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ABSTRACT 
 
In this paper the problem of high level nuclear waste disposal is viewed as a five-stage, cascaded 
decision problem.  The first four of these decisions having essentially been made, the work of 
recent years has been focused on the fifth stage which concerns specifics of the repository 
design.  The probabilistic performance assessment (PPA) work is viewed as the outcome 
prediction for this stage, and the site characterization work as the information gathering option.  
This brief examination of the proposed Yucca Mountain repository through a decision analysis 
framework resulted in three conclusions:  1) a decision theory approach to the process of 
selecting and characterizing Yucca Mountain would enhance public understanding of the issues 
and solutions to high level waste management; 2) engineered systems are an attractive 
alternative to offset uncertainties in the containment capability of the natural setting and should 
receive greater emphasis in the design of the repository; 3) a strategy of “waste management” 
should be adopted, as opposed to “waste disposal,” as it allows for incremental confirmation 
and confidence building of a permanent solution to the high level waste problem. 
 
KEY WORDS:  Nuclear waste, performance assessment, Yucca Mountain, probability, 
repository, high level waste, risk, engineered barriers 
 
1. INTRODUCTION 

 
Deciding what to do with the high level radioactive waste from commercial nuclear power plants 
and the production of the nation’s military plutonium is a problem in societal decision making.  
It is a decision with which our society is having particular difficulty.  For example, on January 1, 
1998, the U. S. Department of Energy (DOE) was committed to begin receiving disposal 
canisters of spent fuel from nuclear power plants.  The critics (Makhijani and Saleska)1 have 
been outspoken about slipping timetables and escalating costs of a planned high level waste 
repository.  There are breakdowns and disputes from the various regulatory agencies, and there 
are lawsuits by utility companies against the DOE for failing to fulfill this obligation. 
 
What is the problem?  Certainly not lack of effort.  Huge amounts of time, talent, and money 
have been spent in selecting, characterizing, and preparing the Yucca Mountain site, and in 
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designing the specific location and configuration of the repository.  Is it the opposition?  
Opposition from antinuclear, antitechnology, and NIMBY groups has been strong, as expected, 
but not strong enough, we think, to be the deciding factor.  Some people point to a constituency 
with a self-interest in prolonging the project.  Perhaps this is a factor too, but we suspect a minor 
one.  The major underlying factor seems to be the absence of a national will, no sense of urgent 
need to complete this project.  At the present time we have a de facto aboveground retrievable 
storage system which seems to be working well.  What’s the hurry to put it underground? 
 
In the absence of urgency, there are demands for high levels of assurance that the geology of the 
site will contain the waste for extremely long time periods, ranging to millions of years.  In the 
authors’ opinion, it is not practical and not cost effective to provide this assurance. 

 
Given this situation, what is the best thing for us to do now?  For aid in answering this question 
we turn for guidance, in the present paper, to formal decision theory, as set forth, for example, in 
a classic paper by North.2   We hope that this theory can provide us with a framework and 
language that can be useful in communicating about this question, in clarifying where we are 
now in our societal decision process, and in helping us reach a consensus on the actions to be 
taken. 

 
2. THE DECISIONS AT ISSUE 

 
What decisions arise in connection with a high level nuclear waste repository? 
 

1. In building our repository, should we adopt a “permanent disposal,” “fill and 
forget” philosophy, or a “monitor and manage” approach that allows us to maintain control over 
the waste material? 

 
2. Should we store the waste directly in the form of used fuel elements or should we 

separate the troublesome isotopes and perhaps transmute them to a more benign form? 
 
3. Where should we locate this repository? 
 
4. In this repository, should the emphasis be primarily on the geology or on 

engineered barriers, or a combination, to contain the waste? 
 
5. Within the constraints of the above decisions, what should be the specifics of the 

repository design, i.e., depth, location, spacing of waste canisters, etc.? 
 

3. HOW HAVE OTHER COUNTRIES DECIDED ON THESE QUESTIONS? 
 

It appears that the triggering event for adopting a geological solution to the disposal of high level 
waste (HLW) was the same outside the United States as it was inside, namely the 1957 National 
Academy of Sciences’ report, The Disposal of Radioactive Waste on Land3.  This report 
recommended that high level waste be buried in deep underground repositories and suggested 
bedded salt deposits as a likely host rock.  It also appears that no nation, including the United 
States, put forth an overt decision theoretic framework, one that asks “what is the best option” 
for the management and disposal of nuclear waste.  Here, a great opportunity was missed.   
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Rather, it was primarily left up to politicians and regulators to carry the ball on the decision 
making process.  
 
Although geological disposal of HLW appears to be the preference worldwide, the details of the 
approaches between the nations vary considerably.  One thing in common with all nations is that 
the progress has been slow in developing HLW disposal facilities.  No deep HLW repository has 
yet been built4.  The most active HLW programs outside the United States are in Canada, China, 
Finland, France, Germany, Italy, Japan, Russia, Spain, Sweden, and Switzerland.  The 
differences in approach to geological disposal between many of the nations are very apparent.  
Some nations, while committed to a geological environment, are really depending on engineered 
systems to provide the necessary protection.  Canada, Finland, Sweden, Switzerland, and Spain 
are emphasizing engineered containment of the waste.  They plan to dispose of their waste in 
high-integrity containers packed in protective buffer materials in a water-saturated geologic 
medium.  Germany, on the other hand, is seeking salt dome formations in which all the necessary 
protection is provided by the geological setting.  Spain also has some interest in this concept. 
 
Differences in approach to geological disposal are not just as a result of design preferences.  
There are other differences that enter into the decision making process.  These include the final 
form of the HLW, the availability of interim storage, the issue of retrievability, the types of 
geological environment available in the country, and the regulatory process.  With respect to the 
final form of the waste, most of the major non-U.S. nuclear nations are still holding to the 
concept of the closed fuel cycle and are reprocessing nuclear fuel and recycling the actinides.  
Some5 are continuing to study the “separations and transmutation” approach; that is, the idea of 
reprocessing spent fuel, not for the purpose of recovering unused fuel, but for the purpose of 
separating out and concentrating the harmful isotopes so that they may be more effectively 
isolated, stored, or transmuted to benign forms.    Nations in this category are China, France, 
Japan, the United Kingdom, and until recently, Germany.  Most nations are adopting a strategy 
of minimizing the heat load in the natural setting, while the United States is planning to dispose 
of relatively high temperature waste.  Two nations, Sweden and Switzerland, under severe 
pressure from their respective governments, are making the most progress toward geological 
disposal.  Sweden, in particular, has been extremely active in developing encapsulation and 
deep-disposal facilities for spent fuel. 
 
Even though there is strong support among the non-U.S. nations for permanent geologic 
disposal, the approach is not without its detractors.  In Sweden, there have been arguments made 
that it is preferable to leave future generations a maximum choice of options for nuclear waste 
management rather than a permanently sealed repository.  These voices believe no irreversible 
steps toward disposal should be taken yet.  One nation, the Netherlands, has ruled out permanent 
disposal as a national strategy. 
 
The bottom line is that just as there was a missed opportunity in the United States to approach 
the waste decision issue with a systematic and transparent decision theoretic process, so was that 
opportunity missed in non-U.S. countries.  The result has instead been an overreliance on a 
legalistic “speed limit” approach in regulatory thinking that has led to laws that so constrain the 
waste management problem as to give the impression that it cannot be solved.  So in a sense we 
have backed ourselves into a corner from which we must now find a way out.  
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4. WHAT IS THE STATUS OF DECISION MAKING ON THESE QUESTIONS IN 
THE UNITED STATES? 
 

In Section 2 we identified five questions important to solving the nuclear waste problem.  These 
questions have been preempted through legislation.  The Nuclear Waste Policy Act (NWPA) of 
1982 committed the U.S. to geologic isolation as the “final solution” to the disposition of waste 
(Question 1 and to a large extent Question 4).  The Carter Administration announced its decision 
in 1977, “to defer indefinitely the commercial reprocessing and recycling of the plutonium 
produced in the United States nuclear power programs” (Question 2).  The Reagan 
Administration lifted the ban on domestic fuel reprocessing in the early 1980s, but economics, 
increased uranium ore reserves, and a declining nuclear power industry provide too little 
incentive for industry to resume reprocessing.  In 1987 Congress amended the NWPA with the 
Nuclear Waste Policy Amendments Act (NWPAA) that provided for the characterization of only 
one site, Yucca Mountain, Nevada (Question 3). 
 
Thus, the first four of the five decisions named have presumably already been made, and only the 
fifth remains to be worked out.   This situation is depicted in the decision tree diagram of  
Figure 1, where the branches shown for decision node (5) represent the choice of specifics of the 
design of the Yucca Mountain facility, e.g., the exact location, configuration, spacing, etc., of the 
disposal rooms.  In the next section we look more closely at node (5). 

 

 
 

 
Figure 1.  A Five-Stage Decision Tree for Nuclear Waste Disposal 

 
5. THE ANATOMY OF THE DECISION AT NODE (5) 

 
Consider then the structure of the decision problem at node (5) and the role of probabilistic 
performance assessment in that decision.  This structure is shown in Figure 2.   
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Figure 2.  Anatomy of the Decision at Node (5) 
 

At the point of decision in this figure, we face a choice between N decision options.  Each 
option, if we choose it, will have consequences that we group into two categories: “cost” and 
“performance.”  “Performance” itself is broken into two parts:  “basic” performance and 
“episodic” performance.  Basic performance is the performance of the repository without 
consideration of events that are considered episodic.  “Episodic” means incidents such as 
earthquakes, volcanoes, climate changes, and human intrusions. 
 
“Basic” performance is summarized in plots showing, as functions of time, the quantities of 
radiation put into the repository and the quantities released to the geosphere and the biosphere.  
Also parts of basic performance are curves showing the human health effects resulting from 
these releases.  Episodic performance is summarized in the form of the so-called complementary 
cumulative distribution function (CCDF) format which plots the “frequency of exceedance” of 
such events, Φ(D), against the level of resulting damage. 
 
At the point of decision, of course, we do not know exactly what the cost and performance will 
be, since they are in the future, but we do have some knowledge about that. We express this state 
of knowledge by giving a probability curve against cost and by making each performance curve 
a “band” or “family” of curves, as shown in Figure 2, with probability being the parameter of the 
family.  
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The consequences of choosing option 1 are thus summarized by the triplet of probability curves 
<C1, PB

1, PE
1>. Similarly, each option is characterized by its own triplet.  The decision is then 

made by choosing the option that has the most preferable triplet.  In the language of decision 
theory the notion of “preference” is expressed by assigning a “utility” value, U, to each triplet.  
The decision is then to pick that option having the largest utility value.  This formulation of the 
decision problem allows us to separate the “hard” or “physical” science part of the problem, i.e., 
the determination of the probability curves, from the “social” sciences part, which is the 
expression of preference through the utility functions. 
 
6. THE ROLE OF PPA, BAYES’ THEOREM, AND THE “EVIDENCE-BASED” 

APPROACH IN THIS DECISION 
 

The question can now be asked: where do the probability curves illustrated in 
Figure 2 come from?  Producing these curves is the job of probabilistic performance assessment. 
How does PPA do this?  Well, much has been written about that6-10.  The point we would like to 
emphasize, in Figure 3, is that for the output of a PPA to be trustworthy, i.e., useful for decision 
purposes, these curves should be based “on the evidence,” and not on any one’s opinion, 
position, politics, mood, special interests, or wishful thinking. 
 
We therefore show, in Figure 3, the curves being produced by processing the evidence through 
Bayes’ theorem, which is the fundamental mathematical principle governing the evaluation of  

 
 

 
 

Figure 3.  The Role of Probabilistic Performance Assessment and Bayes’ Theorem in 
Decision (5) 

 
evidence.  The value of Bayes’ theorem is that it produces the performance measures totally on 
the basis of the available evidence.  If the available evidence is strong, the theorem will return 
narrow probability curves indicating high confidence.  If the evidence is weak, the curves will be 
broad indicating large uncertainties.  
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When the probability curves are obtained in this way, we call it an “evidence-based” PPA.  
When the decision is made using curves obtained in this way, we call it an “evidence-based” 
decision.  This close coupling of performance measures and evidence that is provided by Bayes’ 
theorem can play a central part in the task of building public confidence since it allows us to “let 
the evidence speak” rather than asking the public to trust the experts.  It also presses the 
opposition to rely more on presenting its evidence, rather than on creating fear. 

 
7. THE “INFORMATION GATHERING” OPTION, AN INNER LOOP 

 
Suppose in Figure 2 that the probability curves are too broad, i.e., the uncertainties are simply 
too great.  We do not feel comfortable making a decision in the face of such broad uncertainties.  
In that case we can create a new option which says “don’t decide now, go get some more 
information and then decide.”  This option is shown in Figure 4.  It has its own costs and risks, 
and as its benefit, generates new evidence.  It forms a kind of “inside loop” in that, if we choose 
this option we get more evidence, which feeds into the PPA, and thus into new probability 
curves, and then we are once again back at the point of decision. 

 
 

 
 

Figure 4.  The Information Gathering Option (Site Characterization) 
 
The site characterization work at Yucca may be thought of as an example of such an information 
gathering loop.  Like any other information gathering effort this one costs time and money.  On 
Yucca Mountain it has been a very expensive effort.  The conclusion that seems to be emerging 
from this effort is that, even for a good site, it is not feasible to “characterize” the underground 
situation sufficiently well to guarantee, to the desired level of confidence, that the geological 
containment will do the job for the desired thousands or millions of years.   The main challenges 
have come from being unable to nail down all flow pathways that exist now or might in the 
future, and that control the water infiltration rates and percolation fluxes, to the repository region 
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and beyond, following mobilization of the wastes.  Besides the evidence, coming from the 
exploratory tunnels and drillings, of more fractures and faults than anticipated, there has been the 
more direct evidence of some bomb-pulse C1-3611, suggesting that some fraction of the water 
infiltrating into the region of the exploratory tunnel arrived during the past 50 years.  The Los 
Alamos radionuclide migration studies at the Nevada Test Site12 have also contributed to the 
uncertainties of the Yucca Mountain region’s containment capability.  These studies are 
presenting evidence that “unexpected” amounts of plutonium have migrated from a particular 
underground nuclear detonation.  While the Nevada Test Site is not Yucca Mountain, there are 
sufficient similarities in the geology to make the findings relevant. 
 
The predicted performance of the Yucca Mountain site, in containing the waste, depends 
strongly on the extent to which the water flow mechanism is “fracture flow” versus “matrix 
flow.”  While it may be possible, theoretically, and at great expense, to “characterize” the degree 
of fracturing in the mountain at the present time, can we have much confidence in predictions of 
what that degree will be many thousands of years in the future? 
 
All this is not to say that Yucca Mountain is not a suitable site.  We think it is.  Indeed, it is close 
to ideal.  What we are saying is that we cannot count on it alone to give us the high degree of 
confidence we want for the eons of time for which we want it.  We are arguing, therefore, for a 
more balanced approach between geologic protection and engineered protection, which brings us 
to the next section. 

 
8. BACKING UP THE DECISION TREE TO NODE (4) 

 
In a decision problem like Figure 4, if we have gone around the inner loop many times and still 
do not feel comfortable choosing one of the given options, then the best thing to do is to invent 
some new options.  This may be thought of as adding an “outer loop” to the decision diagram as 
shown in Figure 5. 

 
 

Figure 5.  Generation of New Options 
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In the case of the repository problem, going around the outer loop may be identified with 
reexamining the earlier four nodes in the decision tree.  So, consider first, node (4).  

 
At this node the question is whether to depend on geological containment or engineered barriers 
for the desired performance.  The best answer here is probably to do both, but perhaps switching 
the emphasis to engineered safety rather than a heavy dependence on safety through natural 
barriers.  That is, suppose we adopted the strategy of designing the engineered barriers to give us 
the confidence we want and then use the natural setting and the attendant geology as additional 
“defense in depth,” but not as the primary containment system.  The thought here is that it may 
be much easier and less expensive to “specify” an engineered waste containment system than to 
“characterize” several cubic kilometers of the Yucca Mountain regional setting.   
 
The engineered system has two primary components, the waste package itself and the engineered 
barrier system.  Other engineering features include the tunnel design, which can impact long 
term performance, and buffer zones in and around the waste package that can deter radionuclide 
mobilization and transport.  The DOE’s reference design for the engineered barriers is illustrated 
in Figure 6. 

 

 
 

Figure 6.  Engineered Barrier System Reference Design 
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Some options under consideration are described in Figure 7. 
 

 
 

 
 

Figure 7.  Engineered Barrier Systems Design Option 
 
The options illustrated include backfill to protect against falling rocks, a drip shield to deflect 
water or corrosive fluids away from the waste package, and corrosion resistant coatings on the 
waste container.   The thermal pulse created by the waste and the response of the geologic 
system will determine the time and location of water intrusion in the vicinity of the waste 
package.  A prudent design philosophy would be to assume that water of varying chemical 
properties would come in contact with the waste package. The idea then would be to design the 
waste package and possible buffer zones to resist any threats from water seepage.  For example, 
it is understood that various corrosion resistant materials have been considered for the inner 
barrier of the waste package and that Alloy C-22 (a high nickel-chromium-molybdenum alloy) 
and titanium are being substituted for the earlier Alloy 625 and before that Alloy 825. 
  
The fact that DOE is considering different barrier materials and even different corrosion models, 
e.g., crevice corrosion versus pitting, indicates that tradeoff decisions are being made based on 
such evidence as expert elicitation and special studies.  What would greatly facilitate public 
understanding would be a decision-based presentation of the type of Figure 2.  Such an approach 
would provide a framework for trading off different repository environments, such as the thermal 
pulse and chemical properties of water, with different barrier materials, design configurations 
(natural and engineered), corrosion models (crevice corrosion versus pitting), and corrosion 
products.  The calculated performance measures, their uncertainties, and the supporting evidence 
would be made visible.  Such a presentation could greatly facilitate confidence in the results. 
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To be sure, all of the above analyses are expected to be a part of DOE’s total system 
performance assessments currently being developed for the viability assessment and later for the 
license application.  The point being made here is the advantage of structuring these analyses in a 
decision theory format to build public confidence. 
 
9. BACKING UP FURTHER 

 
Suppose we don’t succeed at node (4) in designing engineered barriers that give us sufficient 
confidence.  Or suppose they are too expensive.  It makes sense then to move still further up the 
decision tree of Figure 1.  At node (3) we again consider sites other than Yucca Mountain.  That 
does not seem promising.  Other sites in the United States will likely be worse in performance, 
and may elicit even more local opposition.  Disposing in deep ocean mudflats, as suggested by 
Hollister and Nadis13 has appeal technically, but would surely provoke international disputes.  
Subseabed disposal is prohibited by an international treaty with 100 plus signatories. 
 
How about node (2)?  Reopening Question 2 has some appeal in terms of preserving valuable 
resources and better defining and controlling the final waste form.  The problems with 
reprocessing and transmutation are now partly economic and partly psychological because of a 
bad case, especially in the United States, of the “fear anything nuclear” syndrome among a large 
segment of society.   

 
Perhaps the most productive place to look is at the first point of decision, node (1), on Figure 1.  
The root flaw of the current approach to how we should dispose of nuclear waste is not so much 
related to the role of geologic repositories; we happen to think they are a good idea in the spirit 
of defense in depth, but to the interpretation given to the concept of “disposal.”  The current 
interpretation is “permanent disposal.”  This concept is inherently difficult to demonstrate with 
the kind of confidence we would like to have.  Perhaps the best thing to do, then, is to give up the 
mindset of permanent disposal.  This simple change in our perspective may change the problem 
from an unsolvable one to a clearly solvable one.  We give up the “waste disposal” concept and 
replace it with a “waste management” concept.  In fact, isn’t this really the way we have solved 
the problem for other wastes?  Under this concept we do not “fill and forget” the waste and hope 
everything turns out okay.  Instead, we put waste in a place (say Yucca Mountain) where we can 
keep an eye on it, reclaim it if that becomes appropriate, implement separations and 
transmutation if advantageous, observe the performance of the tunnels and engineered barriers, 
deal with unanticipated situations, and generally stay in control.  We can even, later on, close up 
the mountain if new knowledge, new generations of people, and new confidence make that a 
desirable thing to do.   
 
At a recent workshop on waste management14, even the Tribal Nations are advocating the 
concept of continuous control of the waste.  The Swedish view may be the correct view, that it is 
preferable to leave future generations a maximum choice of options for nuclear waste.  The 
Netherlands too, may be showing the way to a rational solution, that of waste management, by 
ruling out permanent disposal as a national strategy.   
 
In the context of this “broader view” of the waste issue there would even appear to be answers to 
some of the dilemmas discussed by the Nuclear Waste Technical Review Board15.  For example, 
a system of waste management could be conceived that maximizes the benefits from the work to 
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date on Yucca Mountain by making Yucca Mountain an essential component of the waste 
management system, not the end in itself.  Perhaps, a change in thinking that makes Yucca 
Mountain an “open” storage facility in concert with an interim storage capability that allows for 
better control of what actually goes into the mountain might be the basis for an acceptable 
system for managing high-level waste.  Such an approach would protect all the options for the 
future disposition of the waste while “solving the waste problem” through management, not 
disposal.  One of the worries of the Nuclear Waste Technical Review Board is that consideration 
of a centralized storage facility as an interim location for nuclear waste at this time “could 
adversely affect the progress and credibility of the nation’s disposal efforts….”  This worry 
would be eased with the concept of an overall waste management system. 
 
The point, and really the point of this paper, is that the waste disposal problem should be openly 
formulated as a five-stage decision problem, Figure 1, and that the options at nodes (4), (3), (2) 
and especially (1) should be reopened and reconsidered.   The result just might be a total HLW 
management system sooner rather than later. 

 
10. SUMMARY AND CONCLUSION 

 
Using the language and diagrams of decision theory, we have presented a way of viewing where 
we stand in the process of decision making on the Yucca Mountain nuclear waste repository.  
Given that four major decisions have already been made, i.e., given that the philosophy of 
permanent disposal and geologic isolation has been adopted, along with the absence of such 
alternatives as separations and transmutation,  given that the site has been selected,  and the 
emphasis placed on geological containment, we viewed the only remaining decision as limited to 
selecting the specific design of the repository, and hoping that site characterization work would 
show that all the “givens” were the right decisions.  
 
 Within this framework we viewed the site characterization and performance assessment 
activities as an inner loop corresponding to the “information gathering” option within the 
decision tree.  Anticipating that these activities might not provide the desired confidence in 
geologic containment for the desired length of time, we saw the need to “back up” in the decision 
tree and reconsider some of the earlier “givens.”    In particular, we called attention to the 
attractive option of depending on engineered barriers for long term containment and using the 
geology as defense in depth. 
 
Recognizing that this option may also not be received favorably, we suggested that it might be 
worth reconsidering the other three “givens.”   In particular, we suggested that the “waste 
disposal” approach should be replaced by a “waste management” approach, which leaves us in 
control.  This approach may break the “paralysis of analysis” syndrome and allow us to move 
forward in a productive and relatively economical way. 
 
In conclusion then, this paper has attempted to articulate three primary messages concerning the 
proposed Yucca Mountain high level radioactive waste repository:  
 

1. A formal, explicit use of decision theory, along with probabilistic performance 
assessment, offers a logical framework for exposing the various “points of decision” in the 
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decision making process, the alternatives and evidence considered, including a quantification of 
uncertainties, and the extent to which the whole process is based on total systems thinking.  The 
suggested framework provides a clear view into how decisions are made and, properly 
employed, it can greatly facilitate public understanding of solutions to nuclear waste 
management. 

 
2. Propelled by the National Academy of Sciences’ recommendation to bury high level 

waste in deep underground repositories (1957) and the two waste acts and one energy act of 
1982, 1987, and 1992, respectively, the nation’s high level waste effort put the primary emphasis 
on geological rather than engineered solutions to isolating the waste from biological systems.  
Yucca Mountain offers many attractive characteristics to be the primary component of a total 
waste management system.  Nevertheless, based on the difficulty and expense of 
“characterizing” the natural setting of not just Yucca Mountain, but any site, the authors 
advocate a much greater, more balanced role for engineered systems in the containment of high 
level waste.  We believe the demonstrated difficulties of characterizing the natural setting to 
support quantitative performance assessment is the most important lesson learned from the 
Yucca Mountain characterization program. 

 
In addition, based on the above acts, the effort adopted a “disposal” or “fill and forget” 
philosophy towards high level waste.  The authors argue that a strategy of waste management,” 
as opposed to “waste disposal” allows for incremental confirmation and confidence building of a 
permanent solution to the high level waste problem based on science, engineering, and direct 
monitoring and observation. 
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