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WHAT IS THE VALUE OF ADVANCED NUCLEAR POWER?¥

by

William D. Nordhaus

The United States 1is currently at a critical decision point for
its energy policy: should it continue to push ahead rapidly with the
development of nuclear power or not? If the answer 1is yes, which of the
many competing designs for advanced nuclear reactors should be developed?
The present paper is intended to provide & partial answer only
to the second question pogsed above, In dolag so it makes no presumption
about the answer to the first, nor is there any examination of the environ-
mental, military, safeguards, or moral aspects of the nuclear dilemma.

The question posed here 1s simply: What are the net economic costs or

benefits of developing advanced nuclear power ;ggptors?**

Up to now the evaluation of different energy technologies has pro-

ceeded on the assumption of a deterministic enviromment, and with little

*The research described in this paper was supported by grants from the
National Science Foundation to the Cowles Foundation and to the author,
and also partially supported by the National Academy of Sciences. The
work in the present paper was prepared for the Modeling Resource Group
of the NAS, Committee on Nuclear and Alternative Energy Systems. An
abbreviated version appears in the Report of the MRG, MRG [1977]. None
of the above organizations, committees or persons are in any way respon-
sible for the present version, nor for any opinions or interpretations
that appear herein. The author would like especially to express his
appreciation to Ludo van der Heyden for help far beyond that of the
normal research assistant, as well as to Carmen Shonk for computer assis-
tance,

**There is a very long line of similar studies going back to the classi-
cal Marschak and Schurr [1952]. One of the later studies is [1977], and
this contains many references.



attention to the competitive aspects of different technologies or to the
optimal timing of the Introduction of different technologies. 1In the
present work, we wish to analyze in some detail the economic benefits
to the introduction of advanced nuclear reactors, with attention only
on the United States. By contrast with most other work in this area the

following RAD analysis greatly simplifies the decision structure, while

the uncertainties will be treated iIn considerable detail,

As far as the decision structure is concerned, the questions we
ask are: first, what are the economic benefits, in terms of the discounted
sum of costs and benefits, of alternative decisions net of RAD costs but
before accounting for environmental costa? In what follows, we will call

this accounting concept the "net benefits," The decision concerns the

economic benefits of alternative research, development, and commerciaii-
zation strategies (abbreviated as RID) for advanced nuclear systems.

The decisions analyzed are whether either or both of the fast breeder
breeder reactor (LMFBR) ard an intermediate technology, the advanced con-
verter (AC), should be pursued, The two possible reactors will be called

"advanced nuclear" in the present work, For both reactors, the optiocns

analyzed are RE&D efforts pursued in such a way that they will be completed
in one of five periods, 2000, 2010, 2020, 2030, and "never.' Thus the
problem is to calculate the discounted sum of net benefits for each of

25 possible decisions.

In the analysis presented here, the attention is primarily on the
"downstream”" decisions. That is, what are the benefits of having RED
completed by one of the dates mentioned above, The RA&D comprises all
research, prototype or demonstration plants, and early commercial plants

up to having 6 cw® installed capacity. Thus the analysis is relatively



apgregated, and does not investigate the important but detailed engineer-
ing and loglstical planning problems involved in reaching the 6 Gwe level,
This approach can be rationalized as followas: before a detailed exami-
nation of exactly how a gilven option should be implemented (where should
plants be bullt, who will be the vendors, what form of pricing or taxa-
tion should be used to pay for the RED, etc.?) an aggregative assessment
of each option, like that in MRG [1977], should be made.If the aggregative
agsessment is definite one way or the other, the results will give a goed
indication as to what detailed implementation plans are likely to be fruit-
ful.

In the RED amalysis, the uncertainties which face decisionmakers
are highlighted and analyzed in great detail, 1In earlier work, it was
seen that there are at least eight important variables which influence

1
the net benefits of having an advanced nuclear technology!

1. what will be the rate of growth of energy demand?

2. Will coal and shale be avallable for large-scale future de-
ployment?

3. What will be the cost of alternative "backstop' technologies
for generating electricity?

4., What will be the cost of alternative ''backstop' technologies
for replacing oil and gas?

5. What will be the Uranium supply curve?

6. What will be the capital cost of the IMFBR?

7. What will be the capital costs of the advanced converters?

8. What nuclear reactors designs, if any, will be acceptable from

an economic and environmental viewpoint?

1see MRG [1977], especially Sections II and ITI.



The exact meaning of these questions is discussed below, pp. ll.
In what follows, we willl refer to each joint realization or reso-

lution of the uncertainties as a state of the world, It should be stressed

not only that by explicitly treating these 8 uncertainties, we have opened
up the analysis to an enormous number of possible outcomes or states of
the world; but also, that there are other uncertainties which are not
treated and will affect the outcome (such as the possible breakup of OPEC,
breakthroughs in abatement techniques for generating electricity from
coal, or a large-scale war), 1In some cases we have explicitly tested
for importance of variables; in others, omission is due either to prior
expectation or simple lack of time and imagination.

To sumnarize then, the purpose of the RED analysis is to ask:
what is the net benefit of each of the possible decisions about advanced
nuclear technologies in each gtate of the world? and, given a set of judg-
mental probabilities, what is the expected value of the benefit of each

of the decisions?

A. General Description of the Technique for Estimating Benefits

Wewill first outline the detailed steps involved in making the cal-
culations, with further details given in Section B. The process of es-
timating the value of decisions about advanced nuclear reactors involved
four different gteps:

First, among the 25 x 10,368 different outcomes (25 decisions and
10,368 states of the world) a small number of runs were chosen, giving
eventually approximately 100 "observations.! The runs were chosen so asg

to minimize the expected error in our calculation, which meant sampling



more heavily those runs where the expected value of the advanced nuclear
wag high and those runs which were relatively likely, In some cases
the choice was judgmental, while others were clearly important from past
runs or more likely according to the preliminary probability questionnaires.
The chosen runs were then made using & slightly modified version of the
earlier BULLDOG model.1 The main modification was the introduction of an
integer -programming code, so that in each state of the world the calcu-
lation would always find the decision which yielded the highest net bene-
fit. From these runs were obtained the estimated value of R&D decisions
conditional on the state of the world.

Second, it was necessary to interpolate between different runs
for the missing observations. This step proceeded in two stages: first,
from a priori information about the structure of the underlying economic
problem, a small model was constructed which gave the "predicted value"
of the decision conditional on the state of the world, Because the small
model had much smaller dimensionality than the large model, the "predicted
values" had errors, In a second stage, a regression analysis was performed
in which the "actual values" (i.e., the values coming from the BULLDOG
model runs) were regressed on the 'predicted values' as well as decision
and uncertain variables, This stage tightened up the fit considerably,
so that in a weighted logarithmic regression, the standard error of esti-
mate wag approximately 10 percent of the actual value. In making the
runs, then, the predicted values from the regression model was used in
estimating the value of a decision in each state of the world, It is

important to note that the regression technique assures that the weighted

1See MRG [1977] for a brief description. A fuller discussion will be
forthcoming in Nordhaus [1977].



sum of the prediction errors in the repression is exactly zero, so no
systematic errors are introduced by this procedure.

The third step of the analysis used the information {rom the mathe-
matical programming and regression analysis discussed i{n steps one and
two above with judgmental probability estimates to calculate the expected
value of the decisions, The procedure described in step two allows us
to estimate the value of all decisions for all the different states of
the world., We use the results of the judgmental probability questionnaires1
to provide estimates of the prebability of each state of the world, Com-
bining these, then we obtain the distribution of the net benefits of each
of the decisions net of R&D costs but before considering ernwironmental
costs,

A final detail in the procedure Is the question of the sequential
revelation of the outcomes of uncertain events. FEach of the eight uncer-
tainties shown above will be resolved at some point, and once that uncer-
tainty has been resolved the expected value of decisions will generally
change and the rank ordering of decisions may also change. At present
we have treated them in a very simple manner: it is assumed that none
of the uncertainties will be resolved before the decision about advanced
nuclear systems 1s made. Tor example, if we wish to decide about capital
cost of the IMFBR, it 1s assumed that we must proceed through the R&D
on the IMFBR before we can "buy'" that knowledge. Similarly, it is assumed
that the acceptability of the advanced converters will not be known before
the full R&D decision has been made.

It is clear that the assumption about resolution of uncertainty

1s extreme; in particular, it 1s probable that a great deal will be learned

lReported from the Second Round, see MRG [1977], Section 4.



about uvranium supplies, demand growth, and coal technologies in the next
20 years. At a later stage in the analysis, in sections D and E, we
present further analysis to test the difference which earlier resolution
of uncertainties might make. We do, however, have some general idea of
the importance of resolution of uncertainty. For example, the uncertainty
about energy demand functions, as well as coal and other nonelectric tech-
nologies, will probably be resolved independently of the decision about
advanced nuclear power, and these variables are thus exopgenous uncertain-
ties, In these cases, then, there is value in postponing decisions, for
the "insurance premia" will decline. Other uncertainties--such as the

two mentioned in the last paragraph--are probably integrally linked to

the outcome of the RED effort itself, These R&D uncertainties will not
completely evaporate over time and there is less value to postponing de-
cisions than in the case of the exogenous uncertainties.

In general then, the assumption of no revelation of uncertainties
is 1likely to bias the estimates in favor of early decisions. A tentative
judgment on the importance of this assumption is given in Sectiomn D,

It will be helpful to write the decision problem more explicitly.
The economy consists of a set of exogenous or driving variables,

x{t) = [xl(t)’ ooy xn(t)] , which, by assumption, evolve over time in-
dependently of the energy sector. In addition, there are a number of
decision variables which are determined in part by market forces, in part
by political processes. Of these decision variables, we will be consider-~
ing explicitly here only the RED decision for advanced nuclear,

d(t) = [dl(t), dz(t)] . In what follows, di(t) represents the decision
whether to undertake RED so as to have reactor type 1 at a 6 cw® (6,000

megawatt electric) by year t . If d (t) = 0, this implies the RED



is not undertaken while if di(t) = ] the RYD 1is undertaken. The vari-

5
able di(t) is integer and clearly E.di(t) <1, In this formulation
t=l

di(t) represents the decigion to have the research, development, and
commercialization on a particular reactor type at an installed capacity
of 6 GW° by the year t .

In the decision analysis to follow, the two decisions which we
investigate are the question of when, if ever, to perform the RED on two
particular reactor designs, where reactor 1 is an "advanced converter, "
and reactor 2 is a '"breeder." These two decisions are represented, respec-
tively by a High-Temperature Gas-Cooled Reactor with a comversion ratio
of 0,82, and a Liquid Metal Fast Breeder Reactor, such as that envizaged
in the Clinch River and later developments.1 The time periods investi-
gated are t =1 for 2000, t =2 for 2010, t =4 for 2030, and ¢t = 5
for the decision not to implement the R&D, or alternatively to implement
it in 2040 or later.

In the analysis that follows, we will investigate 8 exogenous random
variables, which are listed on page 3 above and described in Table 1 below.
As a first approximation we assume that the variances are drawn from a
discrete probability distribution P(x = x) , where the tilde (~) in-
dicates that X = (;1’ QE, coay §é) is a realization of the vector x .
The distribution P is then characterized by the numbers pl = P(x = §j),
where 3 =1, 2, ..., S runs over all § states of the world considered
in the analysis.

The procedure for estimating the value of having one or two advanced

1See particularly ERDA-1 for a discussion of the characteristics and fuel
cycle of each of these designs.



nuclear reactor types starts with an estimate of the value in each state
of the world. Let M{d, ;ﬁ) be an estimate of the present value of a
"program' which develops advanced nuclear technology according to the
decision d , where the exogenous random variables take values Ed .
The function M is estimated from the mathematical programming energy
model developed above, and the present value represents the optimized or
maximized (hence M ) value of the objective function subject to the
demand and resource constraints. In this calculation, we normalize by
getting d = 0 as the "base," {i,e. that where no R&D 1s performed and
where, therefore, nc new nuclear technologiles are developed. Then the
value of a particular decision about nuclear R&D is V(d, ;d) , Where

V is defined as the difference 1in the optimized values of the two de-

cisions:
(1) vid, ¥ = u@, ¥) - neo, ¥

Vv 18 therefore the value of decision d conditional on the state of

the world,
The objective of the RED analysis is to estimate the expected value
of the decision over all states of the world. Thus let V(d) be the

expected value of the decisions. Then

Py, ) .

™~ @

(2) v{d) =

j=1

The final purpose, of course, is to calculate the optimal decision, a* s

where

3) d¥ = {d* such that V(@*) >v(d), all d},
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The procedure just outlined suffers from the difficulty that it
is infeasible to calculate all--or even a sizable fraction--of the states
of the worid, 1In a complete analysis, there are N = 25 x § different
pairs of a policy and a state of the world, to be called from here on
"policy-state combinations." 1In the estimation that follows, we will
estimate directly the value of advanced nuclear reactors in a small sub-
get of the policy-state combinations, and will rely on statistical esti-
mation for the rest.

More precisely, let fﬁ be a subset of the first N integers
for which direct calculations are made, and Cﬁ be the rest of the first
N integers. If we designate each of the N policy-state conbinations
by one of the first N 1integers, we have the following procedure: For
all policy-state combinations whose index lies in fﬁ we perform a direct
calculation of the value of an advanced nuclear reactor decision, Let
Vi = V(di, Ei) be the estimated value of policy-state combination (di, §i) ,
where 1 ¢ Ql . For these, the exact value of the estimate, V , is
known .

For the other policy-state combinations, statistical estimates

of the estimates are prepared. These predict from a nonlinear regression

the value in a policy-state combinations by
(%) V = H(d,x) ,

where H 1s a suitable, nonlinear function,
Finally, the expected value of policies are calculated from the

actual (in (1)) or predicted (in (4)) values of decigions:
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(5) v@ = t pdvad, xy + t oedud, < .

ey je,

To summarize, the estimates of the value of the decisions are drawn
from estimates of the value of decisions in a set of states of the world.
The estimates of the values in each state of the world are obtained from
the mathematical programming model, while the values of the probabilities
and thence the calculations are drawn from the questionnaires prepared

by the Modeling Resource Group of CONAES.,

1
B. Detailed Description of Estimates of Value of Advanced Nuclear

1. The judgmental probability estimates

We now present the details of the calculations for the value of
advanced nuclear summarized in a formal way above., The first question
of importance deals with the uncertainties to be taken into account.
In the course of preparing the MRG report discussed above, it was found
necessary to estimate the probabilities of different outcomes. Under
the guidance of Dr. Harry Davitian of Brookhaven, a set of questionnaires
was prepared and circulated to a small group of specialists in the CONAES
study. Of the 14 questions for which responses were gathered, these were
compressed to the eight which are shown in Table 1, with the note indi-~
cating how the compression occurred. Table 2 then shows the mean proba-
bility estimates asgoclated witrh each random varilabie,

Among the results, the following appear the most notable. First,

according to the group, the future rate of growth of GNP will be cons ider -

1The present section is extremely detailed and may be skipped by readers
interested only in results.
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TABLE 1. Questions in Probability Asscaswment for Advanced Nuclear

1,A. What is the growth in GNP, 1975-201t0, as a proxy variable for
Energy Demand?

1) 1,2 percent annually
2) 3,1 percent annually
3) 4.1 percent annually

B, Non-price induced conservation; linearly from 1975 to 2010

1) 10% decrease in constant of demand function
2) No change in constant of demand function

2. What will be the asymptotic upper limits on U.S. coal and shale annual
production, aside from rescurce availabilities?

1) infinity
2) 62 quads per year

3. wWhat will be the cost (and price) of "clean synfuels,' or an alter-
native inexhaustible liquid or gaseous fuel?

1) 52 per million Btu
2) $5 per million Btu
3) 58 per million Btu

4., Public acceptance, safety, and technical feasibility of nuclear:

1) No nuclear or LWR*with Pu recycle acceptable
2) Advanced converters and LWR acceptable

3) Breeders and LWR acceptable

4) All nuclear acceptable

5., Uranium resources, up to marginal cost of $150 per poumnd

1) 2,1 milliom short tons
2) 5.0 million short tons
3) 9,2 million short tons
4y 13,5 million short tomns

6. Capital cost differential between IWR and IMFBR

1) ©
2) 25%
3) 50%

7. Ccapital cost differential between ILWR and advanced converter

1y 0
2) 107
1) 25%

8, Capital cost of inexhaustible electric energy, as fraction of LWR
capital cost, the best of solar or fusion:

1y 1.25 times LWR capital cost
2 1,6 times LWR capital cost
3) 2.7 times LWR capital cost
4) 4.0 times LWR capltal cost

*LWR = light water reactor,.
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TABLE 1 {(continued)

Notes: 1In general, see MRG [1977] for a complete discussion of background
definitions,

Question 1: In MRG [1977], the energy demand question was a compounded
one involving not only GNP growth but also shift factors,
income elasticities, price elasticities, and population
growth. As the elasticities were estimated separately, only
the GNP relation was used in the present study. GQuestion
1.8 was then combined with 1,A by modifying the probabilities
of the GNP growths so that mean energy demand was the same.
This leads to the estimate shown in Table 2,

A final modification for the simplified model was to
use GNP growth 1975-2030, as the later part of the period
is more Important for demand for advanced nuclear.

Quest ion 3 omits a question on oll imports for period 1990-2010, 1In
trial runs this variable appeared to be unimportant for ad-
vanced nuclear decisions.

Question 4 combines no nuclear with IWR only as these both imply that
no advanced nuclear is allowed.

Question 5 combined all resources below $150 per pound for presentation
(but not in the calculations), and defines in terms of marginal
cost rather than "“selling price." The first category was
determined by fitting graphically a lognormal distribution
through the three other points,

Question 8 is derived by estimating the probability that the minimum
of solar of fusion costs--each estimated separately--will
equal the given figure., The estimates for each source are
derived by interpolating linearly between point estimates.
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TABLE 2. Values of Critical Random Variables lUsed in R€D Analvsis

I Values and Probability
Index Variable . SOW(T,1) SOW(I,2) SOW(I,3) SOW(IL,4)

1 @IP _growth
Average growth rate 1975-

2030, percent per annum 1.2 3.1 4,1
s.d. (.28) (. 24) (. 14)
2 Coal/shale limits
Production limit (quad/yr) o 62,
Probability: mean .38 .62
5.d. (.26) (.26)
3 Clean synfuels
Cost, $ per mmbtu 52 $5 58
Probability: mean .18 .56 ' .27
s.d. (.13) (.16) (.18)
4 Public acceptance of
advanced nuclear No advanced LMFER
Event nuclear AC only only All
Probability: mean ' .30 .16 .14 40
s.d. {(,12) (.07) (.13) (.27)
5 Uranium resources
106 tons up to $150 1b 2.1 5.0 9.2 13,5
Probability: mean .06 .17 W40 .37
s.d. n,4a. (-17) (.20) (,25)

6 Capital cost, AC

Cost as multiple of ILWR 1.0 1.1 1.25
Probability: mean .15 .52 .33
s8.d. (.09) (.07) (.14)

7 Capital cost, IMFRR

Cost as multiple of LWR 1,0 1,25 1,5
Probability: mean .10 .56 34
a.d, (. 07) (., 11) (. 14)

8 Electric AES (Best of
gsolar or fusion)

Capltal cost as multiple

of 1LWR 1,25 1.6 2,7 4.0
Probability: mean b .25 .23 .08
8.d. n,a, n.a, n.a, N.2.

Source: MRG probability assessment questiomnaire, as in MRG [1977],

not available.
standard deviation,

noa-
s.d,

1]



15

ably lower than the historical growth rate. Second, the group felt that
there was approximately a two in three chance that there would be serious
constraints on the growth of shale and coal production, Perhaps the most
surprising result was that the group felt that there was about a 50 per-
cent chance that either solar or fusion would turn out to have essentially
the same cost structure as nuclear or coal generated electricity. Finally,
the group thought that there were six chances in ten that some kind of
public acceptance constraints would exist on the deployment of nuclear
power .,
It should be noted that the standard deviations of the responses

were fairiy large. It is easily confirmed that the maximum divergence
of opinion is for a standard deviation of 0,50 (when half the respondents
have 0 and half have 1), Thus if the standard deviations in Table 2 are
doubled, this provides a rough estimate of the interquartile range of
the judgmental probability estimates. As can be seen, fairly high con-
formity is obtained for clean synfuels, the capital cost of the advanced
converter and the IMFBR, and for public acceptance of advanced nuc lear,
Conformity is however relatively low on GNP growth, coal and shale limics,
and Uranium resources. In summing up the results of the probability assess-
ments, the MRG report states as follows (MRG [19771):

The range in the individual respomses...is large.

These observations indicate that a close congensus

was not achieved among the respondents after two

rounds., Accordingly, the mean judgmental proba-

bility estimates as incorporated in the RED deci-

sion tree should not be interpreted as providing

a precise definition of the uncertainties.

This reservation applies equally to the R&D decisions analysis presented

in this paper.
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2, Choice of runs

Armed with these probability estimates, the next question concerns
the subset of policy-state-pairs for which the values are computed directly,
with the remainder to be computed by the "small model" alluded to in Sec-
tion A, How should the sample be chosen? As far as sampling is concerned,
the method is taken to be subjectively unbiased, and the objective of
the sampling is to choose a set of runs which bestows minimum variance
on the estimate of the value of decision used here.

Let (Ejd be the judgmental variance of the estimator %(d) of

V), i.e.

E((V(@) - V(d)1%)

L

Ty

e{(( ¢ plu@d, ¥y - £ edvad, FHnh
Jeq, 1eq,

2 2
r @y emad, 7 - ved, Fy .

Jelt,

If the judgmental variance of different points is independent, our prob-

lem is to sample so as to minimize

®, - 7o &,
3
where ﬁz(ﬁj) = (judgmental) variance of the estimate of V 1in policy-
state-combination j
This analysis suggests a procedure whereby the sampling is directed
to those SOW, where the product of judgmental probability and forecast

error would be high if these SOW were leftr out of the sample.
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In the actual choosing of runs, a 1ist of possible states of the
world, with probabilities, values, and subjective variances was written
down, It was envisaged that approximately 100 rung would be made, and
these were concentrated on the high probability and the high variance
states of the world. It should be noted that, since the V functions
are inherently non-negative, and because a great deal of the structure
was apparent, the value of advanced nuclear in many of the states of the
world was obviously zero, soc no estimates were necessary.

It was anticipated that, after a first round of observations was
obtained, further runs would be made, This plan was dropped when it be-
came obviocus that the difficulty was with the statistical analysis (Sec-
tion 3 below), Therefore, after the initial set of direct estimates, no
more were made.

Table 3 shows the values of the observations found in the runs.

No data other than those shown were collected,

3. sStatistical analysis
The most difficult part of the estimation turned out to be the esti-
mation of the nonlinear function H(d,x) 1in equation (4), The basic prob-
lem was that the actual function is highly nonlinear in the exogenous and
policy variables, while regression analysis thrives only in a linear culture.
The journey to the final form was a pilgrimage, but the criterion
was simply to find the best fit which also has the proper a priori signs.
Further, in order to preclude the (remotely) possible chance of select-
ing a regression which conformed to a priori ideas about what the outcomes
should be, the following procedure was decided on and followed: (a) In

the first stage, the statistical analysis would proceed blindly in the
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Results of Direct Caclulations of Value of

Table 3,

Advanced Nuclear in Different Policy States of World
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Symbols:

Xl = ] if coal and shale limits, *0 if no coal and shale limits.

X, = GNP growth rate, % per annpum, 1975-2030,

X3 = best of solar or fusion capital costs (x .74 xLWR capital costs)

X, = clean synfules cost, $ per million Btu

(continued on ney page)



19

Table 3. (continued)
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Symbols (cont.):

106 tons up to $150/1b.
Xg = capital coest advanced converter (x LWR capital cost)

X7 = capltal cost LMFBR ( x LWR capital cost)

Xg = Uranium resources,

1 = 2000, 2 = 2010, 3 = 2020,

4 = 2030, 5 = 2040 or later

j

V = gross value of new technology ( = 0.01 for no advanced nuclear)

Dl =« decision on advanced converter

LMFBR

D2 = decision on

wt = probability weight x 100.
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sense of attempting to get the best fit for H(d,x) in equation (4) without

uging any runs to calculate the value of R&D decisions, (b) Once the

statistical analysis was satisfactory, and the approximation function
was chosen, that function H , would be set in concrete and not again

be changed. Only after the approximation function was chosen would the

value of declsions be estimated as in equation (5), and no changes in the

approximation function would be allowed after the first run was made.

The statistical analysis proceeded in two steps. 1In the first
step a small a priori model was used to estimate the value of advanced
nuc lear reactor designs. This small model is designated by L(d,x) .
This small model essentially estimated the demand for advanced nuclear
designs (as a function of GNP growth amd whether there were coal and shale
limits) and the supply function of alternative electric systems (whether
LWR, coal, or solar/fusion), The value of advanced nuclear designs in
this small model was then estimated as the product of the demand for ad-
vanced nuclear designs times the cost advantage, 1if any, of advanced nuclear
degigns over the alternative electric system. The results of the "little
model" can be summarized as follows: the little model produced estimates
of the predicted value of advanced nuclear designs in each policy-state
combinat ion, where the little-model estimate is denoted by L(d,x) .
A regression of the actual estimate from the programming model V(d,x) ,
on the predicted values from the little model L(d,x) , yields the fol-
lowing results:

log[V{d,x)] = .498 + ,944 log[L(d,x)]
(.0037)

X% = .928 , S.E.E., = 0,53
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This indicates that a good deal of the variance was picked up by the small
model, but that the error was still umcomfortably large.

In the second stage, then, the small model was improved by a mul-
tiple regression analysis, In addition to the predicted value from the
amall model, L(d,x) , non-linear transformations of both the exogenous
and the decision variables were entered in a regression analysis. After
some experimentation, it became clear that little was added by going be-
yond the first-order terms in exogenous variables, and second order terms
in the decision variables: when further terms were entered, not only was
there no significant improvement in the degree of approximation, but also
it became impossible to make sure that the a priori signs on the variables
were those obtained. Therefore, the final regression used first-order
terms in the exogenous variables, first and second order terms in the
decision variables, and one interaction term between the two decision
variables. Table 4 shows the regression results that were found and used
in the subsequent analysis. Figure 1 shows the predicted and actual values
for the observations, as well as plots of the residuals.

The regression is not of great interest In itseif, The major points
to note are the following: first, the final equation leads to a precise
and accurate determination of the values. A total of 977 of the weighted
variance is explained, with a weighted standard deviation of approximately
ten percent. This is in the order of $1 billion for the runs presented
below, Second, it should be noted that by the nature of regression ana-
lysis, the sum of the errors is precisely zero; this means that the re-
gression analysis has not introduced any systematic error into the esti-

mation procedure,
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C. Results for the Basic Rumn

We next present the results for the basic run. Recall that these
estimates assume that none of the uncertainties are resolved before de-
cisions are made, Table 5 shows the undiscounted and discounted cogts as-
sumed for RAD on the different reactors. The costs are assumed to be
independent. These figures are subtracted from the gross benefits of
each technology to obtain the net bene fits , Note that the net benefits

with alternative costs of R&D may be easily calculated below by simply

adding or subtracting the difference between any assumed value and that
in Table 5 below,

Finally, Table 6 summarizes the net benefit estimates for each
of the 25 combinations of decisions. On the top of the table are the
decisions about the date of introduction of the IMFBR. 1In the center

is given results for the discounted net benefit of different decisions.

All costs and benefits are discounted at a rate of 6% per annum. For
each entry is given the expected (or mean) for each of the decisions.
Although there is no exact way of calculating the "standard error" of

the estimates from the regression analysis, as noted above the judgmental
estimate is that the stamdard error of estimate is approximately $§1
billion,

The overall picture that emerges from Table 6 is that, given the
agsumptions of the present analysis, there appears to be good reason to
postpone implementation of RE&D on either of the two advanced reactors.
The best case for immediate development--where "immediate' means having
advanced nuclear on line by 2000--1is to develop the advanced converter

but neot the IMFBR., According to Table 6, the net benefits of the advanced
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TABLE 5, R&D _Costs of Decisions to Implement Different Reactor Types,
billions of dollars, 1975 prices

Advanced
Converter IMFBR
Und iscounted Costs:
RED 5 10
Commercialization 10 10
Discounted Costs:
Discounted to 1975 (1975 prices)
for 6 GWe in place by:
2000 5.9 8.7
2010 3.3 4,9
2020 1.8 2.7
2030 1.0 L.5
2040-or -later 0.0 0.0

Source: K. Hoffman, D, Cope, and R, Richels for the undiscounted value.
The discounted values make the following assumptions:

(a) Commercialization occurs during the period from 10 to 0
years before the availability date. The cash flows are
assumed all to be concentrated five years before the avail-
ability.

(b) Research and development is assumed to occur from 20 to
10 years before the availability date. The cash flows are
assumed to be concentrated 15 years before the availability
date.

(c) Any "overhead" expenditures are reoptimized in such a way
that they are delayed by the time period equal to that for
research, development, and commercialization,
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converter in 2000 are $0,3 billion, while the net benefits of the IMFBR
are -$2.6 billion.l A crash program to develop both advanced reactors
is the least economic of the decislons, having a net benefit of -$7.4 billion,

Using only the criterion of net economic benefits, the highest
expected value comes from a decision which implements the IMFBR in 2030,
while the advanced converter is not developed, This strategy has an ex-
pected net benefit of $3.6 billion, Other strategies in the neighborhood
of the optimal one, however, are hardly less economic: the decision to
speed up the IMFBR ten years from the optimal point loses only $0.6 bil-
lion, while the decision to develop the advanced converter rather than
the breeder in 2030 loses $0.,7 billiom,

It 1s interesting to note that the current U,§, strategy--to de-
velop the IMFBR by 2000 but not to develop the advanced comverter--ranks
19th out of the 25 decisions which were considered,

A secord feature of the analysis which is worth attention is the
degree of variability of the outcome, Table 7 shows the standard devi-
ation of the outcome for each of the decisions relative to the no-advanced-
nuclear path. The standard deviations are quite large--in the order of
$20 billion--indicating that the effect of the policy on the discounted

value of real income has a larpe dispersion across states of the world.2

1‘I‘he normalization used here, it must be emphasized, is that a decision
to forego any advanced nuclear is arbitrarily set at zero. Therefore

all net benefit calculations are the difference between the benefits with
the decision under consideration and the benefits of no advanced nuclear,

zln retrospect, choosing the never-never decision as a normalization for
calculating the standard deviation was probably a poor choice. Tt would
have been much more interesting to determine the extent to which a par-
ticular decision has a lower mean and & high dispersion relative to the
optimal decision rather than a suboptimal one. It is likely that there
is a very high covariance between the outcome of each decision across

stateg of the world. A rough guess is that the standard deviation of
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Figure 2 - Distribution of net benefits in optimal decision
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Figure 3 - Distribution of net benefits for declsion to implement

both types immediately
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The dispersion of the outcomes are shown graphically in Figures 2
and 3, Each of the figures shows the frequency distribution of net bene-
fits according to the probability assessments of the group reported above,
Figure 2 shows the frequency distribution for the optimal decision (IMFBR
in 2030, advanced converter in 2040-or-later), As in all the decisions,
there 18 a very sizable fraction of the distribution at the far left;
this indicates in Figure 2, for example, that there is a 65 percent judg-
mental probability that the value of the new technology is zero before
gubtracting the R&D costs. Put differently, even in the most economic
case, the probability of having a net loss is estimated to be 65 percent,
while the probability of having & discounted net benefit over $100 bil-
lion is about 1 percent. Under particular configurations of outcomes,
the values of advanced nuclear reactors is estimated to rise as high as
$1000 billion, although, to be sure, these are highly unlikely cases.

Figure 3 shows the frequency distribution for the decision to im-
plement both advanced nuclear reactor types by the year 2000, The major
difference between this frequency distribution and that for the optimal
decision in Figure 2 is that the distribution is displaced to the left
(i.e. toward the negative values) by approximately $10 billion. This
displacement is less than the R&D savings, which amount to about $13

billion.

the difference between the optimal and any of close decisions 1s an order
of magnitude lower than those in Table 7. Therefore the dispersion esti-
mates presented in Table 7 are misleading.

Second, several readers have enquired why no estimates of the 'risk
premia" on decisions are calculated given the very large risk in the op-
timal decision. At the present stage of the analysils, it is impossible
to calculate risk premia because there is no obvious base from which to
calculate risk, Different states of the world reflect differences in
endowments, in tastes, and in productivity growth; therefore, it is not
clear whether the never -never decision or the optimal decision 1is one
which 1is "riskier."
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D, The Value of Early Information

It was noted in the earlier discussion that the analysis used up
to now assumes that the knowledge about the uncertain variables is revealed
only after the decisions have been made. In certain cases, this 1s pro-
bably an extreme assumption, In the case of demand growth, for example,
a great deal will be revealed before the decision to implement the optimal
strategy is far along.

In what follows we will examine the expected value of early infor-
mation (E.V.E.I.,). Early information implies that knowledge is obtained
about the realization of one or all random variables before decisions
are made,

In order to test for the importance of the assumption about the
sequential resolution of uncertainty, a further set of runs was made in
which it was assumed that uncertainties were resolved before the decision
was taken. This procedure can be understood as follows: there continue
to be uncertainties about the exact state of the world that will hold in
the future. Assume, however, that these uncertainties were resolved in
the near future, and before any substantial investment in R&D had been
made, Then, upon learning which state of the world we are in, decision-
makers could at that point choose the optimal decision in a deterministic
framework.

The question we ask, then, is: what is the value of having early
information about the value of uncertain variables. The technique for
calculating the value of information can be explained briefly, using
Uranium as an example, Let us assume that by doing a certain amount of

drilling, we can resolve the uncertainty about Uranium resources. It
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Value of project as

a function of random
variable, x
Vix)
Expected Value of
Early Information
+ B
E{Vv (x)] 1
E.V.E. I,
ElVI T,
[+] > o]
X Random variable, x
Figure 4 , Illustration of the value of early information

in decision. E{V(x)] is the value of the project when
x 1is now known in advance, while E[V+(x)] is value
of project when value x is known in advance, Dif-
ference = E,V,E.I, = E[V+(x)l - E[V(x)] = expected
value of early informationm.
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is assumed, of course, that the probability of each outcome is given by

the judgmental probabilities estimated above., Thus, say that there are

s8ix equally Uranium figures, each of which 1s (judgmentally) equally likely.
Then it is as if nature were to roll a die and the dfe would show the
outcome; the value of early information is that we could make our deci-
sions after knowing the outcome of the roll of the die rather than being
forced to make our decision before knowing the outcome,

The value of information is illustrated in Figure 4. For simpli-
city, we assume there is only one decision, whether to go ahead with a
R&D project or not, and abstract away from the problem of timing. There
18 an uncertain variable, x , and Figure 4 shows the distribution of
the value of the decision as a function of the random variable, In the
case where the decision must be made before the value of x 1is known,
the value of the decision is the mean of V(x) , E[Vv(x)], shown on
the figure. 1In the case of early information, the value of x 18 known
before the decision is made; consequently, the decision to undertake the
project will be positive only when x 1s greater than xo , where =x
is that value of x where the value of the R&D project is first non-
negative,

The expected value of the decision when early information is not
available 1s shown as point A, E[V(x)] . This is simply the expectation
of V(x) , given the probability distribution of x . The value of the
project with early information is obtained by taking the expected value
of a function V+(x) = max[0, V(x)] , and is shown as point B ; this
implies that the project is undertaken only when the value is positive.
The value of early information (E.V.E.I.) is then the difference between

E[V+(x)] and E[V(x)] , shown as E.V.E,I, in Figure 4, If all uncer-
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tainties concerning the state of the world were resolved by knowledge of

+
x , the difference E[V (x)] - E[V(x)] will be called the value of per-

fect informatiom.

The procedure for estimating the value of reduction of uncertainty

is as follows: say that uncertain variable x. takes values {xl = 2,

1
with probability p, ; = 3%, {xl = 3, with probability »p = 41,
3 1,2 :
and {x3 = 4. with probability p, 4 = ,31 . Then three runs are made;
2
in the first run the value of advanced nuclear is calculated with x, = 2.,
giving a vector of values of decisionms, Vl 1(d) , Wwith similar techniques
b
for the second and third values of X . Finally, the value with early
information is determined by calculating the expected value of the decision:

x_
VTa =P, mgx{V1,1(d)] Y P msx{vl,z(d)1 * Py m:x {Vl’B(d)1 » where

the '"max" operator takes the maximum of the values of the elements in

the vi,j(d) vector for different values of d . By comparing the optimized
value, vTax , with that calculated when the decisions are the same in

all three states of the world for variables 1, we can estimate the value

of reducing the uncertainty about variable 1,

In a first set of runs, we calculate the value of early informa-
tion when all uncertainties are resolved before the decisions are made,
This implies that separate decisions are possible for each of the 10,328
states of the world. Table 8 shows the results of this calculation at
the top of the table. According to the assumption used in the present
section, the expected value of the decision, when the decision is opti-

mized for each state of the world, is $5.,7 billion., Figure 5 shows the

digtribution of net benefits for this case,



TABLE 8., Value of Early Information about Uncertain Variables,
billions of dollars, 1975 prices

A, Value of early information about all variables:

Expected Value of Decision,

with Early Information $ 5,749 million
Expected Value of Optimal

Decision (see Table 6) 3,630 million
Expected Value of Early Information $ 2,119 million

(EoVnEoIo)

B, Value of early information about variables, when taken one a ati
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and all other variables are uncertain:

1. GNP growth $ 466 million
2. Coalfshale limits 52
3. Clean synfuels 0
4, Uranium resources 4]
5. Capital cost, AC 1
6. Capital cost, IMFBR 17
7. Solar or Fusion Capital Costs 27
8, Nuclear acceptability 934

Total, taken one at a time and summed $1,497 million
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How are we to interpret this result? This says that the value
of perfect information is $2,1 billion. That is, if instead of invest-
ing so as to make the LMFBR available in 2030 and the advanced converter
in 2040-or-later, we had perfect information--this would provide an in-
crease of the expected value of the benefits from $3.6 billion to $§5.7
billion, a difference of $2,1 billion. As can be seen by comparing
Figures 2 and 5, the main value of perfect information is to prevent in-
vegting in R’D for those cases when the net benefits are negative,

Several readers have expressed surprise that the value of perfect
information is so small. In understanding where the value of perfect
information comes from, it is useful to divide the gain into two parts.
First, there are some states of the world where advanced nuclear has a
gross value of zero. This is the {llustration shown in Figure 4. Accord-
ing to Figure 5, this amounts to approximately two thirds of all cases,
The first benefit of perfect information, then, is to allow the decision-
maker to stop the advanced nuclear program when it has negative value.
The secord source of gain from perfect information is that, when advanced
nuclear has a positive value, the decisionmaker may gain from either a
speedup or slowdown of the program depending on the state of the world,
Thus In those states of the world where advanced nuclear is extremely
valuable (say high GNP growth, low Uranium supplies, and high cost alter-
native energy systems), the decisionmaker could develop the advanced
nuclear option earlier than the stochastic "optimal" decision when no

information is available,
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Figure 5 - Distribution of net benefits when perfect
information is available
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It is not possible to separate out precisely the $2.2 billion into
the two sources, but a rough estimate is available., We see from Figure
2 that the probability that advanced nuclear has negative net benefits
is two-thirds. Since in the optimal decision shown in Figure 2 R&D costs
are $1,5, perfect knowledge allows the decisionmaker to save 0,66 x 51,5
billion = $1,0 billion in these cases. The remeinder which 1s about $1,2
billion, comes from reshuffling the timing of the RED program between

different time periods.

The value of early information for individual variables

The estimates given above provide the value of information for all
exogenous variables. The calculation suggests that the value of infor-
mation is low relative to the enormous uncertaintles imvolved. It might
be the case, however, that a good deal of the costs of uncertainty are

attached to individual variables for which the uncertainty is relatively

easy to reduce, To ascertain whether this 1s the case, we have estimated
the value of early information for each of the eight exogenous random
variables.

The results of the estimates of the value of early information
are shown in Tables 8 and 9. They indicated that the uncertainty for
which the resolution would have major value is the nuclear debate about
reactor acceptability. The value of knowing in advance which reactors
are acceptable is almost $1.0 billion. This very large value results
from the fact that, if a reactor is not acceptable, the R&D on that
reactor is simply wasted, The main implication for policy is that, if
an R&D program is undertaken, great core should be taken to design it
so that the public acceptability questions are identified and resolved

quite early.
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The owly other uncertainty for which early resolution would have
a significant payoff is that regarding CONP growth, in which early informa-
tion would be worth $466 million, All other uncertainties would pay be-
tween $0 and $50 million for carly resolution,

The sum of the individual components for the value of early
information, taken one at a time, is $1,497 million. This compares with
an estimate of $2,119 for all eight calculated simultameous. This indicates
that the interaction between uncertainties imposes further costs to decisions.

On the right hand side of Table 9 is shown the effect of the early
information on the decisions. The most important change is for early in-
formation about nuclear acceptability, where the shift to the advanced con-
verter in 2030 is made when the Jreeder is not acceptable but the ACR is.

In addition, there are several cases when the decision is either postponed

or accelerated by 10 years, but for no case is the decision accelerated
by more than 10 years, It should be noted, of course, that in some cases
when more than one variable is known in advance there is much more accelera-

tion; for example, with high GNP, coal and shale limits, and low Uranium,

the economical decision is to develop the Breeder as soon as possible.
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Value and Effect on Optimal Decision of

Early Information on Uncertain Variables

Variable

GNP growth

Coal/shale limits

Clean synfuels
Uranium resources

Capital cost,
advanced converter

Capital cost,
Breeder

Solar or fusion
capital costs

Acceptabil ity of
advanced nuclear

Value of Early

Informat ion

$466

$0
$0
51

$17

$27

$934

million

million

million
million

million

million

million

million

Effect on Decision®

No advanced nuclear with low
GNP growth; decision is base
with medium GNP growth; FBR
accelerated 10 years with
high GNP growth.

No advanced nuclear if there
are no coal and shale limits;
decision wmchanged if there
are coal and shale 1imits.

No change in decisions.
No change in decisions,

No change 1in decision for high
or medium capital cost; for
low capital cost, FBR acceler-
ated by 10 years,

No change in decision for high
or medium capital cost; for
low capital cost, FBR acceler~
ated by 10 years.

No change in decision with low
or medium solar-fusion capital
costs; for high solar-fusion
capital costs, the FBR decision
is accelerated 10 years.

No advanced nuclear RiD when
both unacceptable; decision is

ACR only when ACR only acceptable;

FBR only when FBR only or all
acceptable.

*Recall that 'base" decision is FBR in 2030 and ACR in 2040-or-later.
"Unchanged" means that optimal decision is "bage."



44

E, Calculation of Insurance Premia for Advanced Reactors

In the analysis performed up to this poiné, we.haﬁe aﬁaiyzed the
expected value of decisions, where this was calculated as the average
value of each decision in each state of the world, weighted by the judg-
mental probabilities in each state of the world, 1In the present section,
we analyze the question: how much is the economic insurance premium
for each decision?

The estimate of the value of the insurance premium on a new tech-
nology rests on the asymmetrical nature of the payoff, This is {llustrated
in Figure 6. Let us call V(x) the value of a new technology, where

x 1is a random variable, For simplicity, assume that the variable x

takes the values x = x4 with probability 1/2 and x = X, with pro-
bability 1/2 ; therefore the expected value is X . The insurance

premium is defined as the difference between the expected value of the
technology, taken by averaging the value of the technology across different

states of the world (to be called the "stochastic value' henceforth), and

the value of the technology when all variables take their expected value

(to be called the "deterministic value” henceforth). Hence the "insurance

premium' on development of the new technology is E[V(x)] -~ V[E(x)] .
The calculation of the insurance premium is relatively straight-
forward in the simple example described above and shown in Figure . The
determinisfic value of the new technology is V(xX) , shown as point B
in the Figure; this value is found by simply reading off the value of
the expected value of x . The stochastic value of the technology is
found by taking the expected value of the benefit, E[V(x)] = %V(xl) + %v(xz) ,
this is shown as point A in Figure 6. Finally, the difference between

the stochastic and the deterministic value of the new technology, AB, is the
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Benefit of new
technology as a
function of the
value of random
variable, V{(x)

V(x)
I
A a
E[v(x)] //
VIE(x)] B
C
Value of
- « random
x1 2 variables, x
Figure 6, . Figure showing the method for calculation of the

insurance premium on new technology. Point A is the
deterministic value of technology, while point B is
the stochastic value; difference = E[V(x)] - V[E(x)]

= AB = insurance premium on the new technology.
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insurance premium on the new technology.

A word should be stated about the interpretation of the Insurance
premium and its difference from ordinary calculations. The general inter-
pretation of the insurance premium on new technologies is that they are,
to a certain extent, a hedge against future uncertainties, Thus it might
be that along the expected value (deterministic) path, there would be
absolutely zero value of a breeder or solar energy. On the other
hand, in the case of unfortunate realizations of uncertainties--such as
low uranium supplies, worse than anticipated health effects of coal com-
bustion, and high demand --the value of one of the new technologies might
be very high, It would be prudent pélicy, then, to assign some value
to the new technology in order to account for the uncertainty.

At the same time, it should be noted that there is no need for the
insurance premium to be positive. 1In Figure 6, the premium was necessarily
positive because the V(x) function was convex. Although we would or-
dinarily expect the V(x) functions to be comvex In many cases, convexity is
not necessarily in the structure of the problem, or in the theory of con-
vex programming,

Yet another interpretation of the insurance premia 1is that they
are the value of changing the distribution of the variables from one with
a given mean and variance to one with the same mean but a zero varilance;
this differs, of course, from the process of gaining information about
the exact state of the world, investigated in Section D above. What does
it mean to reduce the variance to zero? This is rather hard to concep-
tualize in general, but a simple example will give the flavor: suppose
that the only uncertainty is the outcome of research and development on

solar energy. Say that the deterministic value of a new technology is $2
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biliion and the stochastic value is $4 billion, so that the insurance
premium is $2 billion. Now say, we could, for certain, make an improve-
ment or new technology which either would reduce the uncertainty of solar
to zero guaranteeing the mean value or that we find a new technology which
had the same expected value as solar energy with a zero variance. Then
the value of this improvement in solar or of the new technology would be
$2 billion.

We have calculated insurance premia in two steps: first we pre-
sent the premia for all quantifiable uncertainties (that is, all but the
outcome of the nuclear acceptability); then we present insurance premia
for one uncertainty at a time.

Table 10 shows the deterministic value of decisions about advanced

nuclear for the case where all exogenous uncertainties1 are replaced by

their expected values. This should be compared with the stochastic values
gshown in Table 6 above. Also shown in Table L1 is the difference between
the two, that is the insurance premium for each decision.

It 18 clear from these results that the cost of uncertainty is
very substantial: for all decisions, the insurance premium is between
$4 and $7 billion, for example, the decision to implement both the breeder
and advanced converter by 2000 has an insurance premium of $7.2 billion
(= -$7.4 - (-%14.6) billion)., The insurance premia fall off slightly in
absolute terms as decisions are delayed, mainly due to the discounting
of the value. The large size of the insurance premia reflects the very
substantial uncertainty about the exogenous variables, as well as the

high degree of nonlinearity in the benefit function.

lye note here, but will not repeat, that "all uncertainties' refers to
those seven of the eight exogenous uncertainties which are quantifiable;
it excluded nuclear acceptability.
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In addition to estimating the insurance premia which would be eco-
nomical on reducing all seven uncertainties, we have estimated the in-
surance premia which would be earned by reducing each the uncertainties
one by one. These are summarized in Table 12, where the inaurance premia
on each of the seven variables for two decisions are shown--those for
the early program (both reactors in 2000) and those for the stochastic
optimum (FBR in 2030, AC never), From these results, it is clear that
the significant'uncertainties are energy demard and the question of coal
and shale limits., These two uncertainties are each valued at approximately
$6 billion for early decisions and $4 to $5 for the stochastic optimum,
indicating that £ would be worth approximately this amount to reduce the
uncertainty to the expected value. The insurance premia on the other
variables lie between $0.5 billion and $2 billion, The major surprise,
perhaps, is that the uncertainty about Uranjum resources is the least
important, in the sense that the insurance premium on that uncertainty
i{g less than on any of the others.

At the bottom is shown the sum of the insurance premia for all
uncertainties taken both one at a time and together. It is interesting
to note that there is a strong interaction between the uncertainties
in the sense that the sum value of the individual premia taken one at
a time is considerably larger than the memium for all taken together.
This is, in fact, one of the fundamental results of portfolio theory,
that there are strongldiminishing returns to diversification or to re-

ducing uncertainty.1

1See Tobin [1958]. If the covariances between the random variables were
zero, then the sum of the variances of the individual components would
equal the variance of the total, 1If the insurance premia are proportional
to the standard deviations, then the sums of the squares of the individual
insurance premia should be equal to the square of the insurance premium
on the total. 1In fact the sum of the square of the insurance premia is
83.3, while the squared value of the overall is 7.2 x 7.2 = 51,8,
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TABLE 12. Insurance Premia® for Reducing Uncertainty on
Exogenous Variables Taken One by One, Discounted
to 1975, 1975 prices, billions of dollars

Early Decision Stochastic Optimum
variable (AC and IMFBR in 2000) (IMFBR in 2030, AC never)
1, GNP growth 6.6 4.7
2, (Coal/ghale limits 5.5 3.9
3. Clean synfuels 1.5 1,0
4, vUranium resources 0.6 0.4
5. Capital cost, AC 1.8 1.2
6, Capital cost, IMFER 1,2 0,8
7. Solar or fusion costs 1.5 1.0
Toum 5€1 through 7) 18.7 12.0
Total, simultaneously 7.2 5.1

calculated (Table 9)

* Insurance premia equal difference between stochastic and deterministic
values of decision. All economic benefits of decisions about advanced
nuclear reactors are exclusive of environmental costs but subtract R
and D costs.
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It is important to ask whether reducing the uncertainty exogenous
variables changes any decisions. 1In the case of reducing all uncertain-
ties, shown in Table 8 above, it turns out that the optimal decision is
not to develop any advanced nuclear. The stochastic optimum (AC never
and IMFBR in 2030) moves in the rank order of projects from number 1 to
number 3. For the case of reducing other uncertainties one at a time,
it was found that the stochastic optimum remains optimal when uncertainty
is reduced, one at a time, for the capital cost of advanced converters,
for Uranium, for synfuels, and for solar/fusion. In the cases of reduc-
ing the dispersion in demand and coal/shale limits, however, the optimal
decision changes to no advanced nuclear (just as in the full deterministic
case), with the stochastic optimum moving to third place in each case.

For the three cases where the stochastic optimum is displaced, the second

place decision is to develop the advanced converter in 2030 and the Breeder never,

Conclus ions
The conclusions which can be drawn from the present analysis are

as follows: First, the expected benefit of developing the advanced nuclear

option is in the order of $3 billion when development takes the form of

either an advanced converter or breeder after 2020, Among the decisions,

there is a slight edge toward developing the breeder in 2030 and no ad-
vanced converter,

Second, the worst decision among the 25 analyzed here was a pro-
gram to develop both the advanced converter and the breeder very quickly;
any decision to develop both reactor types before 2020 has an estimated
net loss of between $3 and $7 billion. A strategy to develop the bfeeder

by 2000 also is estimated to have a net loss,
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Third, from the estimates made about the value of perfect infor-
mation, it is probable that the estimates made here would be slightly
more favorable to developing advanced nuclear if a substantial improve-
ment in knowledge about the uncertain driving variables were attained.

In the optimal decision, adding complete certainty about driving variables
adds approximately $2 billion to the net benefits. It is somewhat sur-
prising that the value of perfect information is so small. Given this

small value, however, it seems likely that the assessment of the value

of advanced nuclear reactors would not be substantially changed by further

refinements of the mature of the revelation of the uncertainties.

Fourth, it was found that the val ue of advanced nuclear has a sub-
stantial element of insurance against adversity. The value of reducing
the exogenous uncertainties was estimated, and it was found that the value
ranged from a low of about 0,5 billion for Uranium, to very gubstantial
magnltudes, in the order of $5 billion, for demand and coal and shale
1imits. The total insurance premium in the optimal decision was estimated
to be 55 billion.

Finally, it should be emphasized that all the estimates in_this

analysis are made without weighing the environmental costs of advanced

nuclear reactor strategies into the calculations.
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