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Executive Summary

DOE is currently considering a wide range of alternatves for disposition of excess weapon
plutonium, including using plutonium in mixed oxide fuel for light water reactors (LWRs).
Lawrence Livermore National Laboratory (LLNL) has been tasked to assist DOE in its
efforts to develop a decision process and criteria for evaluatng the technologies and
reactor designs that have been proposed for the fission dispositon alternative.

This report outlines an approach for establishing such a decision process and selecton
criteria. The approach includes the capability to address muitiple, sometumes conflicting,
objectives, and to incorporate the impact of uncertainty. The approach has a firm
theoretical foundation and similar approaches have been used successfully by private
industry, DOE, and other government agencies to support and document complex, high
impact technology choice decisions. Because of their similarity and relatvely simple
technology, this report focuses on three light water reactors studied in Phase I of the DOE
Plutonium Disposition Study. The decision process can be extended to allow evaluatuon
of other reactor technologies and disposition options such as direct disposal and
retrievable storage.

The model can be used to identfy ranges of parameter values that lead to selection of a
particular reactor. If desired, one output of the model could be a single figure of merit for
each reactor that can be used for direct comparison of reactor technologies. However, as
with all analytical tools, the most important results are qualitatve rather than quantitative
results. Furthermore, the model will indicate the relative sensitvity of a particular reactor
technology choice to each of the input variables.

The approach has been implemented as an electronic spreadsheet model to illustrate the
technique. The reader is encouraged to examine and experiment with the spreadsheet
model in order to gain a better understanding ot the assumpuons underlying the
computations. At the current stage, the model is intended to illustrate the approach,
rather than to provide a final assessment. It is planned that the model will be refined and
expanded to include other disposition options, selection criteria, cost and performance
data, and sources of uncertainty.
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1.0 Background

DOE is currently considering a wide range of alternatives for dispositon of excess weapon
plutonium, including use in mixed oxide (MOX) reactor fuel. Phase I of the DOE
Plutonium Disposition Study considered three light water reactor (LWR) designs for
possible implementation of the LWR disposition opton: (1)a boiling water reactor
designed by General Electric Corp. (GE-ABWR), (2) a pressurized water reactor designed
by Westinghouse Corp. (W-AP600), and (3) a pressurized water reactor designed by Asea
Brown Bovari/Combustion Engineering Corp. (ABB/CE-System 80+). Additional
options that are being studied include a modular high temperature gas-cooled reactor
(MHTGR) designed by General Atomics Corp., which uses PuO; spherical parucle fuel,
and an advanced liquid metal reactor (ALMR) designed by General Electric Corp., which
recycles a U-Pu-Zr alloy fuel that is being developed by Argonne Natonal Laboratory.
The heavy water CANDU-type reactor is now also being considered as an option.

Lawrence Livermore National Laboratory (LLNL) has been tasked with assisting DOE in
its efforts to develop a process and criteria for evaluating these reactor designs for the
fission alternative. LLNL's task statement is as follows:

...assistance to DOE in defining and structuring alternatives, defining the
objectives and criteria, assessing the tradeoffs, developing a method of
combining attributes and assessing the impact of uncertainties, calculatng
the value of reducing uncertainties, and structuring the presentation of
results. Nonproliferation, environment, safety and health, and economic
and technical risks shall be included in these criteria. The resultant process
should enable DOE to perform a comparative assessment of reactor
disposition alternatives.

This report describes initial efforts to develop a decision process and selection criteria for
reactor disposition of plutonium. A model that illustrates the techniques for assessing
three LWR technologies is presented. This model accounts for uncertainty as well as the
presence of multiple, sometimes conflicting, objectives. The model can be used to identify
ranges of parameter values that lead to selection of a particular reactor. These ranges
could be depicted graphically as shown below in Figure 1.1. Presentation of results in this
form is particularly important in the absence of a single decision maker. It also reduces
the need to identfy specific values for parameters in the model. If desired. one output of
the model! could be a single figure of merit for each reactor that can be used for
comparisons. As with all analytical tools, the most important results are qualitative rather
than quantitative resulits.
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Capacity tactor

reactor 1

reactor 3

reactor 2

Probability of licensing delay

Figure 1.1 Examples of ranges of parameter values leading to different preferred reactors

The discussion and model are intended to be used for illustraton of the methods, rather
than to make a final assessment. The model will be expanded and refined to meet the
needs of DOE, and to reflect additional input from national laboratories, reactor vendors,

and other experts, where appropriate.

Section 2 describes the alternatives, uncertainties, objectives, and measures that have been
included in a demonstration model developed to illustrate the approach. Section 3
presents a more detailed description of methods used to resolve conflicting objectives and
to represent attitudes towards risk. Section 4 describes how to represent results in terms
of ranges of parameters. Section 5 summarizes the analysis at the current stage.
Appendix A provides a list of references describing applicatons of the techniques
presented here. Appendix B describes equations used by the model to fit uulity functons.
Finally, Appendix C is a print out of the spreadsheet model.

2.0 Decision Model for Assessment of Reactor Alternatives

This section describes alternatives, uncertainties, objectives, and measures that have been
included in a demonstration model for evaluation of plutonium disposition alternatives.
An evaluation of three LWR disposition alternatives is used to illustrate the method,
although the model could be expanded to include non-LWR and non-reactor disposition

opudons.

The demonstration model has been implemented on a commercial electronic spreadsheet
software package (Excel™, by Microsoft Corp.) to illustrate the calculations. The model
and its associated data are not intended to represent a final assessment, but rather to
demonstrate the approach. It is andcipated that the model and data will be revised
substantially to meet the needs of DOE, and to reflect additional input from the national
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laboratories, vendors, and others as deemed appropriate by DOE. Portions of the
spreadsheet model are shown in Appendices B and C.

The general structure of the model is depicted below in Figure 2.1. At the end of each
branch in the figure, there are four measures of objectives. Alternatves, uncertaintes,
objectives, and measures are described in the following sectons. In addition, the
spreadsheet model includes extensive labeling and variable definitions to facilitate
understanding by persons familiar with electronic spreadsheet packages. Cost and
performance data currently in the model are for illustration purposes only.

Licensing
delay (yr)

" Construction Capacity
GE " delay (yr) factor (%)

( Measures (for each branch)
W -
CC ’/_ ’f_ Costs Stockpile Net Pu  Discharge
\‘\_ ) \\_ N MT-yr fissioned MWd/MT

ABB/CE

Figure 2.1 Alternatives, chance events, and measures in demonstration model

2.1 Alternatives

Decision makers select from among alternatives (e.g., a particular reactor design or
deployment strategy) in a manner that furthers some objective, or set of objectves. As
shown in Figure 2.1, three reactor options are included in this demonstration model: 1)
GE-ABWR, 2) W-AP600, and 3) ABB/CE System 80+. Base case technical
specifications for each reactor type include the net electrical output, years required to
license, years required to construct, construction cost stream, operations and maintenance
(O&M) cost stream, electricity revenues, base case plutonium processing capability in MT
plutonium per year, and core inventory of plutonium. If these base case technical
parameters are changed, the model automatcally updates the calculatons and generates a

new result.

2.2 Uncertainties
Uncertainties regarding licensing delays, construction delays, and performance are

included in the model. These uncertainties are indicated in Figure 2.1 as circles with three
branches emanating to the right (an ellipse ( ... ) at the end of a branch indicates that the
tree structure is the same as that shown in the middle branch of the figure). For example,
possible licensing delays are represented as three possible outcomes to approximate the
continuous probability distribution associated with the actual delay. As shown in Figure
2.2 below, probabilities are assigned to each branch of a chance node (note that they must

sum to one).
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10 yr delay

5 yr delay

no delay

Figure 2.2 Example chance node for licensing delay

Additional branches may be added to reflect the desired level of precision, and associated
probabilities can be specified independently for each reactor. The effect of a licensing
delay is to delay all cash flows for that particular reactor alternative, and to delay

processing of the stockpile.

Possible construction delays are also represented as three possible outcomes and
associated probabilities that can be specified independently for each reactor. Construction
delays are assumed to occur at the midpoint of the construction schedule. The etfect of
the construction delay is to defer cash flows after the delay point, and to delay plutonium

disposition.

Variations in performance are represented as three possible reactor capacity factors (i.e.,
fraction of time that the reactor is operating at its design output) and associated
probabilities. The capacity factor determines the rate at which the excess plutonium
stockpile is depleted, as well as the amount of revenue generated by electricity sales each
year of operation.

2.3 Objectives and measures

The approach compares disposition alternatives by evaluating the benefits they contribute
to various objectives. Examples of objectives are 1o "minimize costs" or "minimize
environmental risks." The objectives identfied in the plutonium disposition problem
include minimizing nonproliferation, safety, environmental, economic, and technical risks.
Some nonproliferation, safety, and environmental risks might be represented as thresholds
in such a way that a disposition alternative is not considered unless a certain threshold is

met.

A set of antributes are developed to indicate the degree to which the different reactor
types meet each objective. Example atributes may be cost or release to the environment.
Measures are used to quantify the attributes, such as "net present cost in dollars” or
"radioactive material released to the environment.” In the plutonium disposition exampie
analysis, there is a one-to-one correspondence between attributes and measures.

The four measures included in the demonstraton model are as follows: 1) net present
value of construction and net operating costs, 2) integral of excess weapon plutonium
stockpile over time (metric ton-years of stockpile), 3) net percentage of plutonium from
stockpile that is destroyed, and 4) radioactivity, measured by fuel exposure in megawatt
days per metric ton (MT) of inital heavy metal MWd/MTIHM).
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The first measure has an economic basis. while the others are intended to primarily address
nonproliferation, environmental, and safety impacts. The second measure. metric ton-
years (MT-yr) of stockpile. is related to the general objectve of processing the plutonium
in the stockpile as rapidly as possible. The third atmibute. fraction of plutonium fissioned.
also addresses the nonproliferation objective in that a higher fraction fissioned reduces the
amount of plutonium available for theft in the spent fuel. or plutonium that must be
disposed of in a repository. Finally, the fuel exposure measure is a proxy for the radiaton
field generated by spent fuel elements. A higher radiadon field would create greater safety
and environmental risks, but may make it more difficuit to steal. It may be possible to
incorporate this consideraton as a threshold instead.

The objectives and measures described above are intended to illustrate the process rather
that to represent a final assessment. They will be expanded and modified as needed to
meet the needs of DOE. Detailed calculatons of these measures are described below.

2.3.1 Cost calculations
Construction cost streams. O&M costs, and electricity prices are inputs required by the
model. The present value of the series of annual construction costs are computed as one
component of the total cost. The present value of annual O&M costs are also computed.
Finally, the plant capacity factor is used to compute the present value of revenues from
electric power sales. The present value calculations for all cost streams are adjusted to
account for licensing and construction delays. The discount rate used to calculate net
present values is a variable that can be specified in the model. These three cost
components are then summed to obtain total life cycle cost. This total cost is the first

measure.

2.3.2 Stockpile MT-yr
Stockpile MT-yr is computed by integrating the stockpile profile over time. The stockpile
profile is illustrated below in Figure 2.3.

MT plutonium

C time (yr)

Figure 2.3 Stockpile as measured in MT-yr
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As indicated in the figure. the stockpile of excess weapon piutonium remains at a constant
level until point A, where the inital load of MOX fuel is charged to the reactor. The
stockpile is reduced with each successive tuel load to generate the stair step pattern in the
figure. The dashed line segment BC in the figure is used as an approximation in the
model. The siope of the dashed line is determined by muitiplying the base case plutonium
processing rate by the ratio of the actual capacity factor to the base case capacity factor.
If desired, additional detail can be included at a later date to model the etfect of
conversion of weapons pits to feed material for fuel element fabrication.

2.3.3 Net plutonium destruction and fuel exposure
The last two measures, net plutonium destruction and fuel exposure, are entered directly

into the model. These values vary among reactor types and thus are means of
discriminating among them.

2.4 Describing the consequences of selecting each aiternative

Selection of a reactor alternative leads to consequences that are quantified in terms of each
of the four measures described above. Because of the presence of chance events, the
consequences of choosing a particular alternative may be uncertain. If a probability
distribution over the possible outcomes of a chance event is specified (e.g., the probability
of a licensing delay of n years), then a probability dismibution over the consequences can
be determined. Integration over the possible outcomes will yield the expected value of the
consequence of selecting an alternative.

Calculation of the expected value of measures associated with a selection of a reactor
alternative can be illustrated using the simplified example in Figure 2.4. |

reactor decision  licensing delay netcost (S billion) Stockpile MT-vr
10 yr delay 6 4000

reactor | no delay 1 2500
1 yr delay

reactor 2 3 2300

no delay 2 2100

Figure 2.4 Graphical illustraton of the decision problem

In Figure 2.4, the chance event is a licensing delay. As shown in the figure. the probability
distribution over licensing delay depends upon which reactor is selected (different
probability distributions over licensing delay may reflect different states of technology
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maturity). For example, if reactor 1 is chosen. then the first of the two possible outcomes
of the licensing delay chance event is realized with probability 0.1 and the second of the
two possible outcomes is realized with probability 0.9. The expected values of cost and
MT-yr stockpile can be calculated for each reactor in the example, as shown below.

Reactor 1 expected value(net cost) = 0.1(6) + 0.9(1) = $1.5 billion
Reactor 2 expected value(net cost) = 0.5(3) +0.5(2) = $2.5 billion

Reactor 1 expected value(MT-yr) = 0.1(4000) + 0.9(2500) = 2650 MT-vyr
Reactor 2 expected value(MT-yr) = 0.5(2300) + 0.5(2100) = 2200 MT-yr

Expected values for all four measures are calculated in the same manner in the
demonstration model.

Note that reactor 1 is preferred on the basis of expected cost. while reactor 2 is preferred
on the basis of expected MT-vr of stockpile. If the overall preferred reactor is not obvious
and if further refinement is desired. the techniques of udlity theory may be employed to
assist in the decision process. These techniques and their application are discussed in
Section 3.

3.0 Attitudes Towards Risk and Conflicting Objectives

This section shows how a preference model can be developed that addresses the
complexities introduced by uncertainty and by multiple attributes. The model includes two
types of preference assessments: (1) preferences that reflect tradeoffs between attributes
and (2) preferences for accepting risks. The resuiting model can be used to obtain a final
figure of merit for each reactor alternative. It can also be used to identify ranges of
parameter values that lead to a particular reactor choice, as discussed in Secuon 4. This
capability is particularly important in the absence of a decision maker.

3.1 Modeling tradeoffs between attributes

The first type of preference assessment is to determine the relative importance of different
attributes. When more than one attribute is involved, it is not possible to directly compare
outcomes unless one alternative is superior with respect to all measures. A means of
combining measures into a single figure of merit is needed. This figure of merit, called a
multiattribute utility function, can be derived from the answers to tradeoff questions
regarding pairs of attributes. One example of such a tradeoff question 1s as follows:

? 2,000

In this tradeoff question, a decision maker is presented with two hypothetical reactor
options as shown above. Reactor 1 costs $1.5 billion and involves 3,000 MT-yr of
stockpile. Reactor 2 involves only 2,000 MT-yr of stockpile. and is more desirable than
Reactor 1 in this regard. The cost of Reactor 2 is not specified a priori. A decision
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maker would be asked to provide a cost for Reactor 2 such that he or she is indifferent
between Reactors 1 and 2. For example, if the decision maker specified a value of $2
billion for Reactor 2, this would imply that the decision maker 1s wiiling to pay an
additional $0.5 billion to reduce the MT-vr of stockpile from 3.000 to 2.000. Note that
this does not imply that a 1,000 MT-yr stockpiie decrease 1s worth $500 rmuilion 1n all
circumstances because this tradeoff may not be valid for the enure range of an attribute.

Other forms of questions, such as lottery questions. can also be used to elicit the tradeoffs.
The decision maker's responses to these tradeoff questons can be used to derive
coefficients in an expression that combines the single atribute unlity functions (described
in Section 3.2) to form a muldartribute utility functon. The simplest form of a
multattribute utility function is the additive form shown below:

additive multiatribute utility functon: kyuj(my) + Kaua(ma) + kzuz(ma) . .

where the coefficients k; are computed based upon the responses to the tradeoff questons,
the functions u; are the utility functions (see secuon 3.2), and the vanables m; are the
measure levels of the objective. In its simplest implementaton the utility funcuon is equal
to the measure level. The ratos of the coefficients (k;) represent the decision maker's

tradeoff between attributes.

The additive utlity function assumes that the wradeoffs between attributes is constant over
the entire range. This assumption may not hold in all cases. For example, two attributes
may be complements (e.g., coffee and sugar, right and left shoes). In this case. having
more of one attribute is not valuable uniess there is a corresponding increase in the other.
Nonadditive functional forms are needed to represent these types of preferences. For
example, a product form (e.g., u;(m;)uy(my)) is needed if attribute j is complementary to
attribute k. The product form rcﬂccts complementary artributes because it is 1.0 only if
both attribute j and attribute k are at their best levels, and is 0 if one of the attributes 1s at
its worst level. A commonly used form for nonadditive multiattribute utility functons that

allows modeling such preference patterns is shown below:

I“I[l-i-kkiui(mi)]—l

1=]

multiplicative muldattribute udlity functon: "

For discussion purposes, an additive form for the multiauribute utility function is assumed.
The four coefficients, k, through k4, are computed by solving four simuitaneous linear
equations constructed using responses to three tradeoff questions and a normalization

condition. Their solution is illustrated in Appendix B.

3.2 Modeling attitudes toward risk

As discussed in Section 2, the outcomes from selecting a partcular reactor alternative can
be uncertain. In some cases, a decision maker may simply prefer the alternative with the
greatest expected value. This is frequently true when there is little or no possibility of
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severely undesirable outcomes. But. one needs to recognize that in other cases one
possible outcome represents such a severe consequence (or such a great opportunity) that
a prudent decision maker would try to avoid it (or seek it out) even though it has a small
probability of occurring. Such attitudes cannot be formaily represented by a linear
function of the measure (e.g., simply using the expected value of the measure).
Fortunately, for a very broad range of situations, this behavior can be modeled by a simple
function of the measure itself. These functions can reflect a number of different preterence

patterns.

In the presence of uncertainty, decision makers may exhibit risk averse, risk prone. or risk
neutral preference patterns. These preference patterns can be illustrated by considering a
chance node with two equally probable outcomes: one outcome results in 4,000 MT-yr of
stockpile and the second outcome resuits in 2,000 MT-yr of stockpile. This chance node
is show below in Figure 3.1. The chance node could be viewed as a lottery over

outcomes.

licensing delay  MT-vr stockpile
10 yr delay 4,000

no delay 2.000

Figure 3.1 Chance node with two MT-yr stockpile outcomes

The expected value of the outcome of this lottery is 3,000 MT-yr of stockpile. Now,
consider a decision maker who is given the choice of either accepting this uncertain
lottery, or implementing an option with a known (i.e., certain) number of MT-yr of
stockpile. In comparing the lottery and the known outcome, the decision maker could
prefer the lottery, prefer the known outcome. or be indifferent between the lottery and
known outcome. Three types of behavior are possible:

1) The decision maker prefers a known outcome greater than 3,000 MT-yr of
stockpile over a lottery with an expected value of 3,000 MT-yr of stockpile.
This is an example of risk averse behavior. The decision maker is willing to
accept an outcome worse than the expected value of the lottery in order to
avoid the risk of the 4,000 MT-yr bad outcome in the lottery.

2) The decision maker prefers a lottery with an expected value of 3,000 MT-yr of
stockpile over a known outcome of less than 3.000 MT-yr of stockpile in the
hope of achieving the 2.000 MT-yr outcome. This is an example of risk prone
behavior, in which the decision maker prefers the lottery because it offers the
possibility of an outcome which is better than the known outcome.

-10-
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3) The decision maker is indifferent between a known outcome of 3,000 MT-yr of
stockpile and a lottery with an expected value of 3.000 MT-vr of stockpile.
This is an example of risk neutral behavior.

Such risk preferences can be calibrated by making a senies of comparisons between
lotteries and known outcomes. Using these comparisons. a funcuon can be deveioped that
essentially transforms the original measure to reflect the atutudes toward risk. These
functions are called utility functions. When the uality funcuon is properly calibrated, the
alternative with the highest expected uality is preferred. (They are scaled so that the value
corresponding to the most desirable outcome is 1.0, and the value corresponding to the
least desirable outcome is 0.0.) Udlity functons illustrating the three types of risk
behavior described above are shown in Figures 3.2a. 3.2b, and 3.2c.

utility] ?

i 08
06 |
0.4 |
0.2
04 |
1500 3000 4500 |
stockpile MT-yr

Figure 3.2a Utility function with risk averse behavior pattern

utility]

0.8
0.6
0.4
02
04 -+
1500 3000 4500
stockpile MT-yr

Figure 3.2b Utility function with risk prone behavior pattern

-11-
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utility‘

08 +
06 +
04 +
02 +
04
1500 3000 4500

stockpile MT-yr

|
|

Figure 3.2c Utility function with risk neutrai behavior pattern

Note that the risk averse behavior pattern. illustrated in Figure 3.2a, shows that the
objective is satisfied to a large extent by relatively small improvements over the worst
possible outcome. The opposite behavior is illustrated in the risk prone pattern illustrated
in Figure 3.2b, whereas the risk neurrality pattern shown in Figure 3.2c indicates that each
MT-yr of stockpile decrease provides the same amount of satisfaction.

To further illustrate the manner in which utility functions capture risk preferences,
consider the MT-yr of stockpile measures for the reactor alternative shown in Figure 3.1.
As shown previously, the expected value for the reactor alternauve is 3000 MT-yr of
stockpile. If decisions were made solely on the basis of this expected value, one would be
indifferent between this reactor and a second reactor that results in 3000 MT-yr with
certainty. However, the variation in outcomes is higher for the first reactor. Intuitvely,
one would expect that under a risk averse behavior pattern, reactor 2 would be preferred
to reactor 1. The utility function depicted in Figure 3.2a models this behavior. Using this
utility function, the expected utilities of the two reactor alternatves are calculated below.

Reactor 1 expected value(utility) = 0.5(0.4) + 0.5(0.98) = 0.69
Reactor 2 expected value(utility) = 1.0(0.91) =0.91

This calculation illustrates that if a utility function with a risk averse behavior pattern is
used for decision making, then the superior risk characteristics of the second reactor
alternative is recognized by the model.

In this demonstration model, a utility function is included for each of the four atmbutes.
The function can be used to fit responses reflecting any of the three types of preference
patterns illustrated above, as well as sigmoid, or "s-shaped" preference patterns in which a
decision maker is risk averse in one region of the curve and risk prone in another region.
This functional form is needed to represent threshold effects. where little benefit is gained
by increasing the measure untl a threshold is crossed, at which point most of the benefit is

realized.

-12-
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These utility functions are derived from answers to three iottery questions regarding the
outcomes for an attribute measure. A functon is then fit to two of the responses (lottery
questions and functon fitting logic is inciuded in the spreadsheet model). The third
response provides a consistency check to the functonai fit. Responses to lottery questons
are entered into cells in the spreadsheet. and all results are updated automadgcally. In the
absence of a single decision maker to specify responses to lottery questons, results can be
presented as a range of responses that lead to selection of a particular alternauve.

3.3 Ranking the alternatives
The muitiattribute utility functon provides an overall figure of merit for each combinaton

of alternative selection and chance events. Using the probability distributons assigned to
each chance event, the expected utility of the consequences of selecting a particular
alternative can be computed. For example, the expected uality (EU) associated with
reactor 1 in Figure 2.4 can be computed as follows:

EU(reactor 1) = 0.1*(kyuy($6)+k>u»(4000 MT-yr)) + 0.9*(kyu($1)+kou2(2000 MT-y))

Using the utility function shown in Figure 3.2a for MT-vr of stockpile, the uality u»(4000
MT-yr) is equal to 0.4 and the utility u»(2000 MT-yt) is equal to 0.98. Assuming that the
utilities for cost are uy($6)=0.25 and u($1)=0.8, and the radeoff coefficients are k;=0.55
and k,=0.45, the expected utility can be computed as follows:

EU(reactor 1) = 0.1*(0.55%0.25+0.45%0.4) + 0.9*(0.55*0.8+0.45*0.98)=0.82

Expected utilities are computed in this manner for each alternative. The multattribute
utility function is defined so that the aiternative with the highest expected uulity is the
preferred alternative for implementaton.

The procedures described above have been developed. documented, and used for a wide
range of decision problems, including a number of problems related to nuclear technology
choice. The theoretical basis for multiattribute utlity theory is described in Keeney and
Raiffa (1976). A list of references describing applications is included in Appendix A.

In the demonstration model, tradeoff questions with respect to different auribute measures
are used to establish the relative importance of achievement on different attributes. The
tradeoff responses are entered into cells in the spreadsheet, coefficients are computed, and
results are updated by the model. The overail artribute for each aiternative and
combination of chance events is computed using these coefficients and the four attribute
measures. Calculation of the utlity functons is discussed in more detail in Appendix B.

4.0 Sensitivity Analysis

Sensitivity analysis can be performed to determine which parameter variations have
significant impact on the choice among alternatives. Sensitivity with respect to the
tradeoff values assigned to measures, probabilities assigned to chance events. and basic
technology data can be assessed. For example, the model could determine the sensiavity
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of the optimal reactor alternative to the relative magnitudes of the tradeoff coetficients k,
and k,. If cost were deemed to be less important. then the coefficients shown in the
previous example might be changed to k;=0.3 and k,=0.7 and the expected uulity of
reactor 1 would change to 0.87. This illustrates that the expected utlity of reactor 1 is
relatively insensitive to the radeoff coefficients. Other reactors may be more sensitive t0
these parameters, and their utility values could change enough to make one of them the

preferred alternative.

Sensitivity analysis can also be used to identify ranges of parameter values that lead to a
particular reactor choice. Results could be presented in a number of different formats.
One possible graphical format for presentation is to display regions of parameter space
that correspond to selection of particular alternatives. For example, the sensiuvity with
respect to the assessed tradeoffs for three artributes might be presented graphically as

follows:

reactor 1

kl / k2 ratio

reactor 3

k_/k_ratio
2’ 3
Figure 4.1 Sensitivity of reactor choice with respect to tradeoff coefficient ratios

As indicated in the figure, alternative 1 is preferred if the ratio of the coefficients ky/kj is
high and the ratio of the coefficients ko/k3 is low. In this region, these ratios imply that
attribute 1 is more important than attribute 2 and attribute 2 is less important than
attribute 3. Alternatives 2 or 3 are preferred if the two coefficient ratos are assume other
values. Similar graphs could be constructed for chance event probabilities and technology
data, as illustrated below in Figure 4.2.
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Prob(licensing delay)

reactor 2

reactor 1

0.0

0.0 Prob(low capacity factor)

Figure 4.2 Range of licensing delay probabilities that lead to selection of reactor 1

As indicated in the figure, reactor 1 is preferred if the probabilities of a licensing delay and
a low capacity factor for that reactor are low. The second-best reactor, Reactor 2,
becomes the preferred alternative if either of these probabilities are high. A range analysis
coulid then be performed on Reactor 2.

In addition, the value of further R&D efforts to reduce or remove uncertainty can be
ascertained with this methodology. For exampie, the model can determine the value of
conducting a detailed study on licensing delay that would remove uncertainty with regard
to this issue. It can specifically answer questions about how much a study is worth and
how perfect information about licensing delay would change the optimal reactor choice.
This would place an upper bound on the value of a licensing study since the results of the
study would likely be something less than perfect information that removed all uncerainty.
The technique is illustrated in Raiffa [1968] and Winston {1987].

5.0 Summary and Conclusions

A model has been developed to illustrate an approach for establishing a decision process
and selection criteria for evaluating reactor options for plutonium disposition. The model
has been implemented on an electronic spreadsheet package so that the calculations can be
. readily observed. The reader is encouraged to examine and experiment with the
spreadsheet model in order to gain a better understanding of the assumptions underlying
the computations. The model is intended to illustrate the approach, rather than provide a
final assessment. Additional data will be included in the model and updated as needed.

It is planned that the model will be refined and expanded to include additional disposition
options, selection criteria, cost and performance data, and sources of uncertainty. The
model provides a figure of merit that can be used for direct comparison of reactor
technologies. However, the intention is to use the model to identify assumptions that
would lead to selection of a particular technology. Thus, selection of a reactor technology
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could be justified when the assumptions are valid (i.e.. model input values fall within
assumed ranges). This allows use of the model in the absence of a decision maker.
Furthermore, the model will indicate the relative sensigvity of a particular reactor
technology choice to each of the input vaniables.

A more sophisticated commercial software package designed for this type of analysis will
be required as significant expansion of the model is anucipated. However, the more
advanced software packages employ the basic calculations illustrated in the simple
spreadsheet model.
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Appendix B - Fitting Utility Functions
This appendix describes portions of the demonstration model that provide a user interface
and logic to construct utility functions based upon responses to lottery and tradeoff

questions.

B.1 Single attribute utility functions

The demonstration model includes an interface and logic for fitting a utility funcuon for
each of the four attributes. As an example, the lottery questions used to determine the
utility function for the attribute "MT-yr stockpile” are shown in Figure B.1. The
alphanumeric headings on the left and top identfy the location of this portion of the
spreadsheet model.

e mn Ao o oo e e st e p e emsanetmatesiALeamesaaiiiesttane fenannncan s anman—

1.469|Minimum MT-yr -

: 95_9,_75 1 4538.49 M?’.‘.‘A.‘,‘.‘P.T.MITY.'.'....V.? ..........
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sasnasesrmoncen

scaled certalnty equ:valem

Cena.mty equnralem
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As indicated in Figure B.1, the responses to three lottery questions are used as input to fit
the utility function. Each lottery includes the best and worst possible outcomes 1n terms of
MT-yr of stockpile. The probabilities associated with each outcome are shown on the two
branches of each lottery. In the cell labeled "certainty equivalent.” the user provides the
certain outcome to which the lottery is compared. A certainty equivalent value 1s placed
in the cells associated with each lottery such that a hypothetical decision maker 1s
indifferent between the certainty equivalent and the lottery.

The expected value of each lottery is also computed and displayed to provide a point of
reference for input of the certainty equivalent value. The scaled certainty equivalent, the
certainty equivalent value expressed as a fraction of the total range of the atmribute, is also
computed. This scaled certainty equivalent is used in the computatuons described below.
The first two lotteries are used to fit the utility function and the third lottery is used as a

consistency check.

The functional form of the utlity functions used in the demonstration model is shown
below. Here, x is the value of the attribute rescaled to the range [0,1] and the parameters
b and ¢ are derived from the responses to the lottery questions described above.

b

X
u(x) = x° +c(1-x)° (B.1)

Other functional forms could be used as well. This function was selected because it can
assume an "s" or sigmoid shape to represent risk averse and risk prone preference patterns
in different ranges of the attribute. In addition, analytic expressions can be used to fit the
function to two of the lottery question responses, as derived below.

First, equation B.1 can be written for each of the two lottery questons as follows:

u, =u(x,) = 1 (B.2)

u, = u(x,) = 1 (B.3)
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where u; = expected utlity of the first lottery
us = expected utlity of the second lottery
uy(xy) = utility of the certainty equivalent for first lottery
us(x,) = udlity of the certainty equivalent for second lottery
X1 = scaled certainty equivalent value for first lottery
X» = scaled certainty equivalent value for second lottery

Equation B.2 expresses the equivalence between the expected utility of the first lottery and
the utility of the specified certainty equivalent. Note that because the attribute values on
the lower and upper branches of the lottery have udlities of 0.0 and 1.0, respectively, the
expected value of the lottery is simply the probability associated with the upper branch.
Hence, uy=0.5 and u,=0.25 in this example. The scaled certainty equivalent values are
also know so the two equations can be solved for the parameters b and c.

To solve equations (B.2) and (B.3), it is useful to define the following auxiliary
parameters.

= (1-)(1)/)(1
I‘2 = (1-)(2)/)(2
qy = (1-uy)/uy
qz = (1-ua)/uy

Then equations (B.2) and (B.3) can be rewritten as follows:

1
u, = - (B.4)
1+cr,

u, = ! (B.S)
? l+cr,” .
q, =Cr:b (B.6)
q, =cr; (B.7)

Dividing equation (B.6) by (B.7) to eliminate the parameter c yields:
b =In(q;/q;)/In(ry/ry) (B.8)

The parameter c i1s then computed as follows:

c=qry® (B.9)
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The calculations for the lottery questions shown in Figure B.1 are displayed below in
Figure B.2.

N BA
ttribute utility function :

0.1: 0.12868: 4231.57:
0.2: 0.28974: 3924.64:
0.3. 0.44489: 3617.72!
0.4: 0.5823: 3310.79:
0.5: 0.69851: 3003.87:

.........

Figure B.2 Fitting udlity functon to lottery question responses

Finally, the resulting utdlity function is graphed below in Figure B.3. Points corresponding
to the first two lottery questions are shown as points on the function. The point
corresponding to the third lottery question, the consistency check, is the point below the
function. Although not exactly on the line, this pointis in general agreement with the
utility function. All three responses are shown as lighter points on the plot.

Utllity Function - MT-yr stockpile

MT-yr steckpile

Figure B.3 Graph of utility function fitted to first two lottery questions

2.
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B.2 Coefficients for muitiattribute utility function

The single atribute utility functions derived above are combined into a multattribute
utility function. The assumed form of the muldatribute uulity functdon is shown below,
where the subscripts a. b, ¢, and d refer to the four attributes NPV cost. MT-yr of

stockpile, net plutonium destroyed. and discharge exposure of fuel.
U(ua,ub,uc,ud) = kaua + kbub + kcuc + kdud (B.lO)

The single attribute udlity function coefficients k,, k. k., and ky are assessed by three
pairwise comparison of reactor options. Each pair of optons differ with respect to only
two of the atributes. This makes it possible to measure the tradeoff of one attribute for
another. The interface that provides for user input of the options for comparison is shown

in Figure B.4 below.

As§_€s.sed 'measures for maxﬁerence oeﬁn;een optons AandB
Option A~ Option B

NPV MT-yr NPV MT-yr
1500 2000 _ o [ 300 |
NPV Pudestru: NPV Pu destru:
2000 2m/° heeac e eeamaaeaen 0 1 wo ...................
NPV disch.exp: NPV disch.exp:
1000 30000 | 0 20000

Figure B.4 Interface for pairwise comparison of optons

Three pairwise comparison of options are specified in the figure. The first compares
options, designated option A and option B (or reactor 1 and reactor 2), that differ with
respect to the attributes NPV cost and MT-yr of stockpile. The second compares two
options that differ with respect to NPV cost and fraction of plutonium destroyed. The
third compares options that differ with respect to NPV cost and discharge exposure. The
values for these attributes are adjusted undl the user is indifferent between option A and
option B in all three comparisons.

The spreadsheet model uses the utility funcdons derived in subsection B.1 to compute
single attribute utility values for each of the auribute values in Figure B.4. Resuits of
these computations are shown in Figure B.S below.
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B | BP
Option B utilities -
NPV kvka

BL U BME
Option A utilities

981 0.724274° 0.769622; 0.849284: 0.5. 0.4636502

Figure B.S Single attribute udlity values for pairwise comparison of opuons
Because options A and option B are specified such that one is indifferent between the two,

the multiattribute utility function values for the two options must be the same in all three
comparisons. Expression (B.10) then implies:

ku+k,u, +kut +kuy = ku?+koul+ k.u?+k,u (B.11)

where the superscripts A and B refer to options A and B. As an exampie, for the first
comparison (line 24 in the figure), the utility function values for the arributes ¢ and d are
the same. So equation (B.11) for the first comparison 1s as tollows:

k,u* +k.oud =k,u’ +k,up (B.12)

This equation can be solved for the ratio of the coefficients of attributes a and b.

A_ B
Ky Lol (B.13)
k, U, —u,

The result of this calculation is shown in cell BQ24 of Figure B.S. The coefficient ratos
ko/k, and ky/k, are determined in a similar manner using the option comparisons in rows
26 and 28 of Figure B.5, respectively. Given these three coefficient ratios, the
normalization condition can be used to compute the coefficient k, as follows:

kot kpt ke +kg=1.0 (B.14)
1
ka = z P (B.IS)
1+t 4+—<4+-—L
a kd kd

24.
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The remaining coefficients can then be computed using the coefficient k, and the rado of
the remaining coefficient to k,. The results of these calculations are shown below in
Figure B.6.

kb-‘ 0. 290192'coefﬁciem for MT-yr stockpile

kCc=: 0. 210913 coeﬂicxent for fractlon Pu fissionegd

................

..........

sum:’ 1

Figure B.6 Computation of coefficients in multiattribute uglity functuon

.25-




-92-

Useneing deley Corntrustion daluy Portormarne
89% copecly ey
_ rewaeey pam  Ev- eme A ee% copeny e
@ cpecy F X% )
90% copacly p-:
10yearduiay  p- 03 £EVe 0308 f}im p-ST  ivV- 4W [ X! (%]
N\ 9% copecty F T
% capecty P
Spesrcesy p-01  Ev- ba? o ¢ (¥ ]
% capecly 1% ]
0% copacly p-o D
torewover pewm fv-ewr N wuomoy pen
% sopacty s
0% copacly s
OF ANWAY iv- oa) 2P  (v- g f) fpowdsey p WM (v 02 )
1207 awe \ N -y
)
2 yram hkoree 0% copetiy sy
8 yv sarnmaien Jpeee; pom (V- pe sopecty 3}
1904 001 caroing bon Q% cepevy y 3% ]
% e B corel Gbey
1998 smn Oamd W% capecty '
7008 su mac v Wyewewsy p-9m  tv- 341t AN oo comoy F Y
88 MTPu/yoer g
18 Ceore irvanary (M1)
GO% capecty po,
Spevowey P8 §Ve M7 £\ bpewawey p- 0D V- et N\ oo copeny p-o®
N\ -y [T
0% capacty p-,
tpeoovey  pam  tv- sarr A eew capeoy T
\Z_eox copecy F Y

124
1932 4
324

-7
1.7
198147

nme4
mes
[ X

748
12 ]
o 127 ]

mre
141 X
;s

RAL X ]
31040
7048

onnt sina_rov WPV sout

o 877 [} X

908 W3 11908
08 100 1IN2
11432 W62 [ 4]
11432 94 nesd
11432 1178 10108
13989 W) e
15900 P30 11600
13000 1M2A 1032
11437 a2 oos
11430 1914 14008
11432 12701 20000
100 e [__XI
19000 MNEes 1487
1W86 10028 MIN
10872 3716 -/
19028 POYIY 1)
10008 10000 WA
1woe e (B}
1300 TX288 17748
13000 1085 N0
19023 W18 [_27]
19928 M3 1740
10002 10800 PR 4
WM W) i 1]
1000 47 NGRS
80 FIO81 0047

Tonyre

578
3.004
4.8

Lere
1.4
LRs

1810
2.004
184

1870
134
1L %e

1800
1.094
.80

rore
7.3
LA

a8
204
.Be

2078
.34
.88

1879
1.004
1.8

destrustion

3332 333 223

323 333

232 3233 3332

333

MWouT)

1.7
1.388
7.8

7.8
1.5,
1.0,

1.
1.5
1.0

1.0
1.am
1.0

1,088
.-
1.0

IR, ]
.-
L.

1.7
1.5
1.

1.588
1.
1.3

7 308
1.
Lx

Uest)

[ %2, 1
G030
(X 4] 2]

s RN
L it -1
0 s34 0?

LI IL 1]
L%
[ 41X §

8 nare
® Sanet
sy

e/
sewn
80/00

LI 1
 ney)
dramn

9 /748
s 057008
9 439008

o nreree
LT 2]
¢ 0ret1

A reame
S e e
§ 3740000

Upenyre
oostgite)

8. 4378662
LBIee
anesnie

8724m02
[ ¥ 31 )
eIrneray’

[N 3 3B
o reseaoes
4 8001838

o srreas?
(X2 31 ]
[ R 1 21

SsNABI)
¢ /atnoes
0 9040199

o orrre
0 S08YE0
9 17remre

s8raD)
§ reruanes
§ 004010690

o 90777
LL o2 ]
o I1rewre

(X 1%, 1}
4 000800)
0 00/0002

U
doatr )

Uprasn)

[ ]
"
on

"
‘e
[k 4

(1)
LX)
s

(X2
(K]
.

™
‘.
"

I9POJA 133yspealds ) xipuaddy

20-Sdd1

.

msodsiqg nd

) U01103]2§ PUD $53I044 UOIS1IF( UO

D112114



-LZ-

SO% capacty p-o®
10 yesr ooy Pt Ev- '8 [ 2 ) [} )

A% capacly ~ts
90% capacty ry)
Wyssasey 0D EV- QOFT /N b yesrowey P01 iV- swrs O 0% capecly pn

\/ % capecty ren
o0 capecty -
Spesrome;  pam  Ev- eme AN eew cageay F XY

o copacty YT I
0% capacly o
10 yeor dwtey P\ iv. 0 [ &3 4 [} ]
% capecly Y
- A % capacly pn
AP om Ev- 9 na f) Syonowmy p-o® £v. 073 ) & your dow e £v. O [ a3 [} ]
1 oone v N N = G n::: :g-

16 macen
apr e ko 9% capaciy p-an
14 yr8 coemuctan Uyvercesy  p- oW EVv- M1 N\ 0% cogecy Y
1904 sun corenaton s copaoy F Y
% 7w B corel delny
2082 sen O 0% capeciy s
2083 s ac. W __10 yesr owey p-om  Ev- 4 [0 [} ]
.67 MT Py’ yoar -x [y
19 Cors invary (MT)

80% capecly pn
Symromy p-oB  Eve 8W N\ spwassy  pad €v- 03 AN 0w camay Y
A% copacty f AL ]
0% capeoy p=n
9 yees awiay p0X £ve 4NS [ 2.3 on

Wiogedy pam

042
[ B}
[ 3

206 %
ores 0
[, T}

83763
(AL 3]
[~ 1, B ]

®»a
[ AR]
"

[ 2
(24
[ 2

®»a
iR
®,ary

Te083
1)
19083

17042
17847
17947

e
b, B

w3
e
nr

N
“ns

sars
L 123 ]
nrne

@i
L . 1]

arns
sane
“uns

ATV R ]
e
11003

(2224 ]
L 127 |
[ 227 ]

nsa
11883
nea

e ¢
[}
1)

sems 2
noe
L 1]

11008 2
sres e
0431

142180
180834
nese

11008 2
L1, 1
[ 3]

142108

ness

177008 4
1038
L ]

142108
100038
ness

17200 ¢
138
2}

210481
157840

[ ¥4 1]
e 1}
ane

1880 7

12780
4z e

0047
e
4144y

nee
re078
“wres

mnos
18482
sy

w07 e
nrs
4 e

[ 24
o8 s
2043

2434
10812
e 0

08 ¢
ars
[ AR 1Y ]

3.
4,88
408

1.900
3.180
2.3

3,400
189
4“0

2.909
3100
3,650

1.4
.80
1690

1.008
3,180
363

2,480
1,880
1.0

1,080
2188
255

13% 13%

Y33 333y 3331 3313

iR

22
H

13 3

(314}
2 a8
0130084

L X 1 3]
001881
o 130a0?

s00ika’e
[N, I8, ]
L1432

[ X B e 1}
caQnn
sereny)

aenze
[ 2]
888702

aoerrrer
o 7ear:
0.0430003

@ 0268
oesrren
7 omE &8

o So0tNe
8700
8 S0CW32

0 20626444
s inm
L]

osrm?
® A2481104
[ Res ol

¢ 21020881
0 04249
s urren

[ 133 1%
§ 43401104
s rreanes

6 71020801
0 8424m3%
8 210088

[ X 341 ;]
0 Soa20008
8 90847408

@ 71oze8e)
9 S424m330
0027800

88211803
0 80425006
0.00047400

004708
s
8 9%4B412

200un2¢
[ L Y]
o 0 e

s 29
(3 0 Y. ]
e

o seeme
e
(2 2 % ]

0 084 28
1954820
0904020

0 008812048
(X3, 2 ]
0 0004 1 7040

0 9804 17048
0 98031 040
0 P00l 11040

@ S804 17040
* s 1100
o 98 1700

€ 817040
0 00nd 12040
4 Pl 1008

0 0084 1040
o 00d 17046
9008 17040

8 0Nt 17848
(R __3F, o |
2 o0l 1 2000

§ 04 1 7048
0 0064 1 2040
0 9004 17040

0 9854 12049
9 9064 1 000
0 9054 12040

2 008412040
0.0004 ) 7040
8 0064 12040

o
am
‘e

LX)
on
"V

am
«on
(1)

..
(X 3
(12

(X ]
"N
()]

20-Sdd1

msodsig ng

) UO01133]9S PUD SSII04 4 UOIS1I3(] UO!

D142114



-8Z-

048 07543 -3 3 @ k22 % 42,90 aerem e [F3F 1M ] ] [ ¥ 4
T4 e72 87 188 ” am WS QWi 1 ' 1)
MU ANy s e me am wLIsemn sreEnes [ 1 ()
% capacly oy ST 3084 108834 15189 2.000 e 2,208 MY 0 216w 1 ' '
yewouey p-0B  £V- OTW f) Syssidesy p-¥M  Ev- O % ¥ 77 384 TENE0 11421 2160 me Q.me 0718114 80420039 1 ' (%]
\ -y capacty F Y 37 84 NI WM 1% me @ wLisse LurTEe [ ' e
% capecty oy BSES 41371 170814 19088 2.9 F1ay .708 190141 B 1N ) 1 "
Syevoway p 0B EV- 489 e LD Mss O3 M NS 2.0 e a.m S00eWI! G eBarses ' ' .-
- [} ] [T TY ST T X " S A 31V ) 109 (1,3 @ 03470106 000047400 1 ' .-
s w! oy Weee 084 100834 -2 1.000 "’ 42,200 00040004 0 1162000 1 1 [ X}
Wrewesmy p-0T  EV- 47RO [ » WIe Jwes JeSee N2 1168 11,3 a.m [T T 1 ' wn
&% cagecy oy 00 N4 SIET WM 21898 11,3 “m 11710y 8 eIl ' ' "
[ 2] yﬂ' Fy 3%} MNee 4«13 199 A 1044 0 2,40 "’ 42,708 [N - BN N YRl .] 1 1 [ 2 3
ABRCE Brwnese  p- 91 EV- OTR N\ 8 1™ fv- oM )_gm -] Ev- aMe e a1 e 13ms .80 e a.m [C LT ' ' e
[ \ WNe €311 e wNs me (1, «.m 20088188 @ 0084708 ' l (Y]
4 reachre
2 e @ kowe -‘w' p o8 ne T4 1Wree e »mr 1.008 m 2.8 0 08’0087 ] 1 om
8 7o sremcten 9 your ewey . 1v- g A1 8334 118018 33 (X ”e . s013m18 1 ' )
1004 sun crenaton ey N 34 e an? 243 ”e o.m et 1 ' .
(- . 3 7 1 corel doley
2008 san OaM -‘!d. ARl g 41371 19041 4 arre 2.409 i 1o Y a2, 98 (X 1N, BT S8l ;) 1 ] [ X _J
190 surt stae. W |.pug_1 e £v. 8 23 [ 4] n °oes et am 702 .88 re «2. 30 CIMI?!! 8 ensm 1 1 [ ¥,
807 MY Pulyowr o oY% capecty F Yy 0472 Q371 SN w83 100 (1, a.m 08010437 00084200 1 ' w
10 Cars irwenmry (1)
% capacly p 0 94817 0334 07986 7264 s 1.000 m Q2.3 O7/E00 6 047INE 1 1 [ R}
Spevessy p 0B V- .1<> Syewosey p-8W  EVve OO Q .‘i: :u: 54017 ME3I4 118278 10008 208 ”e a.m 20000r80 20101 ' ' ()
04017 06334 78040 S8an 4 2.05 m . 001087 2 8Bw0L 1 ' )
.“m] AR 08’8 1138 1008 auee 1.4 s 42,700 t 1 1 1 ' -
9 you dwey

P f(v- 80 [ 4] -} 0WeI8 NI 143099 LN ] 1.9 243 .00 GOOMNITS B PORSOAN 1 ! (1]
% sapecy 2~ 0876 0INI0 WIS 1IN0 .09  [a 3 «“.m (X1 MY .} 1 t (] ]

20-84dd1

.
.

and

dst

) UONI3|3§ PUD $S3I044 UOIS1II( UONISO

.

D143)14



-6Z-

Assessment of utliity junctijon {or attribute: NPV cost
‘ YT pest

| -4,395]Minimum cost ($M)

Ceralnty equivalent:{ 2250

Expected value: 935 worst

| 6264.3|Maximum cost ($M)

pP= 05

scaled certainly equivalent: 0.376613

best

|__-4.395]Minimum cost ($M)

Cenalnty equivalent: m

Expected value: 3.600 worst

| 6264.3|Maximum cos} ($M)

scaled cerainty equivalent: 0.259341

best

|__-4.395]Minimum cost ($M)

Ceralnty equivalent:] 1000}

Expected value:  -1,730 worst

| 6264.3]Maximum cost ($M)

scaled cenalmy equlvalent: 0.19388@

Single attribute utllity function

X u(x) cost
x1: 037661 0 0 62643
x2: 025934 0.1 003197 51984
ut: 0.5 0.212 0.16463 4000
u2: 025 0.3 0.33369 306662
r: 165524 0.4 0.54943 2000.72
r2: 285593 05  0.734 934.831
ql: 1 06 0.86196 -131.062
q: 3 0.7 0.93829 -1196.96
b: 201414 0.8 0.97827 -2262.85
c. 036239 09 099568 -3328.74
1 1 -4394.64
UQIIIW function - Cost
r—t—u_g
08 oo
go.é
04
02
0 —a
4395 -2395 -395 1605 3605 5605

Cost (NPV in mililon 19929)
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Single attribute utility function
Assessment of utliity function for attribute: MT-yr stockpile X u(x) MT-yr

best x1:  0.33835 0 0 4538.49
| 1,469]Minimum MT-yr x2: 0.17545 0.1 0.12868 4231.57

ut: 0.5 0.2 0.28974 392464
u2: 025 0.3 044489 3617.72

Centainty equivalent;] 3500 ri: 1.95548 0.4 0.5823 3310.79
Expected value: 3,004 worst r2: 469963 0.5 0.69851 3003.87
p= 0.5 | 4538.49]Maximum MT-yr ql: 1 06 0.79384 2696.95

q2: 3 07 08701 2390.02

scaled certainty equivalent: 0.338354 b: 125289 0.8 0.92937 20831
c: 043161 09 097322 1776.17

1 1 1469.25

best

[ 1,469]Minimum MT-yr

Utility Function - MT-yr stockpile

‘

Centainty equivalent:

Expected value: 3,771 worst 0.8 -
p= 0.75 4538.49{Maximum MT-yr £ 06
5 04
scaled certainty equivalent: 0.175448 0.2
0
best 1500 2000 2500 3000 3500 4000 4500 S000
m Minimum MT'Y' MI'Y’ of ﬂockplle

Centainty equivalent:] 2500

Expected value: 2,237 worst

p= 0.25 4538.49{Maximum MT-yr

scaled centainty equivalent. 0.664167
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Assessment of utllity function for attribute: Net Pu destruction
' | best

Maximum net Pu destr.

18%

Certainty equivalent:

Expected value: worst

[ 8%]Minimum net Pu destr.

scaled certalnty equivalent: 0.157895

besl

Maximum net Pu deslr.
p= 0.

Certainty oquivalent: -
worst

Expocted value: 13% T
p= 075 [ 8%]Minimum net Pu destr

scalod cerainly equivalent: 0.052632

best

Cenainty equivalent: m

Expected value: 22% worst

Mlnlmum net Pu destr.

p= 0.25

scaled ceralinly equivalent: 0.368421

x1.
x2:

ul:
u2:

ri:
12:

ql.
q2:

b:
c

Single attribute utility function

0.15789
0.05263
0.5

0.25
5.33333
18

1

3
0.90317
0.22049

X
0
0.1
0.212
03
04
05
0.6
07
08
09
1

u(x)

0
0.38401
0.58138
0.67844
0.75872
0.81934
0.86739
0.90697
0.9407
0.97058
1

Pu dest
8%
10%
12%
14%
16%
18%
19%
21%
23%
25%
27%

Maximum net Pu desir.

£

Utllity tunction - Nel Pu destruction

08
06
04

%
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Assessment of utllity functlon for attribute: Discharge exposure
‘' . - L] .
best ‘

24,743

Certainty equivalent:

Expected value: worsl

p= 0.5

Minimum dischg. exp.

scaled certainty equivalent: 0.36417

best
| 42,200]Maximum dischg. exp.
p= 0.25
Certainty equivalent: -m
Expected value: 16,014 worst
p= 075 7,285|Minimum dischg. exp.

scaled certainty equivalent: 0.163683

best
| 42,200jMaximum dischg. exp.
p= 075 ' ‘
Centainly equivalent:} 30,000
Expected value: 33,471 worst
p= 0.23 7,285]Minimum dischg. exp.

scaled cerainly equivalent:  0.65058

Maximum dischg. exp.

Single attribute utllity function
u(x)lisch. exp.

0.36417
0.16368
05
0.25
1.74597
5.10936
1

3
1.02314
0.56541

X

0
0.1
0.212
03
0.4
0.5
0.6
0.7
0.8
0.9
1

0
0.15738
0.31638
0.42636
0.53876
0.63881
0.72811
0.80801
0.87959
0.94366

1

7285
10776.5
147021
17759.5

21251
247425
28234
317255
35217
38708.5
42200

£

Utility function - Discharge exposure

] ././.
08 o
06 ro././.
04 .-
0.2 el
0 ol
0 10000 20000 30000 40000 50000

Discharge exposure (MWD/MTHM)
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Multiattribute utility function - assessment of tradeoffs between pairs of attributes

Assessed measures for indifference between options A and B

Option A utilities

Option A
NPV MT-yr
1500 2000
NPV Pu destru
2000 20%
NPV disch. exp
1000 30000

Option A(normalized measure)

Option B
NPV MT-yr
0 3000
NPV Pu destru
0 10%
NPV disch. exp
0 20000

NPV MT-yr

0.446977 0.8270737
NPV Pu destru
0.400068 0.6315789
NPV disch. exp
0.493886  0.65058

Option B(normalized measure)

NPV MT-yr

0.587704 0.5012609
NPV Pu destru
0.587704 0.1052632
NPV disch. exp
0.587704 0.3641701

NPV MT-yr
0.6424987 0.9427323

NPV Pu destru
0.5495686 0.8806596

NPV disch. exp
0.7242738 0.7696224

Option B utilities

NPV MT-yr kb/ka
0.8492842 0.6998436 0.85135929
NPV Pu destru kc/ka
0.8492842 0.3962874 0.61877133
NPV disch. exp kd/ka
0.8492842 0.5 0.46365017

Assume additive form: U = kalUa + kbUb + kcUc + kdUd

ka=

0.3408571 coefficient for NPV cost

kb= 0.2901919 coefficient for MT-yr stockpile

kc=

0.2109126 coefficient for fraction Pu fissioned

kd= 0.1580384 coefficient for discharge exposure

sum:
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