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ABSTRACT 

A f i n a n c i a l  accounting model t h a t  incorpor-  
ates physical  and i n s t i t u t i o n a l  u n c e r t a i n t i e s  
has been developed for geothermal p r o j e c t s .  
Among t h e  u n c e r t a i n t i e s  it can handle are well 
depth, flow rate, f l u i d  temperature, and permit 
and cons t ruc t ion  times. The  outputs  of t h e  
model are cumulative p r o b a b i l i t y  d i s $ r i b u t i o n s  
of f i n a n c i a l  measures such as capital  c o s t ,  
l e v e l i z e d  c o s t ,  and p r o f i t .  These ou tputs  are 
well s u i t e d  f o r  use  i n  an investment dec is ion  
incorpora t ing  r i s k .  The model has t h e  powerful 
f e a t u r e  that  condi t iona l  p r o b a b i l i t y  d i s t r i b u -  
t i o n  can be used t o  account f o r  c o r r e l a t i o n s  
among any of t h e  i n p u t  var iab les .  T h e  model 
has  been appl ied  to a geothermal r e s e r v o i r  a t  
Heber, Cal i forn ia  f o r  a 45MW binary e lectr ic  
p lan t .  Under t h e  assumptions made, t h e  reser- 
v o i r  appears  t o  be economically v iab le .  

INTRODUCTION 

Because t h e  c o s t  of developing a geothermal 
resource is i n t r i n s i c a l l y  uncertain,  no venture  
a n a l y s i s  technique can eva lua te  t h e  c o s t  or 
p r o f i t  of a p r o j e c t  w i t h  any degree of confi-  
dence without  consider ing t h e  u n c e r t a i n t i e s  
present .  P a r t i a l  accommodation of  these uncer- 
t a i n t i e s  can produce r e s u l t s  which are mislead- 
ing. P r o b a b i l i s t i c  c o s t  modeling, however, does 
provide t h e  oppor tuni ty  t o  properly incorpora te  
these u n c e r t a i n t i e s  i n t o  t h e  f inal  r e s u l t s .  
This  paper describes one such model t h a t  has 
been developed a t  t h e  Jet Propulsion Laboratory 
and d iscusses  its a p p l i c a t i o n  t o  a geothermal 
s i t e  a t  Heber, Ca1i forn ia . l  

The concept underlying p r o b a b i l i s t i c  model- 
i n g  is t h a t  t h e  va lues  f o r  t h e  model i n p u t s  are 
not  known, but t h a t  their  d i s t r i b u t i o n s  can be 
estimated. 
sequence of events  and t h e  associated probabi l i -  

' t ies can then be cons t ruc ted ,  and from t h i s ,  
p r o j e c t  costs and other f i n a n c i a l  measures can 
be appropr ia te ly  aggregated i n t o - p r o b a b i l i t y  
d i s t r i b u t i o n s .  By genera t ing  e n t i r e  d i s t r i b u -  
t i o n s ,  t h i s  model enables  t h e  inc lus ion  o f  a 
decision-maker's r i s k  preference i n t o  h i s  inves t -  
ment decis ions.  The shaded area i n  Figure 1 

A dec is ion  tree showing each p o s s i b l e  

shows t h a t  even though the expected c o s t  of a 
new technology may be higher  than t h e  c u r r e n t  
c o s t  o f  conventional technologies ,  there migh t  
be a considerable  probabi l i ty  t h a t  t h e  new tech- 
nology is competitive w i t h  t h e  e x i s t i n g  technol-  
ogy. Likewise, there may be a s i g n i f i c a n t  
p r o b a b i l i t y  that  t h e  c o s t  of t h e  new technology 
w i l l  reach unacceptable l e v e l s .  

e 

The most d i s t inguish ing  f e a t u r e  of t h e  
Geothermal P r o b a b i l i s t i c  Cost (GPC) model is 
t h a t  i t  al lows t h e  outcome of one v a r i a b l e  t o  be 
dependent upon t h e  outcomes of  t h e  O t h e r  v a r i -  
ables. Condit ional  p r o b a b i l i t y  d i s t r i b u t i o n s  
can thus  be used. For example, 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  f o r  t h e  l ength  o f  a development 
stage may be dependent upon t h e  lengths  of t h e  
stages t h a t  precede i t  o r  upon t h e  depths  of t h e  
wells t h a t  have t o  be d r i l l e d ,  none o f  which  may 
be known a t  t h e  beginning of t h e  pro jec t .  I n  
t h i s  way, any cor re la t ion-e i ther  p o s i t i v e  o r  
negative-between characteristics can be con- 
sidered e x p l i c i t l y  and a j o i n t  p r o b a b i l i t y  
d i s t r i b u t i o n  t h a t  has a l l  e x i s t i n g  dependency 
r e l a t i o n s h i p s  fac tored  i n t o  it can be con- 
s t r u c t e d .  

PKOST) 1 PROBABILITY 
THAT NEW 

EXPECTED COST OF 
NEW TECHNOLOGY 

FIGURE 1 - Probabi l i ty  Density Function of 
Cost f o r  a New Technology 

THE MODEL: AN OVERVIEW 

Many projects o r  processes  can be considered 
as occurr ing  i n  s t a g e s ,  w i t h  t h e  c o s t  of t h e  
a c t i v i t i e s  f o r  t h e  p r o j e c t  being dependent upon 
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t h e  dura t ion  of t h e  stage i n  Which they occur.  
I n  p ro jec t s  of t h i s  t ype  w i t h  long  time-horizons, 
i t  is o f t en  t h e  case t h a t  t h e  dura t ion  of a t  
least some of t h e  Stages (and hence t h e  cost of 
t h e  a c t i v i t i e s  i n  those  stages) w i l l  be uncer- 
t a in .  Thus, f i n a l  c o s t  and p r o f i t  w i l l  be sens i -  
t i v e  t o  t h e  length  of time requi red  t o  complete 
each of t h e  stages.  I n  add i t ion  t o  t h e  stage 
dura t ions ,  other v a r i a b l e s  t h a t  have an effect 
on c o s t ,  Such as phys ica l  parameters,  may a l s o  
be uncertain.  

The model described i n  t h i s  paper deals w i t h  
these unce r t a in t i e s  by cons ider ing  ind iv idua l ly  
a l l  permutations of t imes ( f o r  t h e  s t age  dura- 
t i o n s )  and values ( f o r  the uncer ta in  phys ica l  
va r i ab le s ) .  From each such permutation o f  times 
and values,  a 'scenario! is cons t ruc ted  and then 
analyzed. 

A scenar io  thus  r ep resen t s  one poss ib l e  path 
- through a dec is ion  tree. S p e c i f i c a l l y ,  each 

b scena r io  is defined by f o u r  a t t r i b u t e s :  

a set  of du ra t ions  spec i fy ing  t h e  
length  o f  each of t h e  stages; 

a set of va lues  f o r  any uncer ta in  
physical parameters ; 

t h e  p r o b a b i l i t i e s  t h a t  each s t age  and 
each physical parameter w i l l  take on 
t h e  value s p e c i f i e d  f o r  i t  i n  (1) and 
(2) ;  and 

t h e  d o l l a r  va lue  c o s t s  f o r  a l l  
cost-accounts i n  a l l  stages 

To avoid t h e  enormous information c o s t s  of 
acqui r ing  (1) - (4) f o r  each scena r io ,  t h e  model 
makes use of a Reference Scenario.  A Reference 
Scenar io  is defined as t h e  most l i k e l y  path 
through t h e  dec is ion  tree. Cost-accounts are 
i n p u t  i n t o  t h e  program f o r  only t h i s  Reference 
Scenario. For a l l  o the r  s cena r ios ,  only t h e i r  
stage times, physical parameter Values, and t h e  
assoc ia ted  p r o b a b i l i t i e s  are input :  t h e i r  
cost-accounts are der ived  Within t h e  program by 
modifying t h e  appropr i a t e  Reference Scenar io  
c o s t  accounts f o r  any d i f f e r e n c e s  i n  t h e  l eng th  
o f  t h e  stages o r  f o r  any d i f f e rences  i n  t h e  
va lues  of t h e  physical  parameters. Thus, as 
described below, t h e  Reference Scenar io  is 
real ly  a base l ine  case from which a l l  o the r  
s cena r ios  are derived. A s  a r e s u l t ,  t h e  l engthy  
and d i f f i c u l t  task of providing detailed c o s t  
accounts f o r  t h e  site under study has t o  be 
performed only once ( f o r  t h e  Reference Scenar io) .  

To i l l u s t r a t e  t h e  procedure,  i f  i n  t h e  
Reference Scenario,  Stage J is assumed to take  
1 0  years ,  then a time-dependent c o s t  account 
i n  Stage J is estimated based upon t h e  1 0  year  
duration.2 I f ,  however, Stage J i n  another  
s cena r io  lasts 20 years ,  then t h a t  time-dependent 
cost account i n  S tage  J would be doubled t o  
reflect t h e  now longer  stage time. Addi t iona l ly ,  
i f  a p a r t i c u l a r  cos t  account is affected by an 

unce r t a in  phys ica l  v a r i a b l e ,  t h e  model would 
make an  adjustment through t h e  use of appro- 
p r i a t e l y  defined s c a l i n g  func t ions .  

I n  a l i k e  manner, t h e  cost-accounts for each 
o f  t h e  O t h e r  s cena r ios  are derived. Because t h e  
l eng ths  of t h e  stages are d i f f e r e n t  from s c e n a r i o  
t o  scena r io ,  t h e  occurrence o f  t h e  cost-account 
expendi tures  i n  each scena r io  w i l l  be staggered. 
The model accounts f o r  the  staggered time frames 
by appropr i a t e ly  accounting f o r  time d i f f e r e n c e s  
when t h e  f i nanc ia l  a n a l y s i s  is performed. The 
f i n a n c i a l  subrout ine  i n  t h e  model c a l c u l a t e s  
l e v e l i z e d  energy c o s t ,  l i f e - cyc le  c o s t ,  and 
p r o f i t  f o r  each scenar io .  With t h e  p r o b a b i l i t y  
o f  occurrence f o r  each scena r io  (and thus  of 
t h e i r  ou tpu t s )  having been inpu t3  as part o f  
t h e  s cena r io  desc r ip t ion ,  a complete set of 
va lues  and t h e i r  p r o b a b i l i t i e s  are obtained f o r  
l e v e l i z e d  energy c o s t ,  life-cycle cost, and f o r  
p r o f i t .  From these, separate p robab i l i t y  func- 
t i o n s  for both of the c o s t  ca t egor i e s  and for 
p r o f i t  can be cons t ruc ted .  

HEBER RESERVOIR SITE STUDY 

The Geothermal P r o b a b i l i s t i c  Cost model was 
used to  eva lua te  t h e  economics of a geothermal 
r e s e r v o i r  a t  Heber, Ca l i fo rn ia ,  t o  supplv f l u i d  
f o r  a 45MW (r st  1 binarv-cycle electric p l a n t  
The Heber Binary P l a n t ,  which  is not  modeled 
here, h a s  been proposed as a demonstration 
p ro jec t  t o  prove t h e  f e p s i b i l i t y  of a large 
scale b inary  p l an t .  

BRIEF DESCRIPTION OF HEBER 

The Heber f i e l d  would c o n s i s t  o f  1 3  produc- 
t i o n  wells ranging i n  depth from 4000 t o  10,000 
feet. These wells would d e l i v e r  approximately 
7 mil l ion  pounds o f  360°F water per hour, w i t h  
t h e  f low rate inc reas ing  as temperature degrades 
over time. Fluid would be i n j e c t e d  back to  t h e  
r e s e r v o i r  using 7 wells a t  depths from 4000 feet  
t o  10,000 feet. A l l  wells are pumped. The 
p r o j e c t  has a proposed production lifetime o f  
30 years .  

For ana lys i s  by t h e  CPC model we have d i v i -  
ded t h e  p ro jec t  i n t o  fou r  s t ages .  The first 
s t a g e ,  resource proving, c o n s i s t s  o f  acqu i r ing  
leases to t h e  land ,  explor ing  t h e  f i e l d ,  and 
proving t h e  ex i s t ence  o f  a v i a b l e  r e se rvo i r .  
The second stage, permit processing, c o n s i s t s  o f  
performing a l l  requi red  environmental assess- 
ments and obta in ing  a l l  permits requi red  t o  
f u l l y  develop t h e  resource .  The t h i r d  stage, 
developing t h e  r e source ,  c o n s i s t s  of d r i l l i n g  
a l l  production and i n j e c t i o n  wells, and i n s t a l -  
l i n g  pumps and a l l  requi red  su r face  facil i t ies.  
The last s t age ,  ope ra t ing  t h e  r e s e r v o i r ,  c o n s i s t s  
o f  de l ive r ing  f l u i d  t o  t h e  b inary  p l a n t ,  perform- 
i n g  requi red  O&M a c t i v i t i e s ,  and r e d r i l l i n g  
wells as required.  
c o s t s  by s tage .  For a complete breakdown o f  
these costs by year and t a x  s t a t u s ,  see 
Reference 1. 

Table 1 is a summary o f  t h e  

686 



Ziman, e t  a1 

TABLE 1 - Reference Scenario Cost by Stage5 

1980$, thousands 

STAGE I - Resource Proving 
Rent $ 75/year 
Permits 25 
Exploration 3680 
G&A 100/year 
Lease Acquisit ion 325 
Surf  ace Occupancy 60 
Contingency 406 

Rent $ 75/year 
Environmental Assessment 200 
G&A 100/ year  
Contingency 38 

Rent $ 7Wyear 
Well D r i l l i n g  18,954 
Surface I n s t a l l a t i o n  9,400 
G&A 100 /year 
Contingency 513 

STAGE I V  - Operating t h e  Reservoir 
O&M $ 2,093/year 
Pumping c o s t s  514/year 

STAGE I1 - Permit Processing 

STAGE I11 - Developing t h e  Resource 

(start)  
R e d r i l l i n g  of Wells 
Contingency 209/year 

19,920 ( y e a r  15)  

TABLE 2 - Financ ia l  Assumptions5 

Energy Price 
Required Rate of 

Debt/Equity Ratio 
Royalty Rate 
Fede ra l  Tax Rate 
S t a t e  Tax Rate 
Local Tax Rate 
Investment Tax Credi t  
Royalty Rate 
Depletion Allowance 
Depreciat ion Method 
Esca la t ion  of Energy Pr ice  
General I n f l a t i o n  

Return a f t e r  Tax 

17.5 mills/kWh 

15% 
0 

10% 
46% 
10% 
1% 
10% 

15% 

10% 
9% 

10% of gross revenue 

Sum of yea r s  d i g i t s  

The  set of data  and assumptions l i s t e d  i n  
Tables 1, 2, and 3 is r e f e r r e d  t o  a s  t h e  Base 
Case Set. The Base Case S e t  c o n s i s t s  of 54 
s c e n a r i o s  ( 3 x 2 ~ 1 ~ 3 ~ 3 1 ,  each w i t h  a s p e c i f i c  
p r o b a b i l i t y  o f  occurrence,  p l u s  a l l  c o s t  and 
f i n a n c i a l  assumptions. The  Reference Scenario 
is t h e  p a r t i c u l a r  s cena r io  whose c o s t  accounts 
a r e  shown i n  Table 1 and whose unce r t a in  var i -  
ables take on t h e  values i n d i c a t e d  i n  Table 3. 
O t h e r  s cena r ios  a r e  t r e a t e d  a s  pe r tu rba t ions  
from t h e  Reference Scenario,  w i t h  a ca l cu lab le  
p r o b a b i l i t y  of occurrence. (The  s c e n a r i o  w i t h  
s t a g e  l e n g t h s  of 3 years, 1 year ,  2.5 years ,  and 
20 years, and flow rate of 1035 GPM would have 
p r o b a b i l i t y  .2x.8x.2x.2 = .0064.) 

RESULTS 

Resu l t s  f o r  the  Base Case Set of assumptions 
and f o r  s e n s i t i v i t i e s  are shown i n  Table 4. The  
cumulative d i s t r i b u t i o n  func t ion  f o r  p r o f i t  is 
shown i n  Figure 2. 

TABLE 3- Density Functions of Uncertain Inputs5 

Variable - Value P robab i l i t y  
Stage I 3 yrs.  .2 

Stage I1 

5.5 yrs.* .6 
.2 8 yrs .  

1 yr.* .8 
1.5 yr .  .2 

Stage I11 2.5* 1.0 

Stage I V  20 yrs .  .2 
30 yrs.* 07 
35 yrs .  .1 

Well Flow Rate 1035 GPM .2 
1380 GPM* .6 
1725 GPM .2 

"Reference Scenario Value 

For t h e  Base Case Set,  the expected p r o f i t  
is -$1.61 mi l l i on  and f o r  t h e  Reference Scenario 
t h e  p r o f i t  is $.60 mil l ion .  T h i s  p r o f i t  is t h e  
present value of p r o f i t  a t  t h e  assumed start of 
t h e  p r o j e c t  i n  1980 and it does allow a payment 
t o  equ i ty  c a p i t a l  of 15% after taxes.  
p r o f i t  is c l e a r l y  s e n s i t i v e  t o  changes of 
assumptions i n  t h e  Base Case Set .  P r o f i t  is 
dramatical ly  s e n s i t i v e  t o  changes i n  t h e  p r i c e  
of energy sold.  A 2.5 mill/kWh increase over 
the o r i g i n a l  p r i c e  of 17.5 mill/kWh increases 
t h e  expected p r o f i t  approximately $4.5 mi l l i on  . 
The expected p r o f i t  is not  g r e a t l y  s e n s i t i v e  t o  
t h e  investment t a x  c r e d i t ,  a s  a change from 10% 
i n  t h e  Base Case Set t o  25% increases p r o f i t  
approximately $1 mi l l i on .  
would have had a larger e f f e c t  had not such a 
la rge  percentage of c o s t s  been expensed a s  
i n d i r e c t  d r i l l i n g  c o s t s  (75% of wells and 50% of  
surface i n s t a l l a t i o n ) .  Energy esca la t ion  , t h e  
r a t e  of i nc rease  of price of t h e  f l u i d  s o l d ,  h a s  
a g r e a t  impact on t h e  p r o f i t .  
10% t o  11% causes expected p r o f i t s  t o  rise 
approximately $6.5 mi l l i on .  
s h o r t e r  well l i f e ,  10 years  a s  compared t o  t h e  
Base Case Set assumption o f  15 years ,  is 
s u b s t a n t i a l ,  a s  expected p r o f i t s  f a l l  by almost 
$5 mi l l i on .  

The 

The increase  i n  I T C  

An increase from 

The e f f e c t  o f  a 

The c o s t s  shown i n  Table 4 a r e  only f o r  t h e  
Reference Scenario.  
l eve l i zed  c o s t s 6  a t  t h e  beginning of Stage IV, 
which  occurs 9 years  a f t e r  t h e  s t a r t  of the  pro- 
ject. For t h e  Base Case Set t h i s  cost  is 40.93 
mills/kWh. T h i s  c o s t  w i l l  grow a t  lo$,  t h e  rate 
of e s c a l a t i o n  f o r  energy. Nine years a f t e r  t h e  
s t a r t  of the p r o j e c t  t h e  energy p r i c e  w i l l  have 
grown f r o m  17.5 mil ls /kWh t o  41.26 mills/kWh. 
Then comparing t h e  first year r e a l  l eve l ized  
cos t  t o  t h e  energy p r i c e  a t  t h a t  time, we see 
there is a p r o f i t  of .33 m i l l s  f o r  each kWh of 
f l u i d  so ld .  There w i l l  a l s o  be a pos i t ive  
p r o f i t  i n  each of t h e  remaining years of t h e  
operat ing period a s  both t h e  p r i c e  and real 
leve l ized  stream w i l l  grow a t  10%. 
the c o s t s  are s e n s i t i v e  t o  changes of assump- 
t i o n s  from t h e  Base Case Set .  

They a r e  t h e  first year  real ' 

As expected, 

When energy price 
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TABLE 4 - Resul t s  f o r  Base Case Set Assumptions and S e n s i t i v i t i e s  

Base Case Set 

Energy 
Price 
(mi l l s /kWh)  

I T  C 

Energy 
Esca la t ion  

Well L i f e  

Corre la ted  
Events 

Present  Value P r o f i t  ( 1980$, m i l l i o n s )  Reference Scenario 
Expected Standard Reference Levelized Energy 

Value Deviation Minimum Maximum Scenar io  Cost (Mills/kWh) 

15  - 6-10 2.52 -11.46 - -016 - 4.14 
20 2.87 3.16 - 3.41 11 033 5.34 
25 12.00 3.87 3.26 22.69 14.82 

25% - -31  2.76 - 5.59 6.92 1.84 

11% 4.84 3-76 - 2.73 13.70 7.70 
9% - 6.61 2.31 -11.10 - -84 - 5-14 

1 0  y r s .  - 5.64 3.05 -12.25 1.77 - 3.42 
30 y r s .  2.25 2.61 - 3.21 9.10 4.25 

37 70 

50 59 
44.15 

40.23 

40.89 
41.24 

43 19  
38 87 

- 1.55 2.81 - 7.23 5.66 .60 40.93 

changes, c o s t  changes because income t a x  and 
roya l ty  payments change. 

The  co r re l a t ed  event case is t h e  Base Case 
Se t  modified by t h e  assumption t h a t  t h e  d i s t r i -  
bution o f  w e l l  flow rate depends on t h e  length  
of time it takes t o  prove t h e  resource ,  or t h e  
length of S tage  I. 
shown i n  Table 5. As shown i n  F igure  2,  t h e  

The r e l a t i o n s h i p  assumed is 

TABLE 5 - Flow Rate Corre la ted  t o  Stage I 

Outcome o f  Stage I Poss ib l e  Value P robab i l i t y  
3 years 1035 GPM 0 1  

1380 GPM .1 
1725 GPM .8 

5.5 years  

8 yea r s  

$ 0.250 7 
BASE CASE 

1035 GPM 15 
1380 GPM 35 
1725 GPM 50 

1035 GPM .2 
1380 GPM .6 
1725 GPM 02 

---I 
I --‘-\ 

CORRELATED 
CASE 

-c- 

p r o f i t  i n  t h e  Base Case Set  is p r o b a b i l i s t i c a l l y  
dominated by t h e  d i s t r i b u t i o n  o f  p r o f i t  i n  t h e  
c o r r e l a t e d  event case. With on ly  the assumption 
t h a t  an inves to r  is r i s k  adverse ,  we may conclude 
t h a t  an inves to r  would prefer a p ro jec t  w i t h  t h e  
c o r r e l a t e d  event  over t h e  p r o j e c t  w i t h  t h e  Base 
Case Set assumptions. 
c o r r e l a t e d  even t s  is a powerful f e a t u r e  o f  t h e  
GPC model. 

The a b i l i t y  t o  handle 

NOTES 
1. For a f u l l e r  d i scuss ion  o f  t h e  model and 

2. Cost accounts are i d e n t i f i e d  as either 
s i t e  s tudy  see Reference 1. 

time-dependent or time-independent. Time- 
independent c o s t  accounts remain unchanged 
by d i f f e r e n c e s  i n  s t age  l eng ths .  

3. Actua l ly ,  on ly  t h e  cond i t iona l  p r o b a b i l i t i e s  
for t h e  stage length  times and phys ica l  
parameter va lues  are inpu t .  T h e i r  product,  
ca l cu la t ed  i n  t h e  program, y i e l d s  t h e  prob- 
a b i l i t y  of occurence f o r  each scena r io  and 
its output .  

4. The model can be appl ied t o  any process w i t h  
u n c e r t a i n t i e s  whose d i s t r i b u t i o n s  can be 
estimated, n o t  j u s t  geothermal or energy 
p r o j e c t s  . 

5. See Reference 1 f o r  detailed sources.  
6. Leve l i za t ion  is discussed i n  Reference 2. 
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FIGURE 2 D i s t r i b u t i o n  of P r o f i t  i n  Base Case 
Set and Corre la ted  Events Case Set 
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