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LEGAL NOTICE 

This  r e p o r t  w a s  prepared as an account of work 
sponsored by t h e  United S t a t e s  Government. 
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Department of Energy, nor  any of t h e i r  employees, 
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t h e i r  employees, makes any warranty,  expres s  o r  
implied,  o r  assumes any legal  l i a b i l i t y  o r  respon- 
s i b i l i t y  f o r  t h e  accuracy,  completeness o r  use- 
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o r  process  d i s c l o s e d ,  o r  r e p r e s e n t s  t h a t  i t s  use 
would n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  
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A. The Potential of Decision Analysis -- for the Evaluation 
of Resource Assessment Expenditures 
- - 

Decision theory is a powerful tool which can aid 

managers in making rational decisions about problems which 

involve uncertainty or trade-offs among incommensurable 

objectives. It is not a normative technique. Instead, 

decision theory structures our intuitive decisionmaking 

processes and exposes the assumptions and internal judg- 

ments that underlie our decisions. 

Uncertainty about the consequences of a given 

action is a characteristic of social systems; human behav- 

ior is notoriously unpredictable. In contrast, physical 

systems exhibit remarkable predictability on a macroscopic 

scale: falling objects always obey the same law of motion. 

However, our knowledge of physical systems is frequently 

as limited and uncertain as our own behavior is unpredict- 

able. 

Throughout the course of man's intellectual 

development, we have created numerous analytical tools. 

Almost all of these deal exclusively with the world of 

physical systems and omit the problems associated with 

our uncertain knowledge about that world. Yet this uncer- 

tainty is at the core of the difficulties associated with 

rational decisionmaking about complex physical and social 
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problems. Decision theory explicitly incorporates uncer- 

tainty into its analysis of the options available to us 

as decisionmakers. 

A second consideration human beings must weigh 

in making decisions is the trade-off between conflicting 

objectives such as safety and economy or return on invest- 

ment and risk. Most of the many analytical techniques 

developed to aid our internal decisionmaking processes 

either ignore the necessity of balancing conflicting 

objectives or artificially reduce all of the objectives 

to a common denominator. The explicit valuation of a 

human life in dollars and cents represents a particularly 

grotesque example of such methods. Decision theory, while 

analytically rigorous, permits a more flexible and, to 

some, a more sensitive technique for dealing with these 

questions. 

Managers in industry and government who are 

responsible for the development of geothermal energy fre- 

quently face decisions involving the investment of sub- 

stantial sums in geothermal facilities. These decisions 

entail considerable financial risk for the funding organi- 

zation since the success of the facility depends upon the 
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existence and upon the characteristics of the geothermal 

resource. Despite the fact that these characteristics 

are determined by physical laws, our knowledge of these 

characteristics is often highly uncertain. 

For example, imagine a DOE official faced with 

a proposal for resource assessment funding. If he rejects 

the proposal, firms will decide whether to proceed with 

projects at that location on the basis of current geologi- 

cal information. If he accepts the proposal, firms will 

be able to decide better whether to proceed and how to 

design their facilities. Given that he has a limited 

budget, the official wishes to fund only those proposals 

which could yield potential benefits in terms of fossil 

fuel savings. If the technical quality of the proposal 

is not a consideration, how much should he be willing to 

spend on it? 

It is unclear how much one should pay for 

additional information. Intuitively, we can say that 

the answer depends upon the value of the information to 

the decisionmaker. Setting aside the possibility of 

a discrepancy between the objectives of the decision- 

maker and those of his organization, this value should 

be related to the usefulness of the information. If the 

information cannot affect the decision to be taken, it 
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will only be valuable to the inte lectually cur-ous. If, 

however, the information can materially affect the deci- 

sion to be made, the information may be extremely valuable. 

This conclusion holds whether the decisionmaker 

is an executive in a firm about to embark upon an expensive 

drilling program or whether he is a program manager in the 

Department of Energy reviewing proposals for resource 

assessment funding. 

makers may differ, the principle remains the same: one 

should not pay more f o r  information than its value in 

light of the decision to be made. 

While the objectives of the decision- 

Decision theory can be used to derive rigor- 

ously the dollar amounts that correspond to the value of 

geothermal resource information. The following sections 

describe the procedure in greater detail and provide a 

numerical example. 
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B. Value of Information - 
One of t h e  most important f a c t o r s  involved i n  

t h e  e v a l u a t i o n  of geothermal energy i s  the  u n c e r t a i n t y  t h a t  

surrounds t h e  geothermal resource  i t s e l f .  This  u n c e r t a i n t y ,  

which re la tes  p r i m a r i l y  t o  t h e  temperature  and product ion 

f low r a t e  of t h e  r e source ,  i s  t r a n s l a t e d  i n t o  a correspond- 

ing u n c e r t a i n t y  i n  t h e  a n t i c i p a t e d  c o s t  of t h e  p r o j e c t .  

A p o t e n t i a l  u s e r  of geothermal energy might wish 

t o  reduce t h i s  u n c e r t a i n t y  by commissioning a d d i t i o n a l  geo- 

l o g i c a l  s t u d i e s  o r  even by d r i l l i n g  an i n i t i a l  product ion 

w e l l .  I n  t h e  p r e s e n t  c o n t e x t ,  these a c t i v i t i e s  w i l l  be 

termed experiments.  However, t h e  u s e r  should weigh t h e  

c o s t  of such experiments a g a i n s t  t h e  p o t e n t i a l  va lue  of t h e  

information t o  be gained from t h e m .  

The va lue  of information der ived  from experiment 

t o  a p o t e n t i a l  u s e r  of geothermal energy depends upon t h e  

effect  possess ion  of t h e  information w i  11 have upon h i s  

decisionmaking. A t  one e x t r e n e  i s  t h e  s i t u a t i o n  i n  which 

t h e  d e c i s i o n  t o  u t i l i z e  geothermal energy and t h e  choice  

of p l a n t  design are made i n  advance. I n  t h i s  c a s e ,  posses- 

s i o n  of information from an experiment cannot a l t e r  t h e  ex- 

pected n e t  p r e s e n t  v a l u e  of t h e  p r o j e c t .  A t  t h e  o t h e r  ex- 

treme l i e s  t h e  s i t u a t i o n  i n  which t h e  d e c i s i o n  t o  use  geo- 

thermal energy and t h e  choice  of p l a n t  des ign  can be pos t -  
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poned u n t i l  t h e  information has  been obta ined .  

periment i s  performed, t h e  u s e r  w i l l  design t h e  p l a n t  on 

t h e  b a s i s  of t h e  expected r e source  c h a r a c t e r i s t i c s .  

r e source  c h a r a c t e r i s t i c s  a r e  found t o  d i f f e r  i n  a c t u a l i t y  

from t h e i r  expected v a l u e s ,  t h e  u s e r  w i l l  have b u i l t  a sub- 

opt imal  p l a n t .  H o w e v e r ,  if an experiment i s  performed, t h e  

u s e r  can design t h e  p l a n t  t o  make optimum use  of t h e  

d iscovered  c h a r a c t e r i s t i c s  of t h e  resource .  

I f  no ex- 

Thus i f  

The va lue  of t h e  information t o  t h e  u s e r  i s  rep- 

r e sen ted  by t h e  d i f f e r e n c e  between t h e  expected va lue  of 

t h e  p r o j e c t  wi thout  experimentat ion and t h e  expected v a l u e  

of t h e  p r o j e c t  w i th  experimentat ion .’ 
decision-maker who has  the  oppor tun i ty  t o  perform t h e  ex- 

periment a t  a c o s t  less than  t h i s  va lue  should choose t o  do 

so. I f  t h e  c o s t  of t h e  experiment w i l l  exceed t h e  va lue  of 

t h e  informat ion  t o  be ob ta ined ,  t h e  decision-maker should 

proceed wi thout  t h e  experiment.  

Therefore ,  a r a t i o n a l  

Th i s  concept has  important  i m p l i c a t i o n s  f o r  t h e  

p r a c t i c e  of g e o t h e m a l  r e source  assessment as w e l l .  

m o s t  important  of t h e s e  imp l i ca t ions  i s  t h a t  l o c a t i o n -  

s p e c i f i c  assessment e f f o r t s  can be r i g o r o u s l y  j u s t i f i e d  on 

t h e  b a s i s  of t h e  va lue  of t h e  information t o  be procured. 

Furthermore,  such a j u s t i f i c a t i o n  cannot be made without  

cons ide ra t ion  of a p a r t i c u l a r  a p p l i c a t i o n ,  s i n c e  t h e  econo- 

The 

B 
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mics of the specific application determine in part the value 

of the information to be gained from the experiment. 

The procedure used to calculate the value of in- 

formation for a given application is outlined in the next 

section. An example is then presented in Sections 2 and 3 .  

1. Calculation -- of the expected value - of information 

Among the simplifying assumptions made in the course 

of the analysis are the following. The net present value of 

the project is defined as the net present value of cash flows 

associated with the proposed system minus that associated 

with a conventional system. It is assumed that only a geo- 

thermal system can be used. Under certain circumstances, 

it is possible that the net present value of the project 

will be negative. If the user had the option of employing 

a conventional system, the net present value as defined 

here could never be below zero. It is a lso  assumed t h a t  

the user makes decisions solely upon the basis of their 

monetary consequences. It is further assumed that the user 

is not risk-averse. This condition is equivalent to the 

assumption that the value of a marginal dollar is constant 

regardless of the user's total financial wealth. 

The second and third assumptions together imply 

that the net present value of the project is a sufficient 

measure of its attractiveness. In the present analysis, 



9 

t h i s  f i g u r e  i s  assumed t o  be a f u n c t i o n  of t h e  geothermal 

f l u i d  temperature  and of t h e  f l u i d  f low r a t e  used i n  t h e  

p l a n t .  

terms of a l l  o t h e r  parameters . ]  

[It i s  assumed t h a t  t h e  p l a n t  design i s  opt imized i n  

The temperature  i s  cons ider -  

ed t o  be a random variable desc r ibed  by a p r o b a b i l i t y  d i s -  

t r i b u t i o n .  

v a r i a b l e  under t h e  c o n t r o l  of t h e  u s e r  s i n c e  he i s  f r e e  t o  

d r i l l  any number of w e l l s  i n t o  t h e  geothermal r e s e r v o i r .  

[The e x i s t e n c e  of t h i s  freedom depends upon t h e  assumption 

t h a t  t h e  r e s e r v o i r  i s  l a r g e  compared t o  t h e  range of possi-  

T h e  f l u i d  flow rate  is  viewed as a d e c i s i o n  

b l e  f low r a t e s . ]  

Thus 

v = V ( m , t )  I 

where 

V = n e t  p r e s e n t  va lue  of cash  f lows 
a s s o c i a t e d  wi th  t h e  geothermal 
system minus t h a t  a s s o c i a t e d  wi th  
a convent iona l  system 

m = mass f low r a t e  of geothermal f l u i d  
purchased 

t = temperature  of t h e  geothermal f l u i d .  

To compute t h e  va lue  of in format ion ,  one must f i r s t  ca lcu-  

l a t e  t h e  expected va lue  of t h e  p r o j e c t  without  experimen- 

t a t i o n  and then  a s c e r t a i n  t h e  expected va lue  wi th  e x p e r h e n -  

t a t i o n .  
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If no experiment i s  performed, t h e  u s e r  can only  

a t tempt  t o  maximize t h e  expected p r o j e c t  n e t  p r e s e n t  va lue .  

Applying t h e  expec ta t ion  o p e r a t o r  (denoted by < > ) :  

The maxhum f i g u r e  f o r  t h i s  expected va lue  w i l l  occur  a t  a 

mass f low r a t e  which can be found by d i f f e r e n t i a t i n g  with 

r e s p e c t  t o  m and s e t t i n g  t h e  r e s u l t  equal  t o  zero:  

a<v> - - -  
am 

I f  t h e  opt imal  va lue  of m is  denoted by and t h e  opt imal  

expected n e t  p r e s e n t  va lue  by <v>,  t h e  expected p r o j e c t  

n e t  p r e s e n t  va lue  without  experimentat ion can be w r i t t e n  

a s  

A 

r 4 1  

The expected p r o j e c t  n e t  p r e s e n t  va lue  wi th  ex- 

per imenta t ion  depends upon t h e  accuracy of t h e  experiment.  

I f  it i s  assumed t h a t  t h e  experiment y i e l d s  p e r f e c t  i n f o r -  

mation ( i . e .  it determines wi th  c e r t a i n t y  t h e  t r u e  va lue  of 

t ,  or  t ) ,  then  a f t e r  t h e  experiment i s  performed t h e  

u s e r  can compute a p r e c i s e  va lue  f o r  V which corresponds t o  
a c t u a l  

any choice  of m: 
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The u s e r  would then  maximize t h e  n e t  p r e s e n t  va lue  by set- 

t i n g  t h e  d e r i v a t i v e  of V equal  t o  ze ro ,  

which g i v e s  t h e  opt imal  va lue  of m, m', and thus  t h e  opt imal  

va lue  of V ,  

V '  v(m' f t a c t u a l  1 [ 7 1  

However, - a p r i o r i  t h e  u s e r  does n o t  know t h e  re- 

s u l t s  of t h e  experiment and t h u s  cannot  compute e i ther  m' 

o r  V ' .  Never the less ,  he can c a l c u l a t e  a n  expected va lue :  

Th i s  f i g u r e  r e p r e s e n t s  t h e  p r i o r  expected p r o j e c t  n e t  p re s -  

e n t  v a l u e  i f  a p e r f e c t  experiment i s  performed. 

The expected va lue  of p e r f e c t  information i s  

def ined  t o  be t h e  d i f f e r e n c e  between t h e  expected n e t  p re s -  

e n t  va lue  i f  t h e  b e s t  f low rate  i s  chosen a f t e r  p e r f e c t  i n -  

formation i s  obta ined  and t h e  expected n e t  p r e s e n t  va lue  

i f  t h e  b e s t  f low ra te  i s  chosen wi thout  t h e  b e n e f i t  of f u r -  

t h e r  information.  Thus 



12 

where 

EVPI  = expected va lue  of  p e r f e c t  
information.  

I f  it i s  assumed t h a t  t h e  experiment y i e l d s  

imperfec t  information ( i . e .  it determines only a "narrower" 

p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t than  t h a t  a l r e a d y  e s t ab -  

l i s h e d ) ,  then  t h e  computation of t h e  expected value of 

information becomes somewhat more complicated.  
* 

The experiment g ives  a r e s u l t  T f o r  t h e  resource  

temperature.  However, t h i s  i s  only i n d i c a t i v e  of what t h e  

t r u e  value might be s i n c e  t h e  experiment i s  imperfec t .  

A f t e r  t h e  experiment has  been performed, t h e  u s e r  i s  i n  

an analogous s i t u a t i o n  t o  t h a t  i f  no experiment had been 

performed: he can only a t t empt  t o  opt imize t h e  expected 

va lue  of the  p r o j e c t .  Thus t a k i n g  t h e  expected va lue ,  

<V> = V ( ~ , T ) P ( T I T * )  d.r , 1101 I 
where 

P ( T I T * )  = p r o b a b i l i t y  of t h e  a c t u a l  
temperature  be ing  T given 
t h a t  t h e  experimental  r e s u l t  
w a s  T*. 

The u s e r  would then  maximize t h e  expected va lue  by s e t t i n g  

t h e  d e r i v a t i v e  wi th  r e s p e c t  t o  m equal  t o  zero: 
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which y i e l d s  t h e  optimum flow r a t e  m" and t h e  corresponding 

va lue  V" i n  t e r m s  of t h e  experimental  r e s u l t  'I: . * 

However, - a p r i o r i  t h e  u s e r  does n o t  know what 

'I:* w i l l  be.  H e  can t ake  an expected va lue ,  g iv ing  
r 

<VIt > 

where 

<VI' > 

V" (T*) 

P ('I:*) 

V" ( ' I :*)P(T*) d'I:* , = I  
= p r i o r  expected n e t  p r e s e n t  va lue  

of  p r o j e c t  i f  an imperfec t  
experiment i s  performed. 

= optimum p r o j e c t  value a s  a 
funct ion*of  t h e  experimental  
r e s u l t  T . 

= p r o b a b i l i t y  o f* the  experimental  
r e s u l t  being T . 

The expected va lue  of imperfec t  in format ion  i s  

def ined  t o  be t h e  d i f f e r e n c e  between t h e  expected n e t  

p r e s e n t  va lue  i f  t h e  b e s t  f low r a t e  i s  chosen on t h e  

b a s i s  of imperfec t  in format ion  and t h e  expected n e t  

p r e s e n t  va lue  i f  t h e  b e s t  f l o w  ra te  i s  chosen without  

t h e  b e n e f i t  of f u r t h e r  information.  Thus 

E V I P I  = <VI'> - <$> , 

where 

E V I P I  = expected value of imperfec t  
in format ion .  
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2. Example c a l c u l a t i o n  -- of t h e  expected va lue  - of 
p e r f e c t  information 

The n e t  p r e s e n t  va lue  information r equ i r ed  f o r  

t h e  c a l c u l a t i o n  of t h e  E V P I  (and t h e  E V I P I )  i s  determined 

by u t i l i z i n g  t h e  computer model descr ibed  i n  Reference 2 .  

For t h i s  example, t h e  model i s  run us ing  d a t a  

from t h e  second p a r t  of Chapter 6 of Reference 2 .  One 

modi f ica t ion  i s  made i n  t h e s e  d a t a :  it i s  assumed t h a t  

t h e  u s e r  pays f o r  geothermal f l u i d  on a "per  u n i t  m a s s "  

b a s i s  r a t h e r  than  i n v e s t i n g  d i r e c t l y  i n  geothermal r e source  

development. While t h e  assumption of  a c o n s t a n t  p r i c e  

pe r  u n i t  mass may n o t  be r e a l i s t i c  over  a w i d e  range of 

flow r a t e s ,  it i s  probably reasonable  f o r  t h e  more l i m i t e d  

range of flow r a t e s  of i n t e r e s t  i n  t h i s  a n a l y s i s .  

The r e s u l t s  f o r  n e t  p r e s e n t  value a s  a func t ion  

of mass flow r a t e  and f l u i d  temperature ( a s  shown i n  

Fig. 1) are represented by the following expression: 

V 
3 

al + a m + a m 2 +  2 3 a mJ 4 I 
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where for the sake of convenience V is in millions of 

dollars and m is normalized by division by 162,530 kg/hr, 

and where the coefficients ai are functions of temperature. 

For each fluid temperature a least-squares analysis is used 

The coeffi- 4 a and a a21 3 to determine the values of a 

cients are then cross-plotted against temperature. A 

linear least-squares analysis is then employed to yield ex- 

pressions of the form 

-r ail + ai2 a =  i I 

where 

T = t-60 . 
The reason for using 'I instead of t will become clear in 

the following discussion. The coefficients determined by 

the present analysis are given in Table 1. 

The next step is to assume a probability density 

function for the geothermal fluid temperature. On the 

basis of the geological record for Ontario, Oregon (the 

site of the facility in this example), it is extremely 

unlikely that this temperature would be less than approxi- 

mately 6OOC. A two-tailed probability function is there- 

fore inappropriate for modeling the distribution of possible 
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j=1 j=2 

I I /  51.43 lj a 

i = l  

i = 2  

i = 3  

i = 4  

i = 5  

aZj 11-146.79 I 

-17.06 -5.632 

43.54 0.535 

-30.07 -0.012 

6.72 1.189E-4 

-4.0663-7 

2.5378 

I -2*1302 
a 3j / I  129.70 

I ( 1  -35.66 a4 j 0.5651 
I I  I 

dlj I /  1.941 1 -8.9613-3 

Note: V = net present value in millions of dollars 

geothermal fluid flow rate, kg/hr 
162,530 m =  

T = (geothermal fluid temperature,'C) - 60 . 

TABLE 1 - COEFFICIENTS USED IN THE --- 
VALUE - OF INFORMATION ANALYSIS 
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fluid temperatures. A more suitable distribution is the 

log-normal function, 

2 
P ( T c )  = cxTB exp[-y(Rn -r) 1 for .c>o , 1 

where 

P ( T )  = probability of the fluid temperature 
being equal to T 

a , B , y  = constants. Note that normalization 
of the probability function forces 

Since the probability approaches zero as T approaches zero 

and thus as t approaches 6OoC,  this function has the ap- 

propriate form. It can be shown by performing the follow- 

ing analysis with a different probability function that 

the ultimate results are relatively insensitive to the 

particular functional form assumed. 

For the sake of completeness, it should be noted 

that use of the log-normal function implies that 
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and 
2 1 

v (r) = exp(-) - 1 
2Y 

where 

a ( r )  = s t anda rd  d e v i a t i o n  of r 

v ( r )  = c o e f f i c i e n t  of v a r i a t i o n  of r 

- (3 ( T I  - 
<T:> 

It  i s  assumed f o r  t h e  purposes of t h i s  a n a l y s i s  

t h a t  t equa l s  135OC k 3 0 % .  H o w e v e r ,  it i s  ambiguous t o  

s ta te  t h e  u n c e r t a i n t y  i n  terms of +30% of t h e  temperature .  

A more p r e c i s e  s ta tement  would be t h a t  t h r e e  s tandard  devi -  

a t i o n s  equal  30% of t h e  mean, o r  

1 
3 V ( T )  = - x 0.30 = 0 . 1 0  . [ 2 0 1  

From Eqs. 1 7  and 1 9 ,  

6 = 432 .40  

y = 5 0 . 2 5  . 

Now t h e  expected n e t  p r e s e n t  va lue  of t h e  pro- 

ject  i n  t h e  absence of experimentat ion can be eva lua ted .  

By d e f i n i t i o n ,  t h e  expected v a l u e  of V i s  
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Replacing v ( m , T )  by Eqs. 1 4  and 1 5 ,  P ( r )  by Eq. 16, 

and changing v a r i a b l e s  such t h a t  x = Rn T y i e l d s  

where 
4 

i-1 c =I ailm 
i= 1 

4 
D =I ai2m i- 1 

i= 1 

Separa t ing  t h e  two terms and completing t h e  squares  i n  t h e  

exponents g i v e s  

If t h e  cons t an t  term i n  each i n t e g r a l  i s  e x t r a c t e d  and 

v a r i a b l e s  changed once again such t h a t  



2 1  

and 

then  Eq. 25 can be reformulated as 

2 a D  (B+2)2 ] [ ip  [ -  S 1 d s  . 
4Y 

+ - exp [ Jzr 
But t h e s e  i n t e g r a l s  are each ,/% t imes  t h e  i n t e g r a l  of t h e  

normal p r o b a b i l i t y  d i s t r i b u t i o n  over  t h e  e n t i r e  domain. 

Since t h e  l a t t e r  i n t e g r a l  must equal  u n i t y ,  t h e  given in-  

t e g r a l s  bo th  equal  J2.rr. Performing t h i s  s u b s t i t u t i o n  and 

r e p l a c i n g  a by i t s  va lue  i n  terms of 8 and y (given below 

Eq. 1 6 )  y i e l d s  

- 

Thus it can be seen t h a t  
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To e v a l u a t e  Eq.  3 ,  d e f i n e  

a + a <‘I> - 
il i 2  bi - 

The v a l u e s  of t h e  bi f o r  t h i s  example are l i s t e d  i n  Table 

1. Thus 

4 

and 

2 - -  a<v> - 0 = b + 2b3m + 3b4m 
am 2 

F i n a l l y ,  t h e  opt imal  va lue  f o r  m i n  t h e  absence of an ex- 

per iment ,  m,  can be determined t o  be 
A 

I ,  
L -b - - 3 2b4 3 A 

m =  
3b4 

= 1.239 

s i n c e  only t h e  smaller root i s  of s i g n i f i c a n c e  i n  t h i s  ex- 

ample. S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  E q .  32 then  y i e l d s  

t h e  expected p r o j e c t  v a l u e  without  experimentat ion:  

A h  

< V ( m , T ) >  = 3.521 ( d o l l a r s  x . [351 

Next, t h e  expected n e t  p r e s e n t  va lue  of t h e  
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p r o j e c t  w i th  experimentat ion must be eva lua ted .  

m a l  va lue  of m a f te r  t h e  experiment has  been performed i s  

The o p t i -  

found by d i f f e r e n t i a t i n g  V: 

2 - -  a' - o = a 2  + 2a3m + 3a4m 
am 

o r ,  s o l v i n g ,  
I c) 

L 
- a 3 - v  a3 - 3a2a4 

m '  = 

I 

I 

3a4 

w h e r e  it i s  aga in  t h e  s m a l l e r  root w h i c h  i s  of i n t e r e s t .  

Th i s  express ion  is  awkward f o r  t h e  manipula t ions  t o  fo l low.  

S ince  m' is  a f u n c t i o n  of T~~~~~~ through t h e  c o e f f i c i e n t s  

a t h e  equat ion  above may t h e r e f o r e  be rep laced  by t h e  

l i n e a r  r e l a t i o n  
i f  

which g i v e s  f i g u r e s  w i t h i n  2 .5% of t hose  de r ived  from 

E q .  37 throughout t h e  r e l e v a n t  domain. [The va lues  of  dll 

and d12 f o r  t h i s  example are given i n  Table 1 . 1  

Then 
4 

I [ 3 9 1  
i-1 

V' = 2 (ail + ai2 (dll + d12 
i= 1 



o r ,  r ea r r ang ing ,  

2 4  

5 

i=l 

where 

- 2 3 
c1 ' - (all + a 2 1 d l l  + a31d l l  + a 4 1 d l l  ) 

d d  - 
'2 - ( a 1 2  + a21d12  + a 2 2 d l l  + 2a31 11 1 2  

3 C 

4 C 

5 C 

Values f o r  t h e  

va lue  of VI  is 

+ 2a3 d d (a22d12 + a31d12 2 11 L 2  

2 3 
(a32d12 + a41d12 

are 

5 

given i n  Table  

+ 

L. The 

B T 

3 a 4 1 d l l d 1 2  2 

expected 

, I 2 ]  d7: . 
J i=l 
0 
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. 

Following t h e  same procedure as w a s  used above, change 

v a r i a b l e s  such t h a t  x = Rn T ,  s e p a r a t e  t e r m s ,  complete t h e  

squares  i n  t h e  exponents,  and e x t r a c t  t h e  c o n s t a n t s  from 

t h e  i n t e g r a l s .  Next, change v a r i a b l e s  once again such 

t h a t  

s = h T ( x - T )  8+2 

and analogous expres s ions  

g r a l s .  Each i n t e g r a l  now 

ing  f o r  a y i e l d s  

a r e  used f o r  t h e  remaining i n t e -  

equa l s  J2 ' r r .  F i n a l l y ,  s u b s t i t u t -  

8+2 1 + c exp[-I - 28+3 
< V I >  - c1 + c2 e x p [ T  3 Y 

28+6 1 ] + c exp[- 68+15 
5 Y + c 4  exp[  4y 

I t  can be shown by use of Eqs. 1 7  and 1 9  t h a t  t h i s  i s  

i d e n t i c a l  t o  

+ c < f >  + c <02 ( v  2 +1) c1 2 3 < V ' >  = 

6 4 2  3 + c 4 < 0  3 2  ( w  +1) + C 5 < f ' >  ( v  +1) 

Evaluat ion o f  t h i s  express ion  r e v e a l s  t h a t  f o r  t h i s  example, 

< V I >  = 3.561 ( d o l l a r s  x [ 4 4 1  
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One can now compute t h e  expected va lue  o f  per-  

fect  informat ion  us ing  Eqs. 35 and 44. S u b s t i t u t i o n  of 

t h e s e  equa t ions  i n t o  Eq. 9 r e s u l t s  i n  

6 EVPI  = $3.561 x lo6 - $3.521 x 10 
[ 4 5  1 

= $40,700 . 
3. Example c a l c u l a t i o n  -- of  t h e  expected va lue  - of 

imperfec t  in format ion  

The underlying d a t a  and t h e  equa t ions  f o r  

p r o j e c t  n e t  p r e s e n t  va lue  assumed above w i l l  a l s o  be 

adopted i n  t h i s  s e c t i o n .  The development below u t i l i z e s  

s e v e r a l  e lements  of t h e  a n a l y s i s  presented  i n  Reference 3. 

The knowledge possessed by t h e  u s e r  about  t h e  

experiment t o  be performed i s  encoded i n  t h e  fo l lowing  

log-normal p r o b a b i l i t y  d i s t r i b u t i o n :  

where 

P (T* I T )  = p r o b a b i l i t y  o f  an exper imenta l  
r e s u l t  T given t h a t  t h e  t r u e  
va lue  i s  T .  

~ * , B * , Y *  = cons tan t s .  

This  d i s t r i b u t i o n  r e p r e s e n t s  a " c a l i b r a t i o n "  of t h e  pre- 

c i s i o n  of t h e  experiment.  I f  t h i s  cannot be s p e c i f i e d ,  

t h e  experiment i s  probably poor ly  designed. 



2 7  

Two a d d i t i o n a l  assumptions about t h i s  d i s t r i b u -  

t i o n  can be made. F i r s t ,  it i s  assumed t h a t  no sys t ema t i c  

b i a s  i s  p r e s e n t ,  o r  

and second, it i s  assumed t h a t  t h e  r e l a t i v e  accuracy of 

t h e  experiment i s  a c o n s t a n t ,  o r  

~ ( T * I T )  = c o n s t a n t  . 

. 

Using t h e  p r o p e r t i e s  of t h e  log-normal d i s t r i b u -  - 
t i o n  given i n  Eqs. 1 7  and 1 9 ,  one can show t h a t  f o r  these 

two assumptions t o  hold ,  t h e  fo l lowing  r e l a t i o n s  must be 

t r u e  : 

B *  = 2y* Rn T - 3/2 

Y* = c o n s t a n t  . [ 4 9  1 

I n  o rde r  t o  e v a l u a t e  t h e  p r o b a b i l i t y  d i s t r i b u -  

t i o n  P ( r l r * )  i n  E q .  1 0 ,  no te  t h a t  by Bayes' Theorem 

E50 1 

However, P ( T * )  must f i r s t  be found t o  e v a l u a t e  t h i s  

express ion .  By d e f i n i t i o n ,  



(u
 h
 

r
l
*
 

M
 

v
 

+
T

P
 

. h 
r
l 

- N
 

Ln 
Y

 

n
 

m
 

Ln 
U

 

[I] 
?

 
0
 

-rl 
3 a, 
k

 
pc 

b
! 

0
 

F: 0
 

-rl 
rn F: rd pc 
x a, 

a
 !z rd 4
 

m
 

TP 

I 

(u
 n
 

r
 

&Y 
w 

?
 

F: 0
 

T
I 

c, 
rd k

 
D

 
a, 
c, 
d 
-rl 

w
 0 

a, 5
 

tr 

x a 
n

 

x >
 

+ 

N
 * * 

F: 
d

 
I x X 
>

 
N

 

n
 

* * m
th

l 
+ M

 
v

 

v
 

>
 I 

U
 

r
 
a
 

n
 

h
l * A

 

t-' 

a x al 
pc 
x 

8 
a

8
 

a 
X a, 

3: M
 * m
 P
 

P
 

F: 
ol 

* x 
m

 IN
 

+ 
t
 

11 
11 

II 

h
 

* P
 

P
I 

V
 

n
 

* t-' 

PI 
v

 

h
 

* t" 

pc 
v
 



29 

Note t h a t  t h i s  i s  a log-normal d i s t r i b u t i o n  wi th  e f f e c t i v e  

parameters  

and t h a t  as expected 

* 
<T > = <T> . [ 5 6 1  

The next  s t e p  i s  t o  e v a l u a t e  P ( T ~ T * )  us ing  

Bayes' Theorem ( E q .  5 0 ) .  S u b s t i t u t i o n  of E q s .  1 6 ,  46,  49 ,  

and 54 i n t o  E q .  50  y i e l d s  a f t e r  some a lgeb ra  

With t h e s e  r e s u l t s  i n  hand one can e v a l u a t e  

Eq .  1 0  f o r  t h e  p o s t e r i o r  expected va lue  of t h e  p r o j e c t  

given an experimental  r e s u l t  r . Since from E q s .  2 3  and 

24 

* 

V ( m , r )  = C + Dr I 



I 
c 

where C and D are  f u n c t i o n s  of m, Eq. 1 0  can be w r i t t e n  a s  

* 
<V> = (C+DT)P(Tlr ) dT . [59 1 1 

S u b s t i t u t i o n  of  Eq. 5 7  i n t o  t h i s  equa t ion ,  t r ans fo rma t ion  

of v a r i a b l e s  such t h a t  x = An T and x = Rn T*, and com-  
* 

p l e t i o n  of squa res  i n  the  exponents f i n a l l y  y i e l d s  a f t e r  

s o m e  manipulat ion 

<v> = (; 
* *  

2y +B+3'2 )2 ]  dx + 1; D exp 
2 (Y+Y * 

,'I * *  [- (Y+Y*) (. - 2 Y  x +8+5/2 

2 (Y+Y*) 

I n t e g r a t i o n  then  r e s u l t s  i n  t h e  i n t e r e s t i n g  and remarkably 

s imple expres s ion  

where 

I .  Y*Rn T * + % B + ~  

( Y + Y  * 1 
= exp [ 
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Next, t h e  maximum value  of <V> must be  found 

by means of Eq. 11. F i r s t ,  however, d e f i n e  

r" , - 
ail + a i 2  f i  - 

so t h a t  

4 

i=l 

Then 

.am a <V> = o = f2 + 2f3m + 3f,m 2 

o r  s o l v i n g  

- f 3  - i f ;  - 3 f 2 f 4  mfl = 
I 

3 f 4  

E631 

165 1 

1661 

where m" i s  t h e  flow ra te  which maximizes <V> and m" i s  a 

func t ion  of rf* through t h e  c o e f f i c i e n t s  f i .  

Note h e r e  t h e  analogy between Eq. 37 and Eq. 6 6 .  

The expres s ions  a r e  i d e n t i c a l  i f  r "  i n  t h e  l a t t e r  case i s  

considered t o  be analogous t o  r i n  t h e  former.  T h i s  

analogy can then  be e x p l o i t e d  by recogniz ing  t h a t  t h e  

l i n e a r i z a t i o n  of Eq. 37 w i l l  a l s o  hold f o r  Eq. 6 6  i f  r f l  

i s  s u b s t i t u t e d  f o r  T :  

mrr = dll + d12 T" . E671 

I 
1 
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Following t h e  analogy through E q s .  39 and 40  demonstrates 

t h a t  

5 

where t h e  c o e f f i c i e n t s  ci have t h e  same numerical  va lues  

a s  be fo re .  

The l a s t  s t e p  i s  t o  e v a l u a t e  Eq. 1 2  f o r  t h e  

p r i o r  expected va lue  i f  an imperfec t  experiment i s  per- 

formed by u s e  of Eqs. 54, 55, 6 2 ,  and 6 8 .  S u b s t i t u t i o n  

of t h e s e  l a t t e r  g ives  

i-1 

[691 

d-c . * I 
A f t e r  expansion term-by-term, a change of v a r i a b l e s  such 

t h a t  x = Rn T and x = Rn T , completion of t h e  squares  * * 

i n  t h e  exponents,  another  change of v a r i a b l e s  a s  i n  Eq. 2 6 ,  

i n t e g r a t i o n ,  and f u r t h e r  a lgeb ra  invo lv ing  E q .  55, t h i s  

equat ion becomes 

r 
<v"> = c1 + c2 e x p [ T  2 @ + 3  1 + c3 exp [T - 

* I  68+9 + 3 Y  * 
2 Y ( Y + Y  

1 
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' .  

2 BY*+GY *-6 ] [701 
Y (Y+Y * 1 

F i n a l l y ,  by u t i l i z i n g  t h e  d e f i n i t i o n s  of Eqs. 1 7  and 1 9 ,  

t h i s  equat ion can be shown t o  be i d e n t i c a l  t o  

2 2 [Y*/(Y+Y*)l + c <T> + C 3 < T >  ( v  +1) c1 2 <V"> = 

+ C 4 < T >  3 ( v  2 +1) [3Y*/(Y+Y*)l 

Note from t h e  form of t h e  d e f i n i t i o n  of u ( T * [ T )  t h a t  as  t h e  

p r e c i s i o n  of t h e  experiment improves,  v ( T *  I T) decreases  

and Y* i nc reases .  

experiment approaches t h e  p r e c i s i o n  of t h e  p e r f e c t  expe r i -  

ment, Eq. 7 1  approaches t h e  form of  t h e  analogous express ion  

Eq. 4 3 .  

Thus, i n  t h e  l i m i t  a s  t h e  imperfec t  

I f  it i s  assumed a s  be fo re  t h a t  

<T> = 75 

2 v (T) = 0.01 

and a d d i t i o n a l l y  t h a t  

2 *  v (T IT) = 0.005 , 

then  

* 
Y = 1 0 0 . 2 5  

E731 
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and 

<V"> = 3.547 ( d o l l a r s  x . [ 7 5 1  

F i n a l l y ,  from Eq.  1 3  t h e  expected va lue  of 

imperfect  information i s  

6 EVIPI = $3 .547  x LO6 - $ 3 . 5 2 1  x 1 0  
E76 1 

= $26,600 . 
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