 
10 1.01 1.01 1.01 1.01 
30 1.01 1.01 1.01 1.01 

The risk reduction potential for improved pump performance was assessed to 
be very low, or 1.02. The assumptions resulting in this assessment were 
also the same as research program 1. Its sensitivity is also very low for 
higher reductions in pump failure probability. 
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A.2.4 Research Program t 

The fourth research program assesses improving tne safety design 
of once-through steam generators. An analysis of this can be done by con-
paring the effect of the U-tube or once-throuch steam generator designs on 
an otherwise Surry design. Then a weighting factor of one-sixth is applied 
to conservatively model b&w's share of the reactor market. The comparison 
yields a ratio of 6.69 in latent deaths and 3.07 in core melt probability. 
Applying the weighting factor yields 1.17 for the risk reduction potential, 
or a low potential. However, it must still be noted that the difference 
is very large for tne reactors without tne I'-tube design; therefore, tne 
Project nas more importance than the industry-wide effect indicates. 

Another approach to evaluating the risk reduction potential associ
ated with the steam generator research program is to consider the effect 
of reducing the frequency of transients related to the steam generator. 
For example, if it were possible to reduce the number of transients leading 
to reactor scram by one (1) per reactor year, the latent fatalities would 
be reduced by approximately 2% and the core melt probability by approximately 
8i. 

A.2.5 Research Program 5 

The fifth research program is improved pipe design. This would 
lead to lower LOCA probabilities. Fewer LOCAs would have a very low effect 
on BWRs because of the dominance of the transient event in BWR risk. It 
would have a moderate effect on PWR risk, or a 1.50 factor reduction. This 
value was chosen because failure rate reductions were not likely to be 
much higher than three and BWR related risk reduction is very low. The 
four risk parameters for lower pipe failure rates for the PWR are presented 
below. (The sensitivity to risk for large reductions of LOCAs is also 
higher than the previous programs dealing with hardware-related failures.) 
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PWR 
Early Latent Total Property Core Kelt 

Factor Deaths Deaths Damage Probability 

3 1.12 1.45 1.48 2.20 
10 1.17 1.72 1.78 3.30 

A.2.6 Research Program 6 

Research program 6 is not strictly applicable to a risk model. 
Trie unresclvea safety issues question tne very design which is assumed in 
the rish model to be correct. All three of these questions require 
increases in the model's assessed failure probabilities of over one thou
sand before they contribute significantly to risk. It should be noted, 
however, that the containment sump issue is the most important since it 
leads to simultaneous failure of both the ECCS and containment cooling. 
The loss of containment cooling causes much greater consequences than loss 
of the ECCS alone. In fact, the risk of a nuclear reactor could be as much 
as fifty times greater if the containment sump was assumed to fail. 

A.2.7 Research Program 7 

Research program 7 addresses improved fuel design. It was 
assessed that a reduction of Zr0 2 reaction in fuel cladding would result 
in a low reduction of risk. The amount of energy added to the containment 
from hydrogen burning alone ,.as a low effect on risk due to the fact that 
many accident sequences would result in overpressures anyway. There would 
be little or no reduction in core melt probability, but a slight redistri
bution to lower consequence accidents. The reduction in latent cancers 
and consequently the assessed risk reduction potential for this program 
has been determined to be 1.04 by LWRSEN calculations. 
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A.2.8 Research Program 8 

The goal of research program 8 is to improve shutdown heat 
removal r e l i a b i l i t y . This r e l i a b i l i t y is measured by the aux i l i a r y feed-
water system and containment heat removal system in a PWR and the residual 
heat removal system in a BUR. By reducing those f a i l u r e p robab i l i t i es the 
fo l lowing resul ts are obtained. 

PWR 

Early Latent Core Melt 
ctor Deaths Deaths Probability 

3 2.25 1.56 1.12 
10 4.00 1.95 1.17 
30 5.15 2.10 1.18 

BUR 

Early Latent Core Melt 
ctor Deaths Deaths Probability 

3 1.76 1.72 1.79 
10 2.40 2.31 2.48 
30 2.68 2.56 2.78 

For improving shutdown heat removal a high risk reduction poten
tial, or a factor of 2.0, was chosen. In this case it was felt that system 
failure probabilities would likely be reduced between three and ten; how
ever, this does not rule out the possibility of still higher risk reduction 
potential. There is additional return past this value, especially in the 
PWR, as is indicated by these sensitivity results. 
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A.2.9 Research Program 9 

Research program 9 considers improvement of containment systems. 
.*n th is case i t was assumed that the r isk reduction po ten t ia l could be 
represented by a design which e f f ec t i ve l y mit igated overpressure f a i l u r e s , 
wnich are the dominant cont r ibu t ion to r i s k . A very high p o t e n t i a l , or a 
factor of 9.53 on l a ten t deaths, was chosen from an a l te rna te containment 
study that was done by Sandia which considered f i l t e r e a vent ing. The 
return in reduced r isk fo r even fu r ther improved designs could be avai lable 
as the containment is the primary mi t iga to r of publ ic r i s k . 

A.2.10 Research Program 10 

Research program 10 considers improved tes t and maintenance. 
This program actua l ly is made up of two subprograms, both of which can be 
addressed by the r i sk model. In improving tes t and maintenance, one can 
ei ther reduce a system's unava i l ab i l i t y by keeping component downtime at a 
minimum, or one can assure that less errors are committed during the test 
or maintenance act. Human errors resu l t in a high r i s k reduct ion poten
t i a l , or a factor of 2.5. I t was assumed human error rates could be 
reduced by a factor of more than three. Based on an assessment of each 
of the four r isk parameters, an overa l l value of 2.5 was se lected, since 
f a t a l i t i e s were weighted more heavi ly than the other parameters. Reducing 
maintenance downtimes also provides some moderate p o t e n t i a l , or a factor 
of 1.5. I t was assessed that assuming bet ter designs wi th respect to 
maintenance downtime and bet ter procedures could resu l t in about a factor 
of two reduction in th i s cont r ibut ion to r i s k . I t is f e l t that t h i s poten
t i a l is bounded as such downtimes are l im i ted by p rac t i ca l lengths of main
tenance requirements. The resul ts of both subprograms fo r the Surry PUR 
are presented below. 
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Human Errors in Maintenance 

Early 
Deaths 

Latent 
Deaths 

Droperty 
Damage 

Core 
Melt 

2.40 2.35 1.72 1.18 
4.-16 4.12 2.24 1.25 
5.88 5.21 2.44 1.27 

Test and Maintenance Downtime 

Early Latent Property Core 
Factor Deaths Deaths Damage Melt 

3 2.18 1.84 1.57 1.14 
10 3.58 2.54 1.93 1.20 

It can also be noted that further reductions in risk are also possible due 
to the high sensitivity to greatly reduced maintenance errors. 

A.2.11 Research Program 11 

The goal of the eleventh program is to consider improved emer
gency control. This considers improving the response of onsite personnel 
to accident situations. The program considers three areas that result 
from this program which could cause reduced risk. First there is the 
reduced likelihood of operator error after the emergency begins. This 
results in a reduction of risk by a factor of 1.3. Human error rates were 
again assumed to be reducible by three, but higher reductions would pro
duce little change in risk reduction potential. Also, one must consider 
the use of non-safety systems. This was viewed as resulting in an increased 
reliability of safety grade systems and was assessed at a factor of 2.0 
reduction in risk. It was estimated that system reconfigurations and human 
adaptibility could provide at least a factor of three reduction in heat 
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revival function unreliability. Finally, an improved understanding of the 
primary system would result in better operator response in bringing the 
reactor to hot shutdown. This was assessed by a factor of 1.5 reduction 
in risk. This increased knowledge would help to prevent operator error 
being a contributing factor in shutdown heat removal. This contribution 
has limited effect in many accident sequences due to automatic responses 
by systems. It was assessed to contribute to an overall reduction in shut
down heat removal unreliability of approximately a factor of ten when pre
viously mentioned factors were considered. Therefore, an overall reduction 
of 3.0 was assessed. Dividing this by the previously assessed factor of 
2.0, the risk reduction potential of 1.5 was assessed. The total risk 
reduction was obtained by multiplying these results. This yielded a high 
risk reduction potential, or a factor of 3.9 reduction in risk. The sen
sitivity to further reductions can also be demonstrated by the results 
presented below. 

Reduced Human Errors 

PUR BWR 
Core Melt Latent Core Melt 

Probability Deaths Probability 

1-02 1.32 1.28 
1-02 1.48 1.37 
1-02 1.53 1.46 

Latent 
Factor Deaths 

3 1.25 
10 1.33 
30 1.35 
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Better Shutdowns from Better Understanding 

PWR BUR 
Latent Core Melt Latent Core Melt 

Factor Deaths Probability Deaths Probability 

3 2.25 1.12 1.72 1.79 
10 4.00 1.17 2.31 . 2.48 
30 5.15 1.13 2.56 2.78 

A.2.12 Research Program 12 

Research program 12 considers improved disturbance control. 
This is represented by a reduction in the number of transient events. In 
addition a reduction in transient events results in less high cycle fatigue 
and therefore less pipe breaks. Because of this fact, this research pro
gram has essentially a linear reduction in risk. Therefore, if transient 
frequency is reduced by ten, risk will be reduced by ten. A moderate risk 
reduction factor of 1.5 was chosen due to pessimism on the factor reduc
tions in transients. However, with a sensitivity as strong as linear this 
program should be pursued as much as possible. 

A.2.13 Research Program 13 

Research program 13 considers design guidance improvement with 
respect to fires, earthouakes, and sabotage. Since the risk model 
considered only random failures, other assessments had to be drawn upon. 
An earthquake analysis of Diablo Canyon indicates risks on the order of 
those due to random failures. Common cause estimates indicate a signi
ficant percentage of system failure rates due to common mode failures. 
Taking this into account a high risk reduction potential, or a factor 
reduction of 2.0, was assessed. 
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A.2.14 Research Program 14 

The fourteenth research program considers emergency response 
teams and procedures. This emergency team would provide for risk reduc
tion in two ways. The first considers the improved reliability of the 
long term heat removal systems, which would be affected by an emergency 
equipment pool. A moderate risk reduction potential of 1.5 was assessed 
based on improved residual heat removal results presented before. Reduc
tions in heat removal capability were considered to be less than three 
due to the time required for a significant effect by an emergency response 
team. The second effect considers improved allocation of medical resources 
and better evacuation. This includes better radiation monitoring so that 
the response team can coordinate evacuation and so that medical resources 
ca.i be applied to those most in need. Based on sensitivity studies per
formed on the CRAC code, a reduction by a factor of 4.0 on early deaths 
is achievable. Finally, the total risk reduction potential of this pro
gram was assessed to the multiple of the above two factors, or 6.0, a very 
high risk reduction potential. 

A.2.15 Research Program 15 

The goal of the fifteenth research program is to improve siting. 
This risk reduction potential was assessed to be high, or 2.0. This was 
based on a comparison of the risks of lament deaths from the highest popu
lation densities to the lowest and median population densities. The com
parison of high to median population densities was chosen due to real
istic assumptions on the limited areas where low population densities 
exist in conjunction with a need for power. Those results are presented 
be 1ow. 

High to Median 2.15 
High to Low 7.02 

A-14 



A.2.16 Research Program J6 

The sixteenth research program was identified because examples of 
its use were available. These examples indicate great value in the utiliza
tion of risk methods. In addition this program is evaluated as a project 
that contributes to the other fifteen research programs. A comparison of 
those results indicates a similar classification of risk reduction poten
tial, i.e., a very high potential. Some examples are presented below. 

1) Reduction of risk from a LPIS check valve rupture after 
identification of this event by WASH-1400. Risk was 
reduced by at least a factor of 1.75. 

2) Risk reduction potential identified by a wide variation 
in auxiliary feedwater systems on the order of 100. 
This reliability assessment, conducted after TMI by NRC, 
also found a number of single active failures. The 
variation in risk for similar plants with a factor of one 
hundred difference in auxiliary feedwater reliability 
could be as high as a factor of 17 in latent deaths. 

3) Reliability methods were employed in the design phase 
of an auxiliary feedwater system as documented in a 
paper by Frank H. Rowsome, III, entitled "The Role of 
System Reliability Prediction in Power Plant Design" 
found in Power Engineering, February, 1977. A ccse 
study on the water source for auxiliary feedwater found 
one design error, and two cheaper, more reliable design 
variations. The one chosen resulted in a factor of 8 
increase in reliability, and a cost reduction of 500,000 
dollars per unit. 

Clearly, the value of this methodology is demonstrated for use 
as both a managerial and troubleshooter role. In addition, the methods 
help to provide for a more complete analysis of reactor risks. 

A-15 



A.3 ANALYSIS OF INDIVIDUAL RESEARCH PROJECTS 

An analysis of each of the individual projects was also performed. 
The block diagra/r.s presented earlier define the interrelationships and 
importance of each project. Each node in the diagram defines more than 
one path for successful completion of the program. Weighting factors 
were chosen for each node to model each path's contributions. The 
weighting factors were based upon sparse data where available and 
engineering judgment. The risk reduction factors were then obtained 
by dividing up the reduced risk in proportion to their relative weight. 
Then new factors were chosen based on the following formula: 

1 F = f 

l-w(l-f) 
where: w is the weighting factor 

F is the program risk reduction factor 
F' is the project risk reduction factor 

Some projects were assessed to be dependent upon the successful 
completion of other projects. This is represented in the diagrams by 
programs in series. These programs were given the same weighting factors. 
All of the block diagrams are repeated at the end of this appendix with 
the chosen weighting factors and a brief explanation of their values. 

Given these weighting factors and the risk reduction potential 
of each program, a risk reduction factor for each project was obtained. 
Some of the projects received contributions from more than one program. 
These contributions were combined by multiplication of all the factors. 
This has been found to be a reasonable estimate of the risk reduction 
potential, although it is usually an underestimate. Given these contri
butions, better emphasis can be made within each of those projects based 
on their contributions to differing goals. Table A-l presents all of this 
information for each project. In this way a further review can be made 
of the results over those presented in the main body of this report. 
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Figures A-l through A-16 depict the research projects (tasks) 
from the program plan which contribute to each of the sixteen research 
programs. The weighting factors applied to the projects are also shown 
in those figures. 
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Table A-l. Risk Redaction Potential for 
Individual Projects 

1.1.1 Valves 1.03 valves other than relief valves 
1.01 relief valves 
1.05 total contribution 

1.1.2 Other Com- 1.01 pumps 
" 1.11 steam generator (U-tube vs. 

once-through) 
1.26 pipes 
1.42 total 

1.1.3 Instrumentation 3.90 

1.50 

5.85 

emergency control need for 
new instrumentation 
disturbance control need for 
new instrumentation 
total 

1.1.4 Equipment Quality < 1% valves (1) 
< 1% relief valves (2) 
< 1% pumps (3) 
1.03 pipes (5) 
1.23 containment (9) 
1.28 total 

1.1.5 T&M Procedures 1-11 
3.75 

T&M 
total 

(10) 

1.1.6 Operating Modes 
and Safety 

1.01 
< 1% 
< 1% 
1.05 
1.50 

1.18 

1.89 

valve; 
rel ief valves 
pumps 
pipes 
emergency 
control 
disturbance 
control 
t o ta l 

( 1 ) 
( 2 ) 
( 3 ) 
( 5 ) 

( 1 1 ) 

( 1 2 ) 

of cont r ibut ing program 
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Table A-l. (Cont.) 

1.2.1 Alternate Shutdown 1.33 shutdown heat removal 
Cooling Systems, L 3 3 t o t a ? 

(8) 

1.2.2 Optimized 
Containment 

9.53 containment design 
9.53 total 

(9) 

1.2.3 System S i m p l i f i 
cat ion 

1.33 shutdown heat removal (8) 

1.10 containment design (9) 

1.50 tes t and maintenance (10) 

1.04 design guidance (13) 

2.28 '.otal 

1.2.4 Hydrogen Control 
Systems 

2.53 containment design 
2.53 total 

(9) 

1.3.1 Design Guidance 1.82 design guidance 
1.82 total 

(13) 

1.3.2.1 Fuel Design 

1.3.2.2 Environmental 
Effects on 
Materials 

< 1% Fuel design 
< 1% to ta l 

< IS valves 

< 1% r e l i e f valves 
< 1% pumps 
1.03 pipes 

l . U containment 

1.15 t o t a l 

(7) 

(1) 
(2) 
(3) 
(5) 
(9) 

1.3.2.3 Fracture 
Mechanics 

« 1% valves (1), relief valves (2), 
pumps (3) 

1.01 pipes 
1.01 total 

(5) 
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Table A-l. (Cont.) 

3.2.4 Nonlinear Analysis 1.11 containment design (9) 
1.11 total 

3.2.5 Fluid Structure NA. unresolved safety issues (6) 
Interaction Analysis 

3.2.5 Inservicc Inspec- « 1% valves (1), relief valves (2), 
tion pumps (3) 

1.0.1 pipes (5) 
1.01 total 

3.2.7 Aseismic Design 1.01 design guidance (13) 
1.01 total 

3.3 Design Verifica- 2.00 design guidance 
t 1 o n 2.00 total 

Emergency Control 3.90 emergency control (11) 
3.90 total 

Disturbance Con- 1.50 disturbance control (12) 
t r o 1 1.50 total 

Transient Control 1.18 disturbance control (12) 
1.18 total 

Plant Protection 1.43 disturbance control (12) 
S y s t e m 1.43 total 

Safety Margins 1.50 emergency control (11) 
1.18 disturbance control (12) 
1.77 total 
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Table A-l. (Cont.) 

2.6 Human Factors 1.18 emergency control 
1. IS total 

(11) 

2.7 Human Engineering 1.18 emergency control 
1.18 total 

(11) 

2.8 Emergency Operat- 1.11 emergency contro l 
ing Process l n ^ 

(11) 

2.9 Essential Support- 3.90 emergency control 
ive Systems y^o disturbance control 

5.85 total 

(11) 
(12) 

2.10 Verification Evalu- 3.90 emergency control (11) 
ation New Designs ^ disturbance control (12) 

5.85 total 

2.11 Maintenance & Fuel 3.75 
Handling 

test and maintenance (10) 

2.12 Implementation & 
Demonstration 

3.90 emergency control (11) 
1.50 Disturbance control (12) 
5.85 total 

3.0 Risk Methods 1.02 valves (1) 
1.01 relief valves (2) 
1.01 pumps (3) 
1.12 steam generator W 
1.11 pipes (5) 
1.50 shutdown heat removal (8) 
1.29 containment design (9) 
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Table A-l. (Cont.) 

Risk Methods 1.25 test and maintenance (10) 
< C o n t - ) 1.33 emergency control (11) 

2.00 design guidance (13) 
1.71 emergency response (14) 

14.2 total 

Primary System 1.50 emergency control (11) 
Accident Modeling & , c . . . , 
Analysis l 5 0 t o t a l 

Thermal Hydraulic 1.50 emergency control (11) 
Primary System ^ t o t a , 

Core Damage 1.50 emergency control (11) 
Assessment 1 5 0 t Q t a l 

Coolant Chemistry 1.50 emergency control (11) 
Following Fuel ... , , ,_,. 
Failure <-li f u e l s <7> 

1.51 total 

Atmospheric Dis- 1.05 siting (15) 
persion x Q 5 

Gaseous Behavior 2.53 containment design (9) 
2.53 total 

Containment Fail- 5.14 Containment design (9) 
ure Modes c ,. ^ . , 5.14 total 

Transient Behavior ]̂ 50_ disturbance control (12) 
1.50 total 
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Table A-l. (Cont.) 

Unresolved Safety NA 
Issues 

DnB/Fuel Damage < 1* fuel design (7) 
< l'„ total 

Upgrade Training 2.50 test and maintenance (10) 
2.50 total 

Human Factors, 2.50 test and maintenance (10) 
Engineering ^ e m e r g e n c y c o n t r o l ( n ) 

3.25 total 

Improved Oper- 1.18 disturbance contro l (11) 
at ing Process 1 1 8 t o U ] 

Human Error 2.50 tes t and maintenance (10) 
Quant i f icat ion ^ e m e r g e n c y c o n t r o l ( 1 1 ) 

2.70 t o t a l 

Improved QA < 11 valves (1) 
< IS relief valves (2) 
< 1% pumps (3) 
1.03 pipes (4) 
1.33 shutdown heat removal (8) 
1.10 containment design (9) 
2.50 test and maintenance (10) 
3.80 total 

1 Emergency Response 6.00 emergency response (14) 
Team and Proce- 6 0 0 t o t a l dures 
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Table A-l. (Cont.) 

6.2 Development of 4.00 
Improved Communi- ^ 0 0 

cations 

6.3 Plant Character- 6-00 
i s t i c ? 6.00 

6.4 Emergency Equip- 1.50 
ment Pool , c n 

6.5 Robot Development 1.08 
1.08 

6.6 Radioactivity Con- 3.08 
trol and Monitoring , n R 

6.7 Use of Non-Safety 2.00 
Systems 2 Q 0 

6.8 Decontamination 1.03 
1.03 

7.0 TM1 Analysis 3.42 
3.42 

7.1 Short Term Studies 1.30 
1.08 
1.40 

7.2 Primary System 1.03 
Studies L S O 

1.55 

emergency response (14 
total 

emergency response (14 
total 

emergency response (14 
total 

emergency response (14 
total 

emergency response (14 
total 

emergency control (11 
total 

emergency response (14 
total 

emergency response (14 
total 

emergency control (11 
emergency response (14 
total 

fuel design (7 
emergency control (11 
total 
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Tabls A-l. (Cont.) 

7.3 Containment Bldg. 1.13 containment design (9) 
S t u d l e s 1.33 shutdown heat removal (8) 

1.50 total 

7.4 Auxiliary Bldg. 1.33 shutdown heat removal (8) 
Studies 1.33 total 

7.5 Modeling Studies 1.13 containment design (9) 
1.05 siting (15) 
1.19 total 

8.0 Siting 2.00 siting (15) 
2.00 total 
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I*Dn>ved Quiltty 
Assurtnce 

In-Service 
Inspection 

Environmental 
Effects on 
HaterUls 

n. 
1.1.6 

Relation bft-«?en 
Operating Modes 

ft 5»fety Systems 

n 
1.1.1 
Valves 

nisi Methods 
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The program directly addressing valves was believed to have more effect than programs where valve improve
ment would be a spinoff. 
The support program weighting was related to cause data on outages. 
In-service inspection and fracture mechanics were assessed to provide limited help since they are in their 
infancy. 
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The program directly addressing valves was believed to have more effect than programs where valve improve
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The support program weighting was related to cause data on outages. 
In-service inspection and fracture mechanics were assessed to provide limited help since they are in their 
infancy. 
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The program directly addressing pumps was believed to have more effect than programs where pump improve
ment would be a spinoff. 
The support program weighting was related to cause data on outages. 
In-service inspection and fracture mechanics were assessed to provide limited help since they are in their 
infancy. 
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Risk methods were assessed to be very important since they 
identified the magnitude of the problem and its relation to 
safety. 

Figure A-4. Research Program 4 
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The program directly addressing pipes was believed to have more effect than programs where pipes 
improvement would be a spinoff. 
The support program weighting was related to cause data on outages. 
In-service inspection and fracture mechanics were assessed to provide limited help since they are 
in their infancy. 
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Due to the influence of human error it was judged that verification 
of operability of present systems was as effective as designing new 
ones. 
Risk methods were assessed to have a very important role in design 
and failure mode identification. 
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Identification and mitigation of failure modes was assessed to be much 
more effective than mitigating isolation failures. 
Failure modes concerning overpressurization are much more important than 
other effects. 
Both TMI related studies and risk methods have limited roles in this program. 

Figure A-9. Research Program 9 
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Risk methods were assessed to be helpful in identifying 
failure modes and managing new procedure development. 

Figure A-10, Research Program 10 
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Actual equipment design was more important f o r reducing human 
errors than bet ter procedures. 
Risk methods provided a helpfu l ro le o v e r a l l . 

Figure A - l l b . Research Program 11 
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Of the supportive programs, simplification of systems was 
estimated to be helpful, but design methods dominate this 
program. 

Figure A-13. Research Program 13 
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Decontamination to improve repairabil i ty was not assessed to be very helpful. 
Monitoring was assumed to be much more important than use of robots or THI data. 
Risk methods were assessed to have an impTrtant role in this program's management. 

Figure A-14. Research Program 14 
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Locating a plant in lower population zones was assessed 
to be much more important than knowledge of transporta
tion and deposition given a certain site. 

Figure A-15. Research Program 15 
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All under 3.0 

Figure A-16. Research Program 16 
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APPENDIX B 
DETAILED DISCUSSION OF 
IMPLEMENTATION COSTS 



B.01/02 IMPROVED VALVE AND RELIEF VALVE PERFORMANCE 

Sandia research programs related to valves have the following 
general objectives: 

1. Determine reliability and resolve identified problems associated 
with power and air operated valves. 

2. Develop valve status indicators. 
3. Determine cause and resolve reseating problems. 
4. Develop better understanding of valve behavior under two phase 

flow. 
5. Develop methodology for improved valve selection. 

The programs encompass comprehensive aspects of valve design, 
selection qualification and maintenance of valves. The following sections 
present generalized cost data for valves, quantify valve performance impact 
on plant availability, and qualitatively discuss implementation costs for 
revised valve designs on new and existing reactors. 

B.01/02.1 Quantification of Costs-Valves 

"It has been estimated that the population of all valves approaches 
10,000 for a 1000 MWe LWR plant. Fortunately, only a fraction of these, 
-1/10, are located such that their failure or need of maintenance, test, or 
repair would result in a forced outage." (Reference 7) Estimates quantify 
valve problems as accounting for approximately B% of all major outages 
(equivalent to about 3% of all outages) or requiring approximately 3-4 days 
per plant-year of unit outage. In replacement power costs then, valve problems 
require about 1 million pe- year or 30 m.'llion per plant operating lifetime 
in replacement power costs. 
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Unlike most portions of this study, a documented source of 
information was not discovered for valve cost. As a result the following 
quantification is based on discussions with informed sources and the 
author's best judgment. 

Description 
Approximate Customer Cost 

(With Interest and Escalation) 

Large (26") quick-acting 
isolation valves 
Main steam relief valves 
(BWR) spring/power actuation 
10-12" check valves 
Low flow/pressure relief valves 
(spring loaded) 
1" globe w/actuator 
2" globe w/actuator 
4" globe w/actuator 

.2 million 

.15 million 

.05 million 

.01 million 

.002 million 

.006 million 

.01 million 

Estimated cost for 1000 critical 
valves 20-30 million 

B.01/02.2 Areas of Potential Cost Impact 

It is difficult to generalize what specific improvements will 
eliminate each type of valve problem identified in the Sandia Program 
Plan. However, it is believed that a combination of improved design, 
material selection, fabrication techniques, quality control during fabri
cation, inspection and examination techniques in shop and field, control 
of process environment, and in-service inspection will each play a signifi
cant role in reducing valve failures. 
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As s t ruc tu red , Program 2 is d i rected at safety and r e l i e f valves 
and Program 1 at a l l other valves. Production cost fo r a l l valves may 
increase due to a l te rna te mater ial costs , costs of qua l i t y assurance during 
manufacture, addi t ional re jec t mater ial and products from improved inspec
t i on and examination or t es t i ng . Engineering and labor costs may change 
as a resu l t of addi t ional f ront-end a t ten t ion during select ion process and 
addi t ional care or modif ied methods during i n s t a l l a t i o n . The combination 
of these factors i s estimated to increase valve costs by 10 to 40 percent. 

Improved status ind ica t ion fo r valves is being mandated by regu

la to ry requirements fo r both new and ex i s t i ng p lants . Sandia R&D, which is 

aimed at improving instrumentat ion in a cos t -e f fec t i ve manner, by d e f i n i t i o n 

w i l l have a minimal cost impact. 

B.01/02.3 Implementation Costs - New Plants 

Assuming that valve costs f o r 1000 c r i t i c a l valves increase 
10-40 percent, the i n i t i a l cost impact f o r new plants i s estimated to be 
2-12 m i l l i on do l l a r s . However, as discussed above, valve problems require 
approximately 30 m i l l i o n do l la rs in replacement power costs over the plant 
l i f e t i m e . Assuming 20 percent of forced outages are e l iminated as a r esu l t 
of R&D resu l t s , the net implementation cost of Sandia research resu l ts is 
estimated to be between less than zero do l l a rs and six m i l l i o n do l la rs fo r 
new plants. Assuming 10% of the 1000 va lves, the cost of the valves, and 
the a v a i l a b i l i t y of the valves are a t t r i b u t a b l e to r e l i e f valves, the estimated 
implementation cost f o r r e l i e f valves is <0 to 1 m i l l i o n . 

B.01/02.4 Implementation Cost Exis t ing Plants 

Implementation costs f o r ex i s t i ng p lants are very dependent upon 
the extent to which ex i s t i ng plants replace ex i s t i ng valves. Assuming 
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all 1000 critical valves are replaced, the cost impact due to valves alone 
would be 20-30 million. Salvage value for the replaced valves may be 
approximately 5 million. An outage (estimated to be one year) would cost 
36 million in replacement power during which valves would be replaced. 
A 20" reduction in subsequent forced outages (assuming 15 years or 1/2 of 
facility lifetime remained) would "give back" 3 million of this cost. The 
total implementation cost of this approach is estimated to be 48-58 million 
dollars. 

An alternate approach would be to replace valves at the time 
maintenance or repair was required. This approach would avoid most of the 
replacement power cost and yield some gain in future availability. Presum
ably only a fraction of the "1000 critical valves" would ultimately be 
replaced, however. On strictly a cost basis, if only 205s of the critical 
valves are replaced, the implementation cost for existing plants would be 
on the order of 1-2 million dollars. 

In practice a combination of these approaches would likely be 
applied. For purposes of order-of-magnitude cost estimating, therefore, imple
mentation cost for existing plants are estimated to be 15 million dollars. 
A breakdown between valves and relief valves is not attempted for existing 
plants. 
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B.03 IMPROVED PUMP PERFORMANCE 

Sandia tasks related to pumps are aimed at ninimizing cavitation 
problems, seal failures, hydrodynamic instabilities and other problems cur
rently encountered. In the following sections, cost data on major light 
water reactor pumps, on pump failure impact on unit availability, and estimates 
of implementation costs of improved pump designs on new and existing reactors 
are presented. 

B.03.1 Quantification of Costs - Pumps 

Costs associated with BWR and PWP. pumps are quantified in Table 
B.03.1. The majority of pump problems that have impacted plant availability 
(82'. of all pump related outage time) have been a result of pump seal problems 
(reference 7). However, it is important to note that seal failure is often 
the result of vibration, debris and other influences. Major availability 
problems have been encountered in BWR recirculation pumps and PWR reactor 
coolant pumps totaling 9.4% of all major outage time (or approximately 4% of 
total outage time). Feedwater pumps have contributed an additional .4% of 
major outage time. 

Although data are not readily available for number and cost of 
important plant pumps, total costs for an assumed 100 significant plant pumps 
is presented. These numbers are derived from judgment and cost data extrapo
lation. 
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Table B.03.1 
Pump Cost Data 

BWR 
Recirc. pumps (2) 
Feedwater pumps 

pumps (2) 
turbine drives (2) 

Total 
Factory Cost 

.5 

.5 
2.4 

Total 
Labor Cost 

.45 

.07 

.3 

PWR 
Reactor coolant pumps (4) 1 
Feedwater pumps 

pumps (2) .5 
tubrine drives (2) 2.4 

Generic (pump & motor costs) 
25 gpm, 200' TDH, 10 HP, centrifugal .006 
1100 gpm, 120' TDH, 50 HP, centrifugal .036 
11,500 gpm, 200' TDH, 800 HP, centrifugal .5 

.6 

.07 

.3 

.002 

.005 

.02 

Total estimated costs for approximately 
100 important pumps 

20 4-5 
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B.03.2 Quantification of Implementation Costs 

Although a thorough discussion of pump problems is beyond this 
report (see reference 12), much of the current problems are thought to be 
solvable through better pump selection (engineering) and maintenance. Imple
mentation cost for applying the results of R S D in this area, therefore, 
is quantified to be zero for new plants. Likewise, existing plants would 
be expected to benefit from this R & D although major replacement of equip
ment would be minimized. An implementation cost for existing plants below 
the lifetime average replacement power crsts attributable to pump related 
outages of 30 million dollars would allow one considerable flexibility in 
implementing results aimed at improving pump performance while *• ing 
total implementation costs below zero dollars. 

In conclusion, implementation costs for both new and existing plants 
are estimated to be zero dollars. 
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B.0« STEAM GENERATORS 

Sandia tasks in this area are aimed at obtaining a better understand
ing of operating characteristics during emergency conditions with portions of 
the program aimed at studying the TMI-2 steam generators. It is probable that 
work in this area will also study steam generator oerformance during normal and 
near normal operating conditions. The following sections quantify current cost 
experience with PWR steam generators, discuss potential cost impact of improve
ments in design, and fabrication (including material selection) of steam gener
ators for new and existing PWRs. 

B.04.1 Quantification of Current Costs - Steam Generators 

Steam generators represent a significant portion of PWR NSSS costs. 
Approximate steam generators costs (1976) for the three vendors with these 
contemporary configurations (including esclalation and construction interest) 
are: 

West: 7 million/each - with 4 total 
B & W: 10.5 million/each - with 2 total 
CE: 12 million/each - with 2 total 

Steam generators, unlike piping systems and other components, do not 
require significant design and analysis work for each specific plant. Hence, 
major design and analytical engineering costs are distributed by the vendor over 
several plants minimizing engineering costs in comparison to fabrication costs. 
The above costs are assumed to include such distributed engineering costs. 
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A result of design changes to improve steam generator performance 
under emergency conditions can be reduced tube failure rate under normal conditions. 
Industry data (reference 7) indicates that steam generators have caused 23°; of 
major outage times (9.25 of all outage, or an average of 10 days/year-plant) 
primarily because of tube inspection and problems from stress corrosion crack
ing and vibration. For the purposes of this evaluation of implementation costs, 
improvements are assumed to reduce PWR outages attributable to steam generators 
by one third, resulting in an annual savings in replacement power costs of 
1 million dollars where the concepts evaluated are expected to improve availa
bility. 

B.04.2 Concepts to Improve Steam Generators Evaluated for Implementation Costs 

The principal problems identified by Sandia tasks are those associated 
with boiling dry and refilling of steam generators that, under emergency conditions, 
could lead to structural or tube failures. The following general concepts have 
been evalauted with regard to implementation costs for new and existing plants. 
It is recognized that other, equally reasonable approaches could be defined and 
their exclusion from cost evaluations is not intended to express judgment as to 
the direction Sandia tasks should take. 

1. Design S/G to sustain emergency conditions by increasing 
tube wall thickness (from current 1-2 mm) or utilize tube 
material less susceptible to tube failure under stress. 
(Note that plant thermal performance may be adversely 
affected.) 

2. Increase margin (boil-dry time) available to avoid undesir
able conditions by design or selection of larger volume S/G. 

3. Provide additional diverse systern(s) to avoid undesirable 
conditions. 
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B.04.3 Implementation Costs - New Plants 

Concept 1 - Increase wall thickness/select new tube material 

Total current costs for steam generator tubes is estimated to be 
5 million dollars/plant. Implementation of Concept 1 is expected to 
require between 3 and 8 million additional costs/plant. As discussed 
above, reduction in unit unavailability can outweigh tube costs over 
the 30 year plant lifetime. Additional indirect costs (such as reduc
tion in S/G efficiency) are not included in this estimate. 

Concept 2 - Increase margin (time) to reach boil dry 

The simplest means of accomplishing this objective is to utilize 
current U tube designs rather than nce-through steam generators designs. 
Cost of implementation would be those costs associated with U-tube and 
once-through differential costs (approximately 6 million), different 
containment and structural costs, penalties associated with plant 
efficiency, if any, additional piping, auxiliary system costs, etc. 
Although this simplistic approach quantifies a cost impact, it is 
noteworthy that reasonable detailed comparisons by utilities have 
demonstrated that all three PWR designs are competitive. Concept 2 
would be expected to have a positive impact on plant availability by 
allowing longer duration feedwater transients to be accommodated with
out causing scram. Reference 10 quantifies PWR availability gains 
through use of DAS systems as .6% availability improvement. Since 
both approaches would have equivalent results, the benefit from 
reduced replacement power costs would be in excess 'of steam generator 
differential costs. Hence, implementation costs for Concept 2 on new 
plants are quantified as zero dollars. 
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Concept 3 - Provide additional diverse system to maintain S/G secondary 
side level within limits 

This is an area amenable to innovative design and engineering 
that could produce a spectrum of approaches. On the basis of the 
observation that emergency feedwater systems on PWRs are relatively 
comparable and that such systems are cost effective, it is assumed 
that an additional diverse system would be of approximately the same 
order of magnitude of cost as current systems. From reference 2, 
after applying a multiplier of 2 to account for escalation, interest 
and other factors as discussed in Section 2.3, implementation costs 
are estimated to be 30 million dollars, including water supply and 
structural costs. Although Concept 3 would occasionally reduce the 
necessity for reactor scram, it is probable that technical specifications 
or sound judgment would mandate shutdown during loss or degradation of 
normal feedwater. Hence, Concept 3 is not expected to positively 
impact availability. 

B.04.4 Implementation Costs - Existing Plants 

For all three concepts above, plants in need of modifications would 
incur similar order of magnitude costs as with new plants, however, 1 to 3 
years of outage would be required for major equipment installation and modifi
cation. Including the cost of replacement power (at 72 million/year), existing 
plant implementation costs are estimated to be: 

Concept 1 - 60 million (includes 1 year outage, 15 million 
gain in improved availability) 

Concept 2 - 240 million (includes 3 year outage + new S/6) 
Concept 3 - 100 million (includes 1 year outage) 
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B.04.5 Steam Generators - Summary of Implementation Costs 
Costs (millions of dollars) 

New Plant Existing Plant 
Concept 1 <0 (gain) 60 
Concept 2 0 240 
Concept 3 30 100 
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B.05 IMPROVED PIPING PERFORMANCE 

The summary objective of Sandia tasks in this area is to improve 
piping design towards minimizing piping failures. For the purpose of this 
study, cost data are provided on major system piping where significant risk 
reduction can be realized through improved performance. In addition to the 
cost of implementation, possible gains in plant availability that can be 
achieved through reduction in pipe failure rates are quantified. Implemen
tation cost data are presented for solutions in the areas of improved design 
and materials selection that reflect the author's qualitative judgment as 
to which manner various failure modes can be lessened. 

B.05.1 Causes of Failure in Piping 

Available data suggest (reference 9) that the following reported 
causes of pipe failure have been significant between 1960 and 197fi: 

1. Vibration (25.1%) 
2. Fabrication errors (12.8%) 
3. IGSCC (11.3?) 
4. Erosion (6.9%) 
5. Thermal fatigue (5.4%) 
6. Corrosion {2.9%) 
7. Unknown (35.62) 

Of further significance are the following observations: 

1. 54? of failures occurred in welds or in the weld heat affected 
zone. 

2. 70S! of BWR and PWR pipe failures occurred in piping six inches 

6-13 



or smaller (with 50i and 30: for RWR and PWR in one inch 
or less diameter piping). 

Although nuclear piping failure rates and failure modes have receivec 
a significant amount of attention over the past few years, considerable work 
reamins in this area. It is not the intent of this discussion to detail the 
complex subject of pipe failure modes and mechanisms and, as such, the follow
ing discussions are very general. 

B.05.2 Quantification of Current Piping Costs 

Table B.05.1 presents base data on representative major system pipinc 
costs for BWRs and PWRs. The data are organized to provide relative magnitude 
costs between design costs, factory costs of piping, site labor costs and re
straints. As noted in this table, design costs are estimates relying upon 
engineering judgment. The majority of design costs can be attributed to the 
need for detailed, plant specific, structural analysis for the various load 
combinations and hanger/restraint design. As major piping is procured early 
into the design and construction of a project, structural analysis is performed 
to ensure restraint/hanger design is proper. 

Factory piping costs average approximately SlO/lb (including escala
tion and interest during construction per discussion on base data). For the 
purpose of this evaluation, this number is applied independent of the type of 
material, size of piping, or fabrication process applied. Site labor cost is 
primarily attributed to the cost of installation and welding of piping. Restraint 
costs are provided since additional restraint is one means of improving piping 
performance (by reducing stress during normal and accident conditions), although 
it is important for the reader to realize that balance is necessary between 
rigidness and flexibility to properly accom-.odate the'various load combinations 
to which piping systems are exposed. 
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Table B.05.1 - Piping Costs 

Costs (millions of dollars)** 

System 
Reactor coolant piping (PWR) 

2 inch and smaller 
2.5 inch and larger 

Residual heat removal (PWR) 
2 inch and smaller 
2.5 inch and larger 

Containment spray sys. (PUR) 

RHR (BWR) 
a l l piping 

Design* 
Factory Pip-

Costs 
ing Site Labor 

Costs 
Restraints 

Hanqers, Suppc 

H 0.1 
2.5 

n.3 
7.2 H 

H Q.05 
1.3 

0.2 
3.2 M 

.2 2 4 .5* 

.3 2.6 6.7 1* 
Estimated t o t a l * plant 
piping costs a l l systems 15 80 180 25 

* Order of magnitude estimate based on engineering judgment and ext rapolat ion 
from avai lable data. 

* * Data derived from references 1 and 2 
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6.05.3 Concepts to Reduce Pipe Failures 

It is currently impossible to generalize what specific improvements 
will eliminate each type of piping failure identified in B.05. However, it 
is believed that a combination of improved design, fabrication techniques, 
quality control during fabrication, improved inspection and examination tech
niques in shop and field, improved welding techniques and procedures, control 
of process environment (principally chemistry) and improved in-service inspec
tion will each play a significant role in reducing pipe failures. The data 
upon which the Section B.05 failure causes are based are from the period 1960-
1976. It is known that improvements have been made in each of the areas 
identified above, hence failure rates for plants that will be commencing 
operation in the future should be lower although the distribution of 
failure causes may differ. 

B.05.4 Implementation Costs - New Plants 

The following incremental changes are approximations of implementa
tion costs for reduction in piping failure rates 

Cost Differential 
Concept Total Cost Forumla (millions of dollars) 
Improved design 2(current design costs) 15 
Improved fabrication 1.3(fabrication costs) 24 
techniques 

Improved quality No significant change 
control 

Improved inspection 1.1 (fabrication costs) 8 
and examination 

Welding techniques 1.1(labor costs) 18 
and procedures 

Control of process No significant change 
environment 

Improved 1SI No significant change 
TOTAL 63 
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Improved design is estimated to double costs to account for increas'.: 
design and structural analysis complexity that would result from an improved 
understanding of pipe failure causes. Improved fabrication techniques are 
factored at a .3 multiple of current costs to account for the complexity of 
fabrication techniques. Quality control during fabrication is not expected 
to increase costs and historically has been demonstrated to be cost effective. 

Improved inspection and examination is thought to increase fabrica
tion costs as a result of increased sensitivity of crack/flaw detection re
sulting in increased reject piping. Welding techniques and procedural chanaes 
are expected to increase direct labor hours and costs. Control of process 
environment, an area of considerably greater attention recently, is expected 
not to appreciably affect costs. Improved ISI, again assuming greater sen
sitivity, should not increase costs directly. However, this assumes that re-
sonable regulatory requirements to cope with very small cracks detected by 
improved ISI would not impact availability. 

Current data (reference 7) indicate 3.3" of plant unavailability 
is due to snubber/restraint problems and 2.8% to piping. With 30% of total 
annual hours attributed to outages, elimination of 50% of the piping caused 
unavailability would represent a savings of 1 million/year/plant in replacement 
power costs. Over a 30 year lifetime, these savings would offset a total of 
30 million dollars, one half of the implementation costs of improvements 
identified above. 

In conclusion, implementation costs for new plants are estimated to 
be approximately 63 million dollars for all piping systems. However, a reason
able reduction of plant unavailability will offset half these costs over the 
plant lifetime resulting in an estimated implementation cost of 33 mil 1 ion/plant. 
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Cost effective application of techniques developed to only those systems that 
have demonstrated susceptibility and safety related systems would likely result 
in zero implementation costs. 

B.05.5 Implementation Costs - Existing Plants 

In existing plants, it is prohibitive to redesign or re-fabricate 
major quantities of piping. It is expected, however, that improved design ur/: 
fabrication techniques will be utilized on existing plants when pipinc crari'. 
or failures mandate replacement of significant Quantities of pipinq. In this 
manner, improved technique costs will be approximately recovered by decreasf-.-
plant unavailability as discussed in Section B.05.3. 

Improved control of process environment and improved ISI, however, 
would be expected to be applied to existing plants. As discussed above, thcM 
techniques are not expected to impact costs. 

In summation, total implementation of improvements in pipinq is 
prohibitively expensive for existing plants, whereas reasonable application 
has approximately a zero net cost impact. 
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B.06 NRO UNRESOLVED SAFETY ISSUES 

Sandia tasks in this area are concerned with two short-term problems, 
reactor vessel materials toughness and PWR containment sump reliability. Inas
much as the general concensus of the industry is that reactor vessel material 
toughness is an area where data are needed to demonstrate adequacy, as opposed 
to design changes being required to avoid a problem, major implementation costs 
are not expected to result. Hence, implementation costs are estimated to be 
zero for both new and existing reactors. It is important to realize, however, 
that future regulatory guidance and regulations could limit operational par
ameters such as heat up and cooldown rates, or pressurization rates. The 
most significant result of such measures would be to lessen plant availability 
as a result of slower power ascension and cooldown. 

PWR containment sump reliability is an unresolved issue because of 
this system's criticality following an accident. The focus of Sandia interest 
in this subject is upon vortex suppression. Although this phenomenon is impor
tant to understand and factor into design processes, costs of studying and 
defining solutions are expected to far exceed implementation costs. For example, 
provision of weirs in the containment, surge tank(s) in the system, or minor 
revisions to piping or pump design result in very minimal implementation costs. 

In conclusion, implementation costs for these two NRC generic safety 
concerns are quantified to be zero for new and existing plants. 
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B.07 ENHANCE FUEL PERFORMANCE - IMPLEMENTATION COSTS 

Sandia tasks grouped into this research project are principally 
aimed at (1) obtaining a better understanding of the phenomena (i.e., stress 
corrosion cracking, PCI, creep collapse, fuel clad thermal ratcheting, strain 
cycling, irradiation impact on ductility and DNB) that can cause fuel cladding 
failure, (2) applying knowledge gained to improve fuel design or design methods, 
and (3) improving methods of detecting cladding failures or flaws while in 
service. The following discussion provides quantification of current fuel fab
rication costs and provides a qualitative discussion of types and impact of 
changes in these areas. A distinction is not made between implementation cost 
for new and existing reactors assuming the physical dimensions of new fuel 
designs remain sufficiently equivalent to current fuel design so as to allow 
its use in existing plants. Although significant changes in fuel physical 
dimensions could be accommodated in new plants for the same order of magnitude 
of costs as currently required, implementation costs in existing plants would 
be prohibitive due to the necessity for vessel and internal design changes. 

B.07.1 Quantification of Current Costs 

Reference 5 provides data on costs (in 1976 dollars) for various 
steps of fuel production. These data have not been altered to account for escala
tion and interest during construction since fuel costs are passed on directly to 
consumers via the rate base, avoiding the need for long-term utility debt and 
resultant interest charges. Quantities reported are approximate for the total 
core, which is replaced at three year intervals for PWRs, four year intervals 
for BVlRs. Costs are reported in millions of dollars. 
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Estimated Fuel Costs - Total Core 

PWR PWR , . , BWR BW- , , 
Step Costs Quantity Costs' ' Quantity Costs' ' 

(1) U30g concentrate S40/lb U 3 0 g 1,210,000 48 1,290,000 5"! 

(yellowcake costs) 

(2) Conversion U 3 0 g S4.2/kg U 484,000 2 514,000 2 
t o U F 6 

(3) UF6 enrichment S81/kg U 482,000 39 512,000 4: 

(4) UO, fue l $158/kg U 80,700KgU= 134,7O0KgU= 
fab r i ca t i on 92,743KgU02 12.8 154,836 2!.3 

(1) Derivat ion of costs: 

(a) U0 2 converted to U via H(UQ2) (.985 ef f ic iency ' ) (1 - | |g-) 

(b) UFg p r i o r to enrichment (2%) = 3.8 m u l t i p l i e r to f i n a l fuel weight 

UF, p r i o r to enrichment (3%) = 5.9 m u l t i p l i e r to f i n a l fuel weight 

(c) Conversion e f f i c i e n t y 99.5? 

(d) Conversion from KgU to lbs U 3 0 g - 1 KgU = 2.5 lbs U,0g 

For our purposes of estimating implementation costs, annual fabr ica t ion 
costs w i l l be averaged to 4 m i l l i on /p lan t - yea r fo r both PWRs and BWRs, about 
l /5 th of fuel production costs. The above costs have been back calculated assum
ing 2'..- enrichment for BWR and 3% fo r PWR. 
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B.07.2 Implementation Costs and Concepts 

As fuel and reactor designs have matured, changes have occurred in 
cladding thickness, fuel pellet size and geometry, enrichment, pellet material, 
pellet spacing (both pellet to pellet and pellet to clad) rod design (pressur-
ization, gas plenum) and other areas to improve overall fuel and reactor per
formance. Continued refinement and similar modifications are expected to continue 
as knowledge and experience grow. The concepts that potentially represent sig
nificant (in terms of percentage increase over current fabrication costs) impact 
would be utilization of a different cladding material and utilization of a dif
ferent fuel pellet composition. 

It is the author's judgment that implementation cost might reasonably 
be expected to increase between zero and 4055 in the area of current fabrication 
costs. Total impact upon costs over a 30 year lifetime would, therefore, range 
between 0 and 50 million dollars/plant. It is noteworthy, however, that these 
costs are insignificant in comparison to potential cost savings from alternate 
enrichment methods, variances in uranium mining and milling costs, and economic 
factors that are difficult to accurately predict over the project's lifetime. 

Sandia tasks also address improving or developing the ability to detect 
(and locate) cladding failure or flaws while in service. Although current reactors 
have indirect means of determining quantity of fuel with cladding leaks (through 
radiation monitoring, cooling water chemical and radiological analysis) current 
technology does not provide a means of determining where in the core leakage is 
occurring and the severity of the individual fuel rod cladding failures. In addition, 
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no means currently exist (other than shutdown and defueling) of determining 
the physical state of fuel cladding in fuel rods. Current techniques for 
inservice inspection of accessible equipment are not considered practical for 
this application because of physical size limitations. Reactor cores do have 
the ability to obtain neutron flux and temperature measurements from fixed or 
transversing core probes. If feasible at all, the most likely concept of pro
viding such capability would be one that combined these technologies suf
ficiently minaturized to allow transversing individual fuel rods or scanning 
through use of multiple devices to isolate failures or flaws. An equally 
attractive approach might utilize a tagging gas that is inserted into the fuel 
pins during fabrication and in core sensors. Data available on existing sys
tems is not considered sufficiently representative to allow estimating imple
mentation costs, however. 
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IMPROVED SHUTDOWN COOI TNG SYSTEM PERFORMANCE 

Tasks in this area are aimed at (1) developing additional, completely 
independent shutdown (and emergency) cooling systems with a minimum dependency 
on operator action or active components, or, (2) improving existing systems by 
simplifying functions and design. The following sections quantify current costs 
of typical BWR and PWR safety and shutdown cooling systems, qualitatively dis
cuss impact of changes on new and existing plants, and provide estimates of 
implementation costs. 

B.08.1 Current Costs - Shutdown Cooling Systems 

On a functional basis, shutdown cooling systems are those systems 
necessary to ensure (1) that adequate quantities of coolant are continually 
delivered to the reactor core, and (2) that adequate heat removal is contin
ually provided to maintain core coolant temperatures within design limits. In 
BWRs and PWRs many systems are provided that can perform these functions during 
various conditions. Each of these systems has dependencies upon other systems 
for valve or pump motive power (electric, air or steam turbine) component cool
ing and seals, secondary cooling (RHR heat exchangers and heat sink), instrumen
tation to initiate and control operation, etc. Costs of representative systems 
dedicated to these functions in BWRs and PWRs are quantified in Table B.08.1. 
This cost data has been extracted from references 1 and 2. Where 
specific cost data are not available (such as for undistributed NSSS components), 
data for similar components has been adjusted and included within the estimate. 
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Table B.08.1 

Representative Shutdown Cooling Systems (and ECCS) 

BWR 
RHR (includes 
LPCI) 

HPCS 
RCIC 

Major Equipment 

2 Hx's, 3 pumps 
1 pump, 1 diesel 

(3000 gpm) 
1 turbine, pump 

Costs (millions of 1976 S) 

16 
5 
3 

PWR 
RHR (includes 
LPIS) 

HPIS 
Safety injection 
system 

2 Hx's, 2 pumps, etc. 
2 pumps , 
2 tanks, valves (=4000 ft 

total) 

11 
3 
7 

Both 
UHS mechanical draft + pumps, 

piping 12 
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B.08.2 Implementation Costs - New Plants 

Assuming the systems that are defined and conceptually engineered 
by Sandia tasks replace rather than supplement current systems, implementation 
costs for individual systems in new plants are expected to be of the same mag
nitude as current emergency and shutdown cooling systems; however, differences 
would likely occur in overall costs. Since current systems are often designed 
to perform a function during normal operation and more than one function during 
emergency or shutdown conditions, provision of systems that do not have multiple 
functions and shared piping, pump and other components will likely increase the 
number of systems in a nuclear plant. As demonstrated in Section B.05, piping 
costs amount to nearly half of the PWR RHR system costs. Hence, the cost impact 
of not sharing piping and other components between RHR and low pressure injec
tion systems, for example, can be significant. In addition, additional systems 
will require increased building space. 

It is the judgment of the author that implementation costs for Sandia 
programs under this chain would be in the range of 20-100 million dollars, arising 
principally from increased equipment and construction labor costs. For the pur
poses of this evaluation, a mean value of 60 million will be applied. 

B.08.3 Implementation Costs - Existing Plants 

Were one to require backfit of revised or simplified system design to 
existing plants, major cost impact would be felt in (1) replacement power over 
extended outage, (2) civil/structural modifications, and (3) equipment and labor 
costs. As envisioned, implementation of these task results would require mod
ification of existing systyems to simplify functions and provision of additional 
systems to perform specific emergency or shutdown cooling functions. 
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The total cost of implementing these systems is estimated to be the 
sum of these major contributions, or: 

Factor Costs (millions) 
3 years outage 210 
equipment/labor 60 
structural allowance _20 

TOTAL 290 
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B.09 IMPROVED CONTAINMENT FUNCTIONS AND SYSTEMS 

The summary objectives of Sandi'a tasks in this area are to improve 
containment structural and system ability to control radiological releases 
to minimize public risk. For purposes of estimating implementation costs, 
several reasonable concepts have been evaluated for both new plants and 
existing plants to allow quantification of the ranqe of implementation costs 
in a representative manner. Exclusion of other equally reasonable concepts 
is not meant to imply that such concepts are unlikely to be successful or 
cost effective. 

B.09.01 Concepts Evaluated 

1. Dual containment design 
2. Seal systems on piping penetrating containment and/or 

piping connected to the Reactor Coolant Pressure Boundary 
3. Design and control of filtered containment venting systems 
4. Large hydrogen control systems 

B.09.2 Quantification of Current Costs 

References 1 and 2 provided the current costs data for structures, 
systems and components as tabulated in Table B.09.1. For structures and sys
tems serving a similar function in BWRs and PWRs, average values have been 
presented. In cases where cost data are considered more representative in 
one type of LWR, such data are presented. 
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Table B.09.1 - Containment and Systems Current Cost 

Structure/System Costs (millions of dollars) 

Containment structure 
Engineering and construction support 32 
Factory equipment costs 4 
Labor 42 
Site materials 30 
Construction duration critical path 

Seal systems on piping 
Instrument and compressed air systems 2.3 
Main steam isolation valve leakage 

control system (BWR) .2 

Containment ventilation and related systems 
Standby gas treatment system (BWR) 3.3 
High/low containment purge system (BWR) .4 
Offsite radiological and meteoroligical 

monitoring system .6 
In-plant radiation monitoring system .8 

Hydrogen control systems 
Factory equipment 1.5 
All other categories .5 
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Implementation Cost - New Plants 

The order of magnitude implementation costs for new plants are 
presented below for each concept evaluated. In addition, the formula 
applied to estimate these costs is noted and a brief discussion of major 
qualifications is presented. As previously discussed, multiplication factors 
are based upon engineering judgment of the additional system capacity, flow 
or size, etc., of the new system as compared to the existing. 

B 09 3 1 " u a^ Containment Desi'qn 

Total Cost = 2{current containment costs) + six months 
extended construction 

Total cost added = 150 million 

Discussion: Assumes a second, equally qualified containment structure 
is erected around primary containment. Six months of additional con
struction increases costs by approximately 7 million/month due to 
interest charges. 

B.09.3.2 S e al Systems 

Total Cost = 2(instrument and compressed air system) or 
lO(MSIV-LCS) 

Total cost added = 2 million 

Discussion: Representative of either positive or negative pressure 
o 

systems, ignores civil/structural costs (at $150/ft ), ignores 
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probable licensing requirement for additional containment isolation 
valve on all lines, ignores additional maintenance costs, replacement 
power costs due to Tech Spec unavailability forced outages. 

B.09.3.3 Filtered Containment Venting System 

Total cost = 4(SGTS) + 1.5(purge) + 
2(rad monitoring) 

Total cost added = 11.'' million 

Discussion: Current SGTS costs representative of filtration system 
except sizing inadequate, purge system on existing designs almost 
adequate for venting to filtration, rad monitoring required within 
containment, process systems and on release points with associated 
protective system to ensure isolation when required. 

B.09.3.4 Hydrogen Control System 

Total cost = 7(factory equipment) + 
2(other categories) 

Total cost added = 10 million 

Discussion: Much larger system required to accommodate potentially 
escalated design criteria for H, control systems to accommodate large 
metal-water source terms. Ignores civil/structural costs which are 
dependent upon size of systems developed. 
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B.09.4 Implementation Costs - Existing Plants 

The order of magnitude implementation costs for existing plants 
are estimated in the following sections. For existing plants, although 
direct costs for equipment and structures are high, replacement power costs 
(at S300,0007day) will be an overriding economic consideration during extended 
outages. Implementation costs noted include both direct and replacement power 
costs. 

B.09.4.1 Dual Containment 

Total additional cost = 1 (containment structure) + 
2 years of outage 

Total additional cost = 250 million 

Discussion: Above cost estimate assumes practicality of constructing 
second containment around primary containment from roof level of 
adjacent structures upward, although it is noted that such modifica
tions would drastically alter structural response requiring re-analysis 
of all plant piping and equipment. 

B.09.4.2 Seal Systems 

Total additional cost = 2(instrument and compressed air system) + 
4 months outage 

Total additional cost = 38 million 

Discussion: Includes notes associated with 09.3.2, ignores probable 
need for space to accommodate equipment and piping and assumes outage is 
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only necessary during majir structural work or when plant process 
piping is being altered. 

B.09.4.3 Filtered Containment Venting System 

Total added cost = new plant costs + 1 year outage + 
3 million civil/structural 

Total added cost = 86 million 

Discussion: Assumes existing systems can be modified to utilize 
ventilation duct work, instrument and control wire runs and penetra
tions, etc. Probably requires an additional qualified structure to 

? ? 
accommodate equipment (=20,000 ft P 150/ft ). 

B.09.4.4 Hydrogen Control 

Total added cost = new plant added costs * 1 month outage + 
3 million 

Total added cost = 22 million 

Discussion: Assumes existing containment ventilation systems are utilized 
to transport containment atmosphere to a new qualified structure for 
hydrogen removal/recombining and then back to containment. This approach 
may not be sound from a risk reduction standpoint as large quantities 
of radioactive material would be carried in process ventilation systems 
out of the containment. 
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B.09.5 Summary of Containment Function and System Implementation Costs 

Table B.09.Z summarizes the order of magnitude of estimated 
implementation costs. For new plants, the concepts evaluated range in cost 
between 2 and 150 million. For existing plants this range is estimated to be 
22-250 million. 

Table B.09.2 - Summary Implementation Costs (per plant) 

Existing Plant 
Concept New Plant Added Costs Implementation Ci 

1. Dual containment 
2. Seal systems 
3. Filtered cont. venting 
4. H, control 

150 (million) 
2 

11.5 
10 

250 (million) 
38 
86 
22 
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B.10 IMPROVED TEST AND MAINTENANCE 

The following sections discuss the costs of implementing improved 
test and maintenance. The purposes of Sandia Tasks in this area can be sum
marized as (1) to reduce test and maintenance errors (hence assure systerr 
availability when required) and (2) to increase test and maintenance efficiency 
(to increase rate of problem discovery and repair prior to failure). In this 
section, no distinction is made between new plants and existing plants. How
ever, one must note that equipment location and accessibility, system design, 
in-plant radiation levels and other factors will impact test and maintenance 
efficiency and costs. A detailed review of these factors and the direct and 
indirect impact upon plant operating costs and risk is worthy of study to 
provide guidance to power plant designers, however, plant to plant variations 
are ignored. As in other sections, improved plant availability is a signifi
cant offsetting cost to implementation costs of improved test and maintenance. 

B.10.1 Quantification of Current Costs 

Three major cost factors are associated with test and maintenance 
activities; labor, spare parts and plant unavailability. A distinction can 
be made in these areas for safety and non-safety systems. Since safety sys
tems are infrequently used, (and due to their necessity to function properly 
when required) costs are predominately categorized as oriented towards test
ing. Non-safety systems, however, due to frequent operation and general lack 
of technical specifications (other than warranty related) require more main
tenance than testing. In both cases, economics arm safety require sufficient 
spare parts to either replace failed equipment or allow removal for testing 
or calibration without impacting availability. 

Base plant reference order of magnitude data for current plant testing 
and maintenance activities are provided in Table B.10.1. 
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Table B.10.1 - Testing and Maintenance - Cur-rent Costs 0 ) 

Category # of Personnel 
Plant Staff 
Management and 
administrative 76 1? 2 
Plant operations 35 
Technical and 
engineering 23 
Plant maintenance 22 

Costs (millions, 1976 S) 

I? 20,000/yr, avg. ' 5' 1.5 
.7 
.46 
.44 

TOTAL 156 3.1 
(2) Fixed and variable maintenance1 ' 

Spare parts (supplies and expenses) (3) 
1.4 
1.6 

Directly attributable 
unavailability due to 
test and maintenance 
errors. 

la) Percent of year ' 
7-10% 

(equivalent to =one 
fourth of total plant 
unavailability) 

Replacement power 
cost (for 30 year 
life at $300,000/day 
»250 million 

(1) Reference 5, normalized to 1976 dollars, using .6 multiplier of 
levelized costs for 70% capacity factor, 1200 MW unit. 

(2) Material costs incurred for onsite maintenance to repair or replace 
plant equipment 

(3) Unrecoverable material used during 0 & M including fluids, chemicals, 
resins, gases, lubricants, etc. 

(4) References 7 and 11. 
(5) Reported annual salaries from reference 5 probably are not representa

tive of overhead and benefit. For purposes of order-of-magnitude cost 
estimates, altering of data would not be significant. 
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B.10.2 Implementation Costs - New and Existinq Plants 

In the major area of reducing test and maintenance errors, cost 
impact would be realized as a result of increased training for maintenance 
personnel, increased staffing requirements to either allc-' more time/function 
performed or perform observation and survelliance, design and implementation 
of systems to review and modify procedures, employment of more qualified 
individuals, utilization of regulatory agency personnel performing continuous 
audits and observations, or other similar techniques. Such approaches could 
double or triple staff maintenance personnel requirements amount to an ad
ditional .5-1 million dollars/year. 

Implementation costs for improved detection of failing equipment or 
problem identification would also tend to increase fixed ana variable maintenance 
and spare parts at a cost approximately equivalent to the above, i.e., 0.5-1 
million. The economic benefit of decreased replacement power costs, however, 
of reducing test and maintenance induced failure rates by 20% will offset 
costs associated with improvements in these areas. Hence, the net implementa
tion costs associated with test and maintenance are less than or equal to 
zero dollars for both new and existing plants. 
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.11/12 IMPROVED EMERGENCY AND DISTURBANCE CONTROL 

Studies are currently in progress that are attempting to determine 
the feasibility of both emergency and disturbance control. A distinction can 
be made between a disturbance control and an emergency control system from a 
risk reduction standpoint as discussed in Appendix A. However, since one syste-
would reasonably be expected to perform both functions, implementation costs a>-e 
estimated collectively. 

Emergency and disturbance systems major design basis can be summar
ized as: 

1. Provide capability of diagnosinq and displaying plant, 
system and component conditions quickly and accurately. 

2. Provide capability to inform operators of probable con-
. sequences of various actions. 

3. Provide capability to recommend operator action during 
operation, transient and accident conditions. 

In addition, Sandia tasks related to optimizing control room layout, 
utilizing human engineering and minimizing operator error through increased 
training and procedures relate directly to the ability of an operator to quick
ly and accurately assess plant status and initiate proper action. 

B.11/12.1 Cost Implications 

Each of the above three major design basis have cost implications 
in specific hardware or engineering areas. Computer hardware costs for such 
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a system are estimated to be in the $100,000-$300,000 range (reference 10 ). 
However, these costs are felt to be small in relation to the modeling and 
software costs. The order of magnitude of modeling and software cost, once 
developmental work is complete is estimated to be on the order of 1-5 million 
dollars. 

From the standpoint of unit availability, disturbance analysis 
systems can realistically be expected to yield between 1 and Z.b% availabil
ity gain over a 30 year lifetime. This gain is equivalent to between 30 and 
75 million dollars (reference 10). 

Given the potential savings in replacement power of 30 million 
dollars, modeling and software costs of less magnitude would make such a 
system cost effective. For our purposes in estimating implementation costs, 
emergency and disturbance control systems are estimated to have an implemen
tation cost of much less than zero dollars for both new and existing plants. 

Also included in this research project are tasks aimed at optimizing 
control room layout, human engineering and minimizing operator error through train
ing and procedural aids. In new plants, control room layout can be optimized 
at practically no additional cost. Existing plants would likely encounter 
outage time and be forced to repeat pre-op system checks prior to returning 
to operation. A 3-6 month outage for this purpose would require 18-36 million 
dollars in replacement power. Modified bench boards and panel annunciators, 
etc. would likely add on the order of another 1 million. Improved procedures 
and training, much like section B.09, Test and Maintenance, has great poten
tial at insignificant cost for increasing plant safety and availability. 

In summary, estimated implementation costs for these tasks are: 
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Costs (millions of dollars) 

Emergency/disturbance 
control system 
Control room layout with 
increased human engr. 
Procedures and training 

New plants 
<0 

0 

0 

Existing plants 
<0 

27 {average re
placement power) 



B.13 IMPROVED DESIGN GUIDANCE AGAINST FIRES, EARTHQUAKES AND SABOTAGE 

Tasks in this area are aimed at gaining a comprehensive understanding 
of these and other phenomena that can have significant potential for causing 
multiple failures and implementing that guidance in designing and modifying 
nuclear power plants. Because of the wide ranging implications to many struct
ures, systems, and components, implementation of tasks in this chain are dis
cussed qualitatively, with engineering judgment then being applied to quantify 
implementation costs. 

B.13.1 Implementation Costs - Hew Plants 

As discussed in Section B.04.2, the cost impact of backfitting modified 
and improved systems for protection against natural and man caused events has 
been expensive. However, given the fact that NRC regulatory requirements cur
rently require substantial compliance with Branch Technical Position APCSB 3-1 
or Regulatory Guide 1.120 for fires, Regulatory Guide 1.60 and others for earth
quakes, and a spectrun of Regulatory Guides, Sandia reports, and other documents 
for security and sabotage, it is doubtful that successful accomplishment of 
the Sandia tasks would significantly escalate these requirements. Rather, the 
expected outcome would be design guidance that could be systematically applied 
during the design phase to ensure a high degree of confidence that multiple 
failure potential has been reduced in these areas. It is concluded that since 
a minimum impact on quantity or type of equipment would be likely to result, 
the estimated implementation cost for new plants is estimated to be less than 
or equal to zero. 

B-41 



B.13.2 Implementation Costs - Existing Plants 

Since the Browns Ferry fire in 1975, NRC requirements for fire pro
tection have been defined and implemented in operating nuclear plants. Likewise, 
security requirements are presently being defined and are in various stages of 
implementation at operating plants. In general, very little has recently evolved 
in revised seismic regulatory criteria that has mandated backfit changes, although 
specific plants (Diablo Canyon, Trojan, S S B plants having utilized a specific 
piping code, etc.) have experienced lengthy outages and expensive modifications 
as a result of increased site specific seismic criteria or design errors that 
were discovered following construction. It is a fair characterization of indus
try sentiment to state that, if anything, the current conservative criteria and 
methods employed in nuclear plant seismic design results in many layers of con
servation being compounded in existing plants to the point that the ultimate 
capability of plants to withstand seismic events is many times in excess of 
required capability. There is in fact concern that such conservative criteria 
and techniques have made nuclear structures and systems excessively rigid, result
ing in a lessening of overall safety by increasing LOCft susceptibility and 
decreasing the ability to withstand small seismic events. The analogy that 
one can draw to TMI experience with a small LOCA in a plant conservatively 
designed to withstand worst-case events is obvious. 

In general, backfit costs for fire protection have been a result of 
providing system modifications to fire water, sprinklers in various areas, ad
ditional separation of redundant systems and loops, modification to cable trays 
and cable, instrumentation additions, structural upgrading to provide 2 or 3 
hour fire barriers, and analytical costs. Full compliance has not been required 
where severe structural and layout modifications would be required. Modification 
costs for security systems have been for installation of access control devices 
(key cards, etc.), monitoring devices (closed-circuit TV) and operational costs 
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(plant security personnel, maintenance requirements and procedures, etc.). A 
representative cost of implementing these requirements over an existing plant's 
lifetime is (conservatively) estimated at 40 million dollars/plant. 

Inasmuch as the Sandia tasks are aimed at providing design guidance, 
design plant improvements which can be cost effectively implemented for new plants 
are expected to result. Major modifications to plant layout and structures are, 
however, prohibitively expensive for existing plants. Therefore, since pre
vious modifications have been made on balanced evaluation of implementation 
costs and risk reduction and future modifications should only be mandated where 
value/impact analysis demonstrates need, implementation costs are estimated to 
be 0 to 20 million per plant. 
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B.14 IMPROVED EMERGENCY RESPONSE 

For purposes of estimating implementation costs, projects in this 
category are divided into the following categories: 

1. Emergency response team, communication;, and data 
2. Design features and support equipment 

Estimated implementation costs presented in the following section 
are considered representative of order of magnitude costs for both new and 
existing plants. 

Costs implications associated with emergency response teams, commun
ications and data arise from (1) costs associated with selecting and training 
qualified personnel and (2) costs associated with establishing and maintaining 
procedures, communications and plant specific technical data. For purposes of 
estimating costs on a per-reactor basis, it is assumed that the following per
sonnel, in addition to plant operational personnel, would initially be selected 
for training and performing response functions over and above current require
ments for emergency response plans: 

Engineers and scientists 25 @ 1 month/year 
Technicians and off-site support 100 @ 2 weeks/year 
Management 10 9 1 month/year 

The annual cost of such a team is estimated to be $200,000 per plant 
year, or six (6) million over the plant lifetime. 
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Costs associated with communications and technical data would require 
an initial cost for establishment and maintenance costs. Tiese costs are es
timated at approximately two million over the plant lifetime. 

Support emergency equipment would conceptually be stored at one or 
more centralized locations and disseminated as required. Assuming three such 
equipment pools in the U.S. comprised of filters, demineralizers, pumps, piping, 
heat exchangers, respirators, compressors, tanks, containers for contaminated 
material, shielding material, hydrogen recombiners, etc. (reference 13), initial 
set up cost would be expected to be between 20 and 100 million dollars with 
storage and maintenance costs estimated at one million/year. When distributed 
over 100 reactors, each with a thirty year life, costs would be on the order 
of one million dollars/plant. 

Major plant specific costs would arise from need to design and pro
vide piping interties to which emergency equipment could be connected, additional 
protection systems and interlocks and testing and maintenance. Lifetime costs 
are estimated to total approximately 3 million per plant, although wide variance 
would be expected from plant to plant and between new and existing plants. 

Total implementation costs are estimated to be the sum of these 
factors or 12 million dollars per plant in 1976 dollars. 

B-45 



B.35 Reactor Siting 

As discussed by Sandia, remote siting implementation costs &rz 
principally derived from (1) increased transmission losses, (2) increased 
construction costs, and (3) potential long distance transmission of cooling 
water and other factors. Offsetting factors include reduced population ris>., 
reouced social/economic impact, and reduced licensing lead time. Appli
cants for construction permits for nuclear projects generally 
nerforr a fairly rigorous selection process to quantify costs associated with 
alternative sites. Such evaluations are also performed by the Regulatory 
Staff as necessary to fulfill the needs of NEPA and to document that the 
ultimately selected site does not have an "obviously superior" alternative. 

Over plant lifetime, total implementation costs for remote siting 
will, cf course, vary widely from one geographic region to another. The cost 
of transmission lines and transmission line losses over the 30 year project 
lifetime are on the order of S500,000/mile for initial cost and approximate 
U loss per 100 miles of line normalized to our 1?76 data base. Labor cost 
during plant construction, currently about 270 million (references 1 and 2, 
normalized per Section 2.3} could reasonably be exnected to change an ad
ditional 10*, although again regional variations are significant. (Note 
also that craft labor, over 1 million man days/project, averaging even an 
additional 25 miles one way to work in three-man car pcols, would utilize 
an additional million gallons of gasoline durino construction.) 

For the purposes of quantification, on the assumption that a typical 
plant would be sited 100 miles from the optimum location from the standpoint of 
a balance between weighing factors currently applied to siting, implementation 
costs are estimated (considered conservative) to average 100 million/plant. 
Implementation costs, of course, for existing plants are considered meaningless 
in this area. 
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B.16 IMPROVED RISK METHOD UTILIZATION 

Sandia tasks in this area are aimed at quantifying safety goals and 
developing and utilizing risk methodology for design basis and design decisions 
for nuclear power plants. It must be recognized that implementation costs will 
be very dependent upon the ultimate safety goals that are established. In 
the past, regulatory requirements have continued to evolve and escalate with 
minimal attention to balanced risk reduction and cost-effective risk reduction. 
There is no reason to believe that this trend will reverse unless a unifoTn 
mechanistic approach is applied. 

In the unlikely event that safety goals are set lower (higher risk) 
than existing plants can demonstrate, implementation costs for new plants 
would be negative. Existing plants, that are not likely to make expensive 
modifications unless required, would be expected to maintain current margin 
and experience a zero implementation cost. On the other hand, substantially 
higher safety goals would be expected to increase both new and existing plant 
costs. However, a one-time quantification of safety goals would tend to 
minimize the current practice of continual backfit so that even a higher 
safety goal (less risk) could be implemented in a cost-effective manner 
on plants. 

As noted above, the past practice of utilizing deterministic criteria 
for specifying individual system design basis has occasionally been insensitive 
to overall risk reduction. As a result, imposed regulatory requirements, often 
costly, may or may not have been warranted in terms of risk reduction. Uniform 
systematic application of quantitative risk methods to new plant design, 
given a safety goal equivalent to that which current plants meet, will likely 
result in a one-time substantial savings, since dollars currently spent in 
preventing or mitigating very low probability events could be utilized else
where for more substantial risk reduction. 
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In conclusion, without prior quantification Df safety goals and 
quantification of system and component reliability, implementation costs are 
unquantifiable. However, a safety goal that approximates that of existing 
reactors would be expected to stabilize reactor design and licensing and 
would result in a zero or negative implementation cost for new plants. For 
the purpose of quantifying costs, on the assumption that a quantitative safety 
goal approximates that which current plants meet, implementation costs are 
estimated to be less than zero for both new and existing reactors. 
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APPENDIX C 
DESCRIPTION OF LWRSEN COMPUTER CODE 

The LWRSEN computer code was written to calculate the values of 
public risk for light water nuclear reactors using the methodology developed 
in the RSS. The code calculates the sensitivity to changes in the basic 
inputs to the public risk calculation. These sensitivities are then out
put under certain formats depending on the type of sensitivity calculations 
performed. Basically, the three main subroutines, COMP, COMBIN, and ATTR, 
calculate respectively: (1) individual sensitivities; (2) system, generic, 
or combinations of sensitivities; and (3) combinations of sensitivities and 
breakdown by individual components. 

Five basic inputs contribute to risk in this model. First, 
the probability of an accident-initiating event must be assessed. Then, 
then probability of system failure for systems which are needed to mitigate 
the effects of the particular initiating event is required. Given that 
those system failures which lead to core melt for a particular event tree 
are assessed, then the probabilities of containment failures are evaluated 
using models based on the containment conditions of the accident being 
examined. Assuming the containment fails, the consequence to the public 
will be determined by the associated radioactivity release. The consequence 
depends upon two other factors. They are the weather conditions and the 
population density and distribution. The present study assesses the effect 
on public risk from variation of the system failure probabilities. 

The combinations of initiator probability and system failure pro
bability are described by accident event trees. The event trees use system 
failure probabilities as input. These probabilities are determined by a 
reliability (or actually, unreliability) analysis of the system. Fault 
trees are used for system unreliability determination in this analysis. In 
this analysis, only the major parts of the RSS system fault tree analyses 
are retained. 
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The inputs to the system fault tree analysis are a number of 
different types of individual failures. These types of failures are fur
ther classified under generic categories. The category types were chosen 
based on the number of components of that type and the basic reliability 
classifications of failure modes. T.ie PWR analysis contains more generic 
types than the BWR, due to the larger number of components and the higher 
level of detail necessary for the PUR sensitivity analysis. The fault 
tree reductions mentioned above-are also made to fit the chosen generic 
categories. The generic categories for the PWR are human error, test and 
maintenance, electric power, control elements, calves, pumps, other hard
ware, and all hardware. 

With the system failure probabilities, accident event trees, and 
containment failure probabilities, a determination of release category 
probabilities may be made. To translate these values to public risk, the 
RSS developed the Calculation of Reactor Accident Consequences (CRAC) code. 
Median values of the consequences for each release category were used. 
The weather and population data is representative of a northeast river 
valley site. 

The computer code LWRSEN is written to reproduce the above meth
odology for point values of failure probabilities and consequences. The 
code contains three major- routines for different types of sensitivity 
calculations. One routine calculates all the individual sensitivities and 
another calculates all the system and generic sensitivities. The third 
routine is a combination of both of the first two. Basically, the user 
first chooses the type of reactor, the consequence parameter, and the 
multiplicative factors for which the sensitivities are to be calculated. 
Then, the user decides whether to keep the RSS reduced fault trees or 
choose a different set of fault trees. The system failure probability 
equations are input for the method chosen. The code then calculates a 
base case of release category probabilities, consequence parameters, and 
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cure melt probability. The user inputs a set of attributes for each com
ponent and indicates which attributes are to be varied to determine their 
sensitivities. The new system failure probabilities are calculated, fol
lowed by the new values of public risk to compare to the base case values. 

The results obtained from LWRSEN correspond to the data and 
analyses presented in the RSS. Most importantly, the results are specific 
to the representative plants chosen for the RSS. In addition, the risk 
calculations ^re specific to a northeast river valley site and contain the 
approximations of the consequerce code (CRAC) developed in the RSS. never
theless, the results are impcrtant since the general conclusions gleaned 
from a sensitivity study such is this should apply to almost all reactors 
of present design. In addition, the reactors chosen for the RSS were 
typical of many reactors in the U.S. 

There are also differences between the RSS and this study. The 
technique of smoothing is dropped from the analysis of this study in order 
to provide clearer indications of sensitivity. Also, for all calculations 
except the variational or uncertainty analysis, point values rather than 
probabilistic distributions are used. Both of these effects will cnange 
the results obtained if they are included. For example, not including 
smoothing results in about twenty percent less early and latent deaths, 
and about fifty percent less property damage, than the RSS-reported results. 
The reduction is an even greater percentage when point values are used. In 
fact, pcint values have a tendency to underestimate unavailabilities, and 
consequently public risk. For this reason, as well as ease in understand
ing, all results are reported as being normalized by the point value cal
culations. Despite these limitations it is felt that LWRSEN is adequate 
to perform sensitivity analysis. 

More complete documentation of the code is provided in the un
published Master's thesis by W. J. Parkinson entitled "A Sensitivity 
Study of WASH-1400." This was completed in 1979 in the Department of 
Nuclear Engineering at Massachusetts Institute of Technology. 
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