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G 
A FORECAST OF GEOTHERMAL DRILLING ACTIVITY 

Executive Summary 

The purpose o f  this report is to estimate the number of geothermal 
wells to be drilled in the United States for each 5-year period to 2000 
A.D. The report presents forecasts of the growth of geothermally 
supplied electric power. The report then quantifies the different types 
of geothermal wells needed to support the forecasted capacity. 

The rate o f  growth of electric capacity at geothermal resource areas 
is expected to be 15 to 25 percent per year (after an initial critical 
size is reached) until natural or economic limits are approached. Five 
resource areas in the United States should grow to significant capacity 
by the end of the century (Figure 1). The best estimates of the number 
of wells that must be drilled in each 5-year period to support the 
electric capacity are given in Figure 2. About 5000 geothermal wells are 
expected to be drilled in support o f  all electric power projects in the 
United States from 1981 to 2000 A.D. The reported numbers include 
production, exploration, injection, and replacement wells and take into 
account drilling other resource areas. The Geysers area is expected to 
retain most of the drilling activity for the next 5 years. By the 
199Os, the Imperial Valley i s  expected to contain most o f  the drilling 
activity with the result that half of the geothermal wells drilled in the 
next 20 years will be in the Imperial Valley. 
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6d 
Introduction 

This report i s  intended to supplement and update a previous report 
which presented a methodology for estimating geothermal drilling activity 
in specific areas of the United States.' Using available data, that 
report made best estimates of drilling activity in The Geysers, the 
Imperial Valley, Roosevelt Hot Springs, Val les Caldera, and Northern 
Nevada. 

This report further refines and updates the data and methodology 
presented by Brown et.al.1 An effort to document all sources of data has 
been made. The previous methodology has been refined by addition of 
time-dependent parameters, by accounting for wells drilled in undeveloped 
areas, and by making it possible to unambiguously account for wells 
drilled prior to the initial start of full-scale development. 

In order that the methodology may be easily used for revised 
forecasts and sensitivity analysis, the authors of this report have 
written and implemented a computer code. The results in this report were 
obtained using the final version of the code, which i s  included at the 
end of this report. 

It should be noted that the process of updating and refining the 
data and methodology did not result in any major revisions to any of the 
basic results or conclusions presented in the original report.1 
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e3 
Approach and Methodology 

Establishing the Approach 
The original work by Brown began with the gathering of data.' The 

data were examined (in terms of scope and detail) to see what type of 
methodology for forecasting numbers and types o f  wells the data could 
support. The data gathered indicated that any methodology developed 
would need to reflect three important features of the industry: 

(1) Factors that influence drilling activity for electric power 
projects are quite different from the factors that influence 
drilling activity for direct heat projects. 

(2) Drilling activity is correlated to growth in capacity, and the 
timing o f  the start of growth is highly dependent on the 
economic and institutional barriers associated with the 
resource. 

(3) Once growth starts at a particular resource, it is likely to 
proceed quite rapidly. Hence any real istic methodology must 
treat resource areas separately since some ar2 likely to grow 
to a large size before others start to grow at all. 

The data on the direct heat industry were insufficient for develop- 
ment of a general methodology for forecasting numbers and types of wells. 
The methodology that was developed, and refined, in this report applies 
only to electric power projects. 

The commitment to build a power plant in a given resource area i s  
important because only a few wells will be drilled before the commitment 
to build is made since only wells in the vicinity of the first plant can 
be used right away. Where electric power generation from geothermal 
resources is economic, the number of wells drilled will be whatever the 
power plants require, not the other way around. Hence the methodology 
for forecasting the number of wells should reflect both the commitment to 
build power plants and the fact that electrical capacity drives drilling 
activity. 

Based on the points above, one way of estimating geothermal drilling 
activity is to forecast each important resource separately; first by 
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f o r e c a s t i n g  t h e  number of megawatts o n - l i n e  a t  each o f  t hese  resources 

and then  by exp ress ing  t h e  number o f  w e l l s  i n  terms o f  t h e  megawatts 
o n - l i n e .  F o r t u n a t e l y ,  f o r  t h e  p r a c t i c a l i t y  o f  t h i s  approach, a rev iew  o f  

t h e  d a t a  i n d i c a t e d  t h a t  o n l y  f i v e  resource  areas a re  l i k e l y  t o  have 

s i g n i f i c a n t  growth i n  t h e  n e x t  20 years.*  The f i v e  resource  areas l i k e l y  

t o  achieve s i g n i f i c a n t  growth a r e  The Geysers, I m p e r i a l  Val l e y ,  N o r t h e r n  

Nevada, Roosevel t  Hot Spr ings,  and V a l l e s  Caldera.  A f t e r  l o o k i n g  a t  t h e  

h i s t o r i e s  o f  development i n  d i f f e r e n t  geothermal resource  areas, and 

a f t e r  c o n s i d e r i n g  t h e  e n g i n e e r i n g  i n v o l v e d  i n  deve lop ing  e l e c t r i c  power 

c a p a c i t y ,  a b a s i c  t h e o r y  was developed which, a l t hough  n o t  e labo ra te ,  

serves t h e  purpose o f  e s t i m a t i n g  d r i l l i n g  a c t i v i t y  t o  a s u f f i c i e n t  degree 

o f  accuracy. The t h e o r y  can be s t a t e d  as f o l l o w s :  

A f t e r  a p e r i o d  o f  e x p l o r a t i o n ,  r e s e r v o i r  development, and p r o t o t y p e  
power p l a n t  t e s t i n g ,  t h e  development o f  t h e  r e s e r v o i r  area reaches a 

p o i n t  where t h e  r i s k  o f  l o s s  i s  l e s s  t h a n  t h e  promise o f  p r o f i t .  S t a r t -  
work o r d e r s  a r e  made on t h e  f u l l - s c a l e  development o f  t h e  resource,  and 

growth may average as much as 25 pe rcen t  a yea r  f o r  s u s t a i n e d  p e r i o d s  o f  
t i m e  ( a l t h o u g h  an average growth of 20 pe rcen t  a yea r  i s  more l i k e l y  

which amounts t o  a d o u b l i n g  of c a p a c i t y  e v e r y  5 yea rs ) .  Growth o f  capac- 

i t y  e v e n t u a l l y  begins t o  s low and t h e n  s t o p  as n a t u r a l ,  economic, o r  

p o l i t i c a l  l i m i t s  a r e  reached. T h i s  t h e o r y  o f  growth can be rep resen ted  

g r a p h i c a l l y  as i n  F i g u r e  3. S ince c a p a c i t y  i s  added i n  chunks o f  perhaps 

55 or 110 MWe, t h e  a c t u a l  growth cu rve  i s  a s t a i r c a s e .  A f t e r  t h e  p o i n t  

i n  t i m e  (to), when t h e  f u l l - s c a l e  development begins,  t h e  s t a i r c a s e  can 

be approximated b y  a smooth mathematical  cu rve  (as shown i n  t h e  f i g u r e )  

which i s  accu ra te  enough f o r  our  purposes. 

* S i g n i f i c a n t  growth i s  t aken  t o  mean growth t h a t  leads t o  a t  l e a s t  a 
5 pe rcen t  share o f  d r i l l i n g  a c t i v i t y  i n  any 5-year p e r i o d .  
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The parameters requ 
thus: 

red to establish the megawatts on-line curve are 

(1) to - the time when critical conditions for natural growth are 
met (called IYRGRW in the code presented at the end of this 
report). 
Mo - the number of megawatts on-line when natural growth begins 
(called IYRON in the code). 
K - the initial growth percentage (called GRWAT in the code). 

the resource (called RESPOT in the code). 

( 2 )  

(3)  
(4) Mm - the maximum number of megawatts that can be developed at 

Once the number of megawatts on-line is known for each year, the 

(1) P - Output per well measured in equivalent MWe produced (called 
COEFWP in the code). 

(2) r - drilling success ratio; the ratio of the total number of 
wells drilled including dry holes, exploration holes, and 
injection wells to the number of successful producers (called 
COEFTN in the code). 

(3) R - well replacement rate; the ratio of the number of wells 
that must be drilled for replacing failed wells or replacing a 
decline in productivity to the number of the wells already 
on-line (called COEFRR in the code). 

Table 1 presents the basic information used by Brown' to forecast 
drilling activity. Table 2 presents the revised data and parameter 
variations used in this report. Differences between the original data 
and the revised data are marked. 

number of wells can be calculated if following parameters are known: 

Estimating Numbers of We1 Is 
Geothermal wells are drilled to (1) locate and define new 

reservoirs, (2) provide the production and injection wells required by 
new plants, and ( 3 )  replace depleted wells at existing power plants. The 
number of new wells (1 and 2 above) for a given reservoir will be propor- 
tional to the rate of growth of generating capacity (dM/dt) of that 
reservoir. The number o f  replacement wells (3 above) for a given reser- 
voir will be proportional to the electrical generating capacity on-line 
( M )  at the reservoir. 

10 
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The number of new wells required each year will be the increase in 
capacity on-line (84) divided by the productivity per well (P), all 
multiplied by the ratio of the total number of new wells drilled to the 
number of successful production we1 Is (r) , i .e. , 

Estimates of P, the average productivity per well in megawatts, can be 
made from actual well tests (well flow rate, temperature, and fluid qual- 
ity) on individual wells; or the estimates can be based on historical 
information as to the number of production wells drilled per megawatt of 
capacity for a typical plant in the field being evaluated. The ratio o f  

total wells drilled to the number of successful production wells, r, must 
be based on historical data on drilling in the reservoir being evaluated. 
On the average, the new wells are expected to be drilled about 3 years 
before the new electrical capacity is due to come on-line. 

The number of replacement wells required will be the capacity on- 
line (M) times the replacement ratio (R) times the ratio of the total 
number o f  new wells drilled to the number of successful production wells 
(r) all divided by the productivity per well (P), or 

(Eq. 2 )  
rRM Replacement wells = p . 

R, the replacement ratio, i s  determined from historical data on the frac- 
tion o f  wells that must be replaced each year to sustain production. The 
replacement wells, on the average, are expected to be drilled about 1 
year before they are needed. 

In addition to estimates of the coefficients (r, R, and P), esti- 
mates of the number of new wells and replacement wells require that the 
generating capacity (M)  be forecasted as a function of time. After 
successful demonstration, a geothermal electric power project should grow 
rapidly until natural, economic, or political limits are approached. The 
capacity has been assumed t o  grow from an initial critical value (Mo)  at 
a rate initially proportional to the capacity on-line, but at a rate that @ 
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decreases as t h e  maximum resource capaci ty  (Mm) i s  approached according 
t o  

divl- k 
d t  Nm 
- - - - F 1  (Flm - M ) .  

Mo, the i n i t i a l  c r i t i c a l  capaci ty ,  i s  estimated from the  s i z e  of typical  
geothermal power plants  and t h e  development plans of the local u t i l i t i e s .  
Mm, t h e  maximum resource capacity,  i s  a function of the  geology o f  a 
reservoi r .  The solut ion t o  the above d i f f e r e n t i a l  equation f o r  t h e  
growth of capaci ty  i s  

M 

The "ef.fect  
percent age 
assuming an 

ve growth constant" ,  k ,  i s  evaluated from the  i n i t  
( K )  and the above d i f f e r e n t i a l  equation. For 
i n i t i a l  growth percefitage of 20 percent 

; A t  = 1 year AM A t  dM 0.2 = z = - - M M o  d t  
t =o 

or rearranging and s u b s t i t u t i n g  i n t o  equation 3 

and so 

dM 
d t  
- = 0.2Mo/year = - k -F1 ( M  - N o )  

!dm o m 
t =0 

ving f - k ,  

o*2Fim /year 
'm - '0 

k =  

a1 growth 
ex amp 1 e , 

I f  needed, the number of wells yet t o  be d r i l l e d  before the reser-  
voir  reaches c r i t i c a l  s i z e  i s  calculated according t o :  

14 
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initial wells = (4) p r'O 

The ($) factor was assumed to correct for wells drilled during the 
exploration and feasibility stages of development. 

To better indicate the level of accuracy of this methodology, all 
numbers of wells have been rounded off to the nearest 5 or 10. 

Time Dependence of Parameters 
The following parameters were considered as potentially time depen- 

dent: P, R, r, and k; whereas Mo, Mm, to, and the initial delay periods 
are point estimates o f  parameters that are basically time invariant. The 
parameters P, R, and r enter into calculations only through multiplying 
by M or AM to get a resultant number of wells (see Equations 1 and 2). 
Since M and AM are calculated separately each year, it is easy to use 
current or time dependent values for P, R, and r. The code does this 
automatically when given initial values of these parameters and coeffi- 
cients of their power series time dependence. 

Incorporating time dependence of k into the model is a bit more 
difficult. When k changes i n  time, the equation must be modified so the 
exponent in the denominator of Equation 4 is 

t 
- /-k (t') d t '  

O J  

Such an effect (while readily programmed) was not included in the code. 
This is because the differential Equation 3 and the resulting solution 
Equation 4 already incorporate a change from normal exponential growth in 
that it has a growth rate that slows down as the maximum capacity is 
reached. In view of the fact that the model already incorporates a 
variable growth rate, the addition of a time-dependent k would be 
redundant. Furthermore, the resulting refinement in terms of precision 
attainable with time-dependent k would greatly exceed the total accuracy 
of the forecast and the availability of data to check the forecast. 

63 
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Estimating wells in Unidentified Resource Areas 
A number o f  geothermal wells will be drilled i n  resource areas other 

than the ones identified for significant growth before 2000. However, 
the number of wells drilled in exploration or demonstration areas is 
likely to be only 10 to 20 percent o f  the total. The trend for developed 
resource areas to dominate drilling is illustrated by data from the 
1970s. As shown in Table 3, for 9-1/2 years from January 1970 to June 
1979, about 55 percent of all U.S. geothermal wells were drilled in The 
Geysers, the only developed area of the decade. The 45 percent share of 
drilling in undeveloped areas is expected t o  decline for reasons given 
below. 

T a b l e  3 

Drilling Activity in the 1970s 

LOCAT I ON $ WELLS 4’0 
Developed Area 

Areas Developing Before 2000 
The Geysers 192 55 

Imperial Val ley 68 20 
Northern Nevada 21 6 
Val 1 es Caldera 18 5 
Roosevelt Hot Springs 9 3 

Other Areas 38 11 
Exploration Areas 

Three independent arguments point to less than a 30 percent share 
for drilling in undeveloped areas, with a best estimate of about 20 
percent. Because of high drilling success rates, high well productivity, 
and the need for only a minimum number o f  injection wells at The Geysers, 
only about one half as many wells are required per power plant at The 
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0 
Geysers as at other typical geothermal areas. If one assumes twice the 
number of wells in The Geysers than actually exist and recalculates the 
percentage of wells in areas undeveloped as o f  1979, the answer is 29 
percent. The tendency for developed areas to dominate drilling activity 
will be enhanced when Imperial Valley, Roosevelt Hot Springs, Northern 
Nevada, and Valles Caldera join the list of developed areas since they 
require a higher number of wells than The Geysers. Note in table 3 that 
during the 1970s, only 1 1  percent of all wells were drilled in "other" 
areas, i.e., exploration areas or areas not expected to reach critical 
development criteria before 2000. 

The second argument that drilling i n  undeveloped areas will not 
continue to be 45 percent starts with the observation that the growth of 
geothermal generating capacity averages about 10 percent per year 
according to Brown.1 For 5 years, from January 1975 t o  January 1980, 
about 100 wells were drilled in undeveloped resources (i.e., outside The 
Geysers). Assuming the number of exploratory and development we1 1s keeps 
pace with growth in capacity on-line, then 1500 such wells would be 
drilled between 1980 and 2000 A.D. Compared to the 4000 wells in 
developed areas, this number o f  exploration and development wells would 
be 27 percent of the total. 

It may also be argued that exploration and development drilling was 
an unusually large fraction of all geothermal drilling in the 1975 to 
1979 period. Or, in other terms, the fraction of the reservoir devel- 
oper's operating budget that was being sunk i n t o  unproven versus proven 
fields was uncharacteristic of an industry operating at and for a profit. 
For operators with a history of production at The Geysers, rather than 
ones just entering the geothermal market, the percentage of wells drilled 
in undeveloped areas varies from 13 percent to 27 percent depending on 

the years selected. 
Assuming 20 percent of the total drilling activity would be in 

undeveloped fields, then a total of 20 percent o f  (4000/.8) or 1000 wells 
would be drilled outside the developed areas. 

17-18 
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Data Review and Documentat ion 

Parameters Used t o  Es t imate  E l e c t r i c a l  C a p a c i t y  

There a r e  f o u r  parameters used i n  t h e  model t h a t  serve t o  d e f i n e  t h e  

t o t a l  e l e c t r i c a l  c a p a c i t y  and how i t  changes over  t ime. These can be 

c a t e g o r i c a l l y  d i v i d e d  i n t o  parameters d e f i n i n g  i n i t i a l  c o n d i t i o n s  and 
parameters d e f i n i n g  growth. The i n i t i a l  c o n d i t i o n s  a r e  g i v e n  b y  i n i t i a l  

e l e c t r i c a l  c a p a c i t y ,  M o ,  and i n i t i a l  t i m e  a t  which growth  begins,  to. 

The c o n d i t i o n s  f o r  growth a r e  g i v e n  b y  t h e  i n i t i a l  annual g rowth  r a t e ,  K ,  
and maximum s u s t a i n a b l e  e l e c t r i c a l  c a p a c i t y ,  Mm. The d a t a  and sources 

t o  suppor t  e s t i m a t e s  o f  these f o u r  parameters 'a re  d iscussed below. 

I n  our  o r i g i n a l  r e p o r t  we e s t i m a t e d  a y e a r  to i n  which an average 

s teady  growth of e l e c t r i c a l  c a p a c i t y  would b e g i n  i n  each r e s o u r c e  area. 

I n  every  case, a minimum to can be e s t i m a t e d  f a i r l y  a c c u r a t e l y  f r o m  a 

b a s i c  t i m e  l i n i n g  o f  r e q u i r e d  events .  The maximum to i s  more d i f f i c u l t  

t o  e s t i m a t e .  I n  f a c t ,  we cannot say w i t h  c e r t a i n t y  t h a t  e l e c t r i c a l  

c a p a c i t y  o f  any r e s o u r c e  area o t h e r  than The Geysers w i l l  b e g i n  t o  grow 

i n  t h i s  c e n t u r y .  However, f a c t o r s  (such as changes i n  r e g u l a t i o n s )  t h a t  

s h i f t  to f o r  one r e s o u r c e  area w i l l  o f t e n  s h i f t  to i n  t h e  same d i r e c t i o n  

f o r  o t h e r  r e s o u r c e  areas as w e l l .  I n  any case, i f  to i s  de layed a t  any 

s e t  o f  resources,  t h e  e f f e c t  would be t o  lengthen t h e  p e r i o d  o f  
dominat ion  o f  d r i l l i n g  a t  The Geysers. 

F o r  The Geysers, to i s  f i x e d .  We can e s t i m a t e  a minimum and a 

p r o b a b l e  to f o r  t h e  o t h e r  r e s o u r c e  areas based on a v a i l a b l e  d a t a  and 

h i s t o r i c a l  t rends .  

The minimum to i s  d e r i v e d  f r o m  s imp le  t i m e  l i n i n g  o f  events .  The 

s t a r t i n g  p o i n t  i s  t h e  "p resent  s tage o f  development".  The end p o i n t  i s  

t h e  " d e c i s i o n  t o  proceed w i t h  f u l l - s c a l e  development". The minimum t i m e s  

f o r  each event  i n  t h e  s e r i e s  i s  g i v e n  i n  T a b l e  4. I n  t h e  b e s t  case, 5 
y e a r s  a r e  r e q u i r e d  f r o m  t h e  t i m e  t h e  f i r s t  w e l l  i s  spudded u n t i l  f u l l -  

s c a l e  development s t a r t s .  

Many f a c t o r s  can combine t o  l e n g t h e n  t h e  minimum t imes g iven i n  

T a b l e  4. Genera l l y ,  t h e  most i m p o r t a n t  f a c t o r s  can be found under t h e  

0 
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Table 4 

Events Leading to Full-scale Development 

EVENT TIME 
(YEAR) 

Demonstrate Availability o f  Steam 

Drill Development Wells 
Flow Test 

Feasibility Demonstration 

Construct Model Plant 
Operate Plant 

Prototype Plant 

Construct 
Operate 

I 20 

.5 

.5  

.5 

.5  

2 
1 
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he ad i ng s I' I n s t i tu t i on a 1 B ar r i er s 'I and " Econom i c Cons t r a i n t s I' . A 1 re ady , 
various factors have combined to cause considerable delays at Roosevelt 
Hot Springs, Valles Caldera, Northern Nevada, and the Imperial Valley. 

The Imperial Valley has advanced to the stage of having several 
demonstration plants. If major construction were to begin in January 
1982, then the earliest to would be 1985. Our best estimate is that this 
schedule can be achieved with only minor slippage, and we estimate a to 
of 1986. It would take some serious circumstances to push to beyond 
1987. Any such circumstances are judged to be unlikely, or very unlikely 
if they affected to only in the Imperial Valley. In any event, such 
circumstances are unforseeable and any attempt on our part to forecast 
such events would be specious. 

Roosevelt Hot springs has reached the feasibility demonstration 
stage. Phillips Petroleum has begun experiments with a mobile, 
1.6-megawatt generator and Utah Power and Light has begun construction of 
a 20 MWe demonstration power plant which could be on line as early as 
19832. According to Table 4, this would mean an earliest to of early 
1987. However, Utah Power and Light may not meet this time schedule. 
Licensing delays are also probable, as impacts on agriculture in the 
nearby valley will have to be studied and law suits are a distinct 
possibility. Because o f  the complex nature of the reservoir, the test 
phase may be abnormally long. For these reasons, we give 1989 as a best 
estimate for to, with a possible t o  as late as 1991. 

Valles Caldera is at about the same stage of development as 
Roosevelt Hot Springs. One reference gave a best estimate of 1983 for 
to.3 This early date was selected because Union planned to skip the 
feasibility stage and proceed with a prototype plant. Recent adverse 
events have occurred which make 1983 a minimum to and cause 1985 to be 
the best estimate. If events make to slip beyond 1986, then no 
reasonable basis for forecasting is possible. 

Northern Nevada is at the beginning o f  the feasibility demonstration 
phase. A consortium o f  five companies (NORNEV) has filed an application 
that seeks permission to build a 10-MWe demonstration plant at Beowawe 

63 8 
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KGRA within 2 years.4 Assuming this occurs in 1982, then 1986 is the 
minimum to. The uncertain economics of most of the promising Nevada 
resource areas is likely to delay to, however. It is difficult to 
pinpoint specific reasons for delay, but the potential backers of 
geothermal electrical capacity in Nevada seem to have adopted a wait-and- 
see attitude. If success is achieved in other areas, development is 
likely to proceed. This implies a start on a prototype plant in 1986 
(the year the Imperial Valley is expected to enter full-scale 
development) and a subsequent best estimate for to of 1990 (assuming 1 
year of slippage). Assuming the worst-case delays in other areas implies 
a worst-case to of 1991 for northern Nevada. 

The cases of The Geysers and Cerro Prieto suggest that long-term 
rates o f  growth in a viable resource area can be expected to range from 
15 to 20 percent per year in the stage of development called "rapid 
growth towards limiting factors". In an especially favorable set of 
circumstances, growth at rates as high as 25 percent per year may be 
possible. 

The basic contention of Brown with respect to growth of generating 
capacity was that an estimate of growth for the entire geothermal 
industry cannot be amortized over the known resource areas.1 Each area 
will follow a basic pattern of (1) proof of feasibility, (2) rapid growth 
towards limiting factors, and ( 3 )  a period of near constant size as 
limits area reached. These features are revealed by analysis of growth 
at The Geysers and Cerro Prieto. 

Data on growth at The Geysers are given i n  our original report (Table 
3).1 Using the equation 

(where M is generating capacity, t is years, and K is growth rate), the 
growth rate (K) over any period (t2 - ti) is given by 

K = ~ ' - I  

22 



I THE BDM CORPORATION 

where 

In M2 - In M1 
z =  El. 10) - 

Table 5 shows actual growth at The Geysers using the above method of 
determining growth percentage. Data on capacity at Cerro Prieto was 
obtained from Mexican sources5 and Table 6 shows the results for growth 
using Equation 9. 

Table 5 

Growth at the Geysers 

~~ ~~~~~ ~~ ~ ~ ~ ~ 

YEAR CAPACITY % GROWTH % GROWTH 
BY DECADE FOR 3 DECADES 

( NWe 1 (YEARLY AVERAGE) (YEARLY AVERAGE) 

1960 11 I 
1971 

1980 908 

1990 2404 
10 

Ac t u a 1 
Q 

‘Projected 
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Table 6 

Growth at Cerro Prieto 

YEAR CAPACITY % GROWTH % GROWTH 
( MWe 1 (YEARLY AVERAGE) (YEARLY AVERAGE) 

1973 75 

1978 75 

1984 400 

0 

32 
16 

The maximum generating capacity, M, that can be achieved in a given 
geothermal resource area i s  ultimately bounded by the heat content o f  the 
reservoir. In practice, however, Mm may be more severely bounded by 
institutional or economic constraints. Table 7 gives estimates o f  

maximum generating capacity based upon reservoir heat contentY6 and also 
gives estimates of achievable capacity after consideration of limiting 
factors. 

The GeysersKlear Lake area has various plans that total 2.4 GWe by 
1988.6 However, the Clear Lake area ( .9  GWe) is questionable in that it 
has not been proven that economic resources of commercial size exist 
there. Moreover, the uncertainties in the parameters used to calculate 
the total available heat in The Geysers indicate that the reservoir might 
support only 1.2 GWe for 30 years, so 1.2 GWe was chosen as a lower bound 
on capacity. The expected capacity of 2.5 GWe was selected because it 
represents the sum of the best estimates for the Geysers (1.6 GWe) and 
Clear Lake (0.9 GWe), and is close to announced development plans. An 
upper bound o f  3.2 GWe on generating capacity was chosen because the 
total available hydrothermal energy may be somewhat greater than the best 
public estimate, and also because deeper portions of the reservoir may be 
exploitable through improved drilling technologies. 
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6d 

Tab le  7 

Flaximum Genera t i ng  Capac i t y  o f  F i v e  Geothermal Resource Areas 

AREA GWe FOR 30 YEARS 

POTENTIALU) LIMITING STUDY ESTIMATE 
FACTORS LOW EXPECTED H I G H  

The Geysers and 3 None 
C l e a r  Lake 

1.2 2.5 3.2 

The I m p e r i a l  V a l l e y  7 P o s s i b l e  4.0 7.0 9.0 
S a l t o n  Sea I n s t i t u t i o n a l  
Westmorl and o r  Economic 
Brawley  
East Flesa 
Heber 

Steamboat Sp r ings  
Deser t  Peak 
Beowawe 

N o r t h  Nevada 1 Economic 

Rooseve l t  Hot Spr ings  1 P o s s i b l e  
I n s t i t u t  lana 

0.6 1.2 1.8 

0.4 0.4 1.0 

Val  les Caldera  3 I n s t i t u t i o n a l  0.2 0.4 0.4 
or Economic 

'USGS C i r c u l a r  790, r e f e r e n c e  6 
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The available hydrothermal energy to a depth of 3 kilometers in the 
Imperial Valley has been estimated as sufficient to support 7 GWe of 
generating capacity.6 However, there are several reasons to believe that 
the upper limit on generating capacity may be less than 7 GWe. First, a 
potential capacity of about 1 or 2 GWe may prove difficult to exploit 
since it is under the Salton Sea. Second, the presence of 7 GWe o f  
capacity in the Imperial Valley could have an unacceptable impact upon 
the eccnomically important agriculture of the area and upon the ecology 
of the valley. 

Various numbers have been reported for the size of the Baca Location 
resource. The estimated size in MWe for 30 years is 2700.6 Estimates of 
410 MWe, 939 MWe, and 1246 MWe were reported for the resource in the 
Redondo Creek area of the Baca L ~ c a t i o n . ~  The 410 MWe estimate i s  based 
on pressure decline, caused by the mass withdrawal to date. The 939 MWe 
and 1246 MWe are based on recovery of heat in the rock by reinjected 
fluid using 18 percent and 5 percent as the porosity. The wells drilled 
at the Baca Location through 1979 have been the least productive in 
MWe/well of the five geothermal resource areas noted as likely to have 
significant growth in the next 20 years. Outside of the Redondo Creek 
area, commercial production has not yet been proven. Since 1979, few of 
the wells drilled have produced commercial quantities of steam. Hence, 
the most reasonable size for the Baca Location reservoir appears to the 
smaller of the numbers estimated, 410 MWe. 

Parameters for Counting Wells 
The model for drilling activity contains five parameters that are 

used to count wells once the generating capacity, M, and the yearly 
change in capacity, &I, are estimated. The first three parameters are 
well productivity, P, ratio of the total number of wells drilled to 
successful production wells, r, and the yearly replacement rate for old 
wells, R. Two of the parameters are of less importance since they effect 
the timing of wells, but not the total number of wells. They are the 
average number of years new wells must be drilled before the new 
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capacity comes on line and the average number of years that replacement 
wells must be drilled before they are needed. The data and sources to 
support estimates of these five parameters are discussed below. 

The average productivity, P, for wells in a given resource area must 
be estimated before the number of wells needed to support additional 
electric capacity can be calculated. In Brown, the authors used 7, 4, 3, 
5,  and 5 MWe for average well productivity in The Geysers/Clear Lake, 
Imperial Valley, Valles Caldera, northern Nevada, and Roosevelt Hot 

In the Geysers, the present average steam production per well is 
150,000 pounds per hour. Since 13 production wells are needed to supply 
steam for a 110-MWe plant, the average well contributes 8.5 MWe.7 On the 
other hand, other data imply averages o f  6.2 to 6.4 MWe for production 
wells supporting two different plants at the Geysers. 8y9 Based on this 
data, 7 MWe is a reasonable baseline estimate. Although technological 
improvements in well drilling and completion might serve to keep the 
average P for The Geysers near 7 MWe until the year 2000, no data were 
found to support a scenario which would result in an average MWe per well 
that would be higher than 7 MWe. Since new capacity is likely to be 
sited in areas that are less productive than the original fields, any 
trend is expected to be toward lower average P.* Because of the uncer- 
tainties, no time-dependent P in The Geysers has been postulated. 

In the Imperial Valley, 12 production wells are planned for a 
45-megawatt plant, which implies P = 3.8 MWe.7 A planned 28-megawatt 
plant proposes to use seven existing and seven planned production wells, 
which implies a P of 2 MWe. lo Based on the data, a choice of P = 4 for a 

Springs, respectively. 1 

*Note that the effect of declining reservoir productivity on exis- 
ting wells does not lower average P in our model. This effect is 
accounted for in well replacement ratio R. However, declining produc- 
tivity in developed areas may have an indirect effect on average P in new 
areas. 
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baseline in the Imperial Valley is reasonable, especially if improved 
technologies are considered. Four MWe is roughly equivalent to a flow of 
500,000 pounds of fluid per hour for the typical Imperial Valley well. A 

P o f  5 is a likely upper bound on what is possible to achieve, whereas a 
P of much below 3 would require so many wells as to render the projects 
uneconomic. 

Data on the productivity of wells at Roosevelt Hot Springs are 
sketchy. One well was flow tested and estimated to produce 12.5 MWe and 
another well was flow tested and estimated to produce 4.5 MWe." The 4.5 
MWe well is probably more typical of the field. The occasional very good 
producer might move the average P upwards to some extent. Based on the 
available data, 5 MWe per well i s  a reasonable baseline. 

A typical production well at the Baca Location in the Valles Caldera 
is expected to produce at least 2.9 MWe.3 The existing four producers 
yielded an average of 3.9 MWe in flow tests.3 Based on the data, 4 MWe is 
a best estimate. 

To be economically competitive, the productivity of wells in 
northern Nevada geothermal fields must average somewhat better than the 
Imperial Valley. However, even the best resources in Nevada are inferior 
i n  quality to The Geysers. Since no data were obtained, a P of 5 was 
selected as a best estimate. This value is better than the P = 4 at the 
Imperial Valley and worse than the P = 7 at The Geysers. 

As discussed above, the number of production wells needed to support 
new electrical capacity can be estimated from average well productivity, 
P. However, the other deep wells that must be drilled to achieve and 
support the production wells must also be considered. These "other" 
wells include abandoned, suspended, observation, and injection wells. 
The ratio o f  total (other plus production) wells to production wells is 
always greater than 1, and is labeled r in the model. In Brown, an 
expected value of r = 2 was used for each resource area. 

When a rig is working, the well is generally designated as a produc- 
tion, injection, workover, step-out, wildcat, or observation well. After 
the rig leaves, the well is usually redesignated as a production, sus- 
pended, abandoned, injection, or observation well. It is the "after 
drilling" categorization that is used to estimate r. The data presented 
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below (Table 8) are taken from articles by Republic Geothermal personnel 
in the Geothermal Energy Magazine. 12 

Table 8 

Wells by Category in Three Areas 
(Jan 1976 Dec 1980) 

Category 
Resource r 
Area Prod. susp. Abd. Inj. Obs. 

- 
The Geysers 121 28 11 0 3 1.35 

Imper i a1 Val ley 43 3 1 9 5 1.42 

Nevada 9 12 2 0 20 4.8 

The data in the table above are not proper samples to provide good 
estimates of r for the Imperial Valley or northern Nevada,* but The 
Geysers data are relevant and yield an r equal to 1.4 after a slight 
upward correction for injection wells. 

We can make another estimate o f  r f o r  The Geysers by noting that 
electrical capacity increased by 650 MWe from 1972 to 1980. From 1970- 
1979, 193 wells of depth greater than 2000 feet were drilled at The 
Geysers.** Some of these wells were drilled to support previous or 
future capacity, but the remainder were drilled to support the 650 MWe. 
Since the average productivity o f  a well at The Geysers is about 7 MWe, 
then 90 wells were needed for the added 650 MWe. The remaining 103 wells 
cannot all be ascribed to the iiotheri' category. Some will become 
production wells for future capacity. Some are replacement wells for 
existing capacity. But if about half the remaining wells are "other" 
wells, then we obtain r = 1.4. 

*Since the data are from undeveloped areas, they cannot be taken at 
face value as necessarily representative o f  r during development. 

c3 
**Data from Petroleum Information Company. 
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The r value in the Imperial Valley is likely to be higher than the 
1.4 estimated for The Geysers because of the necessity for numerous 
injection wells. Plans for a 45-megawatt binary plant call for 12 
production and 6 injection wells' which implies r - > 1.5. Plans for 
Union's Brawley plant call for four production, four injection, and one 
alternate well13 for r - > 2.2. Hence r = 2 for the Imperial Valley is a 
reasonable estimate. In practice, r might turn out to be as low as 1.5 
or as high as 2.5 in the Imperial Valley. 

Estimates of r for northern Nevada, Roosevelt Hot Springs, and the 
Valles Caldera are difficult to justify at their current stages of 
development. The first 18 deep wells in the Valles Caldera have yielded 
about 33 percent production wells (after adjusting for exploration 
outside the main reservoir) for an r of 3. Union Geothermal's own 
projections indicate a future r value of Z.3 Of the first eleven deep 
wells at Roosevelt Hot Springs, seven were considered producers for an r 
value of 1.6.* The r value for recent drilling in Northern Nevada 
appears to be > 2 .  From an economic standpoint, r > 3 is likely to be 
incompatible with profitabilty and growth. On the other hand, r < 1.5 
for these three reservoir areas is a success ratio that is not likely to 
be achieved. 

The number of replacement wells that must be drilled each year is a 
fraction (R) of the wells on-line (calculated from capacity on-line, My 
divided by well productivity, P, times the ratio of total number of wells 
drilled to number of successful wells, r). This fraction (R) which we 
have called the replacement rate, is determined by both the mechanical 
well life and the productive well life. Mechanical well life is 
determined by such things as cement and casing failures, while 
productivity well life is determined by reservoir depletion, formation 
plugging, etc. Well lives make sense only in the context of stated 
reservoir characteristics, and they require historical data to be 
accepted with confidence. 

Typical mechanical well lives are expected to range from greater 
than 25 years at The Geysers14 to 10 years for the Imperial Valley.15 In 

*Data obtained through private communication with Phillips Petroleum 
personnel associated with the project. 
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the Imperial Valley the expected well lifetime due to corrosion is very 
dependent upon selection of casing (grade and type) and the cement job. 
Tests have indicated corrosion rates that imply well failures after from 
4 to 20 years. Cement failures in wells range from 10 to 50 percent of 
the wells in different fields,14 but most of these failures can be fixed 
by squeeze jobs or can be minimized in developed areas by proper well 
design. Cement failures generally occur at the beginning of the well 
life and are taken into account in this study by the ratio, r, of total 
number wells drilled to the number of successful wells drilled. 

The other factor that affects the replacement rate is declining well 
productivity as a function of time. Several geothermal fields have been 
producing long enough for production decline to be observed. Elliot Zais 
has reported monthly fractional declines of 0.003, 0.01151, and approxi- 
mately 0.00925 for Wairakei, The Geysers, and Cerro Prieto." Chester 
Budd has calculated production decline rates as a function of well 
spacing for The Geysers. For 5-acre spacing, his rates are about the 
same as Zais while for 20-acre spacing, Budd calculated 0.00495. 
Considering that recent strategy has favored larger well spacing and that 
Zais' estimates may be biased by smaller spacing and older data, Budd's 
20-acre estimate is probably the most representative estimate of expected 
future production declines. For 45-acre spacing, Budd calculated 0.0031. 

Production histories for fields in the Imperial Valley are very 
short, so less historical data are available. However, well t e s t s  have 
established reservoir properties from which decline effects can be 
inferred. At least two effects will contribute to production decline: 
1) time dependent drawdown plus interference, and 2 )  poorer well perfor- 
mance because of pressure and temperature decline. Using properties 
representative of the Heber and East Mesa reservoirs and 20-acre spacing, 
these effects were calculated t o  produce monthly fractional declines of 
about 0.0018 and 0.0027 respectively. In addition to these effects, 
near-well bore damage or pore plugging increases the rate of decline. 

The two well life factors (productivity and mechanical) can be 
combined t o  determine the yearly replacement rate according to the 
following equation. 

17 
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Yearly Replacement Rate = 
productivity replacement + mechanical replacement 
[.8*YRDF*(l + Si YMFF)] + [.8*FOPAF * YMFF] 

where YRDF = Yearly Reservoir Decline Fraction 
YMFF = Yearly Mechanical Failure Fraction 

FOPAF = Fraction of Original Well Production at Failure 

The .8 factor takes into account that at the beginning of the project 20 
percent excess steam is assumed and that this excess does not have to be 
replaced at the end of the project. The fraction of original wells that 
mechanically fail each year (YMFF) can be calculated from 

where PL = power plant life, WL = well life. The fraction of replacement 
wells that fail is one-half the value of this expression, since (on the 
average) the replacement wells are on-line for only one-half of the total 
plant life. The contribution of original wells to replacement is 
multiplied by the average productivity at failure since only this resid- 
ual productivity at mechanical failure must be replaced. This average is 

WL 
1 J e-Ytdt 
WL 

0 

where IC is the yearly reservoir decline fraction. 
Table 9 gives replacement rates calculated from the mechanical well 

lives and yearly reservoir decline rates presented above. For The 
Geysers, Table 9 gives an expected replacement rate as well as a high and 
low value plus time dependent values. The time-dependent numbers assumed 
initial replacement wells are for wells with 30-year mechanical life 
times and 20-acre spacing. As the field becomes fully developed the 
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63 
Table 9 

Replacement Rates 

WELL LIFE YEARLY 

DELINE 
(YEARS) RESERVOIR R R(t) 

30 .030 

25 .048 -. 08 

25 .112 

0.054 ,057 

10 .069 .086 -. 057 

10 0.054 .086 

.061 

The Geysers 

Imperial Val ley 

Others 

Project life = 30 years. 

'40-acre spacing. 

'20-acre spacing. 

35-acre spacing. 

4Resulting from improved technology 

'Typical expected numbers. 

6Based on a productivity index o f  3000 (lbm/hr)/psi instead o f  1000. 
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spacing is reduced t o  10-acre. For the Imperial Valley the time-depen- 
dent value is based on the assumption that wells presently being drilled 
will last only 10 years; but as drilling and completion technology 
improves, the well life will be increased to between 15 and 20 years (17 
used for calculations). l5 For the other areas only an expected value is 
reported in Table 9; for sensitivity studies the high and low values and 
time-dependent numbers reported for Imperial Valley can be used. 

The lead time for well drilling depends upon the time to drill, 
test, and lay the surface piping as well as the need to have sufficient 
proven capacity available to justify construction of a plant. Typical 
times needed to drill a well, including an expected number of delays and 
problems, i s  70 days. l8 Three months is usually plenty of time for 
testing a well. Surface piping can generally be installed in half a 
year. Therefore, measuring lead times in whole years, 1 year is a 
reasonable lead time for replacement wells. 

A new 50-megawatt power plant typically requires 10 wells. This 
means, even using only one rig, 24 months is enough time to drill the 
wells. For new wells, the surface piping and testing adds additional 
complexity, but this work can continue during the final drilling. More 
important than how long it takes to drill the wells is the need to prove 
the reservoir sufficiently to justify the construction of the power plant 
and the need to fit well drilling into the permitting process. For the 
Baca project, the reservoir development program (not the exploration or 
proof of reservoir drilling programs) was planned to begin 3 years before 
the plant was scheduled to be ~n-line.~ At The Geysers (for a typical 
plant) half of the wells are drilled 2 years before the plant i s  to go 
on-line." Also, at The Geysers the time from the initial discovery well 
until the power plant.is on-line is 6 years.' Three years is thus a 
reasonable estimate o f  lead time to use for new wells recognizing that 
the lead time in our study is to be an integer. 
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Changing the lead times shifts the point when the wells are drilled, 
but not the number of wells that are drilled. The total wells drilled 
from the year 1980 to 2000 depends upon the lead time to a rninor extent 
because wells are shifted from before to after the year 2000. The l-year 
lead time for replacement wells is probably fairly constant, but the 
lead time for new wells may vary from 4 years to 1 year. 
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Results 

Baseline Conditions 
The number of megawatts of geothermal electrical power production 

on-line each year until 2000 A.D. is presented in Figure 1 for each of 
the five resource areas where significant growth is expected. The points 
on this figure were calculated by the code presented in the next section 
o f  this report and using the data presented in Table 2. Figure 1 shows 
that for the next 10 years The Geysers will continue to grow rapidly and 
be the dominant geothermal resource, producing 7 5  percent or more of the 
geothermal electric power on-line. After the year 1990, growth at The 
Geysers will slow down as development reaches the maximum size of the 
resource. During this same time period power on-line at the Imperial 
Valley will grow rapidly, but over the next 20 years will not grow to the 
point where the size of the resource will slow additional development. 
In the year 2000 The Geysers and Imperial Valley are expected to have 
about equal amounts of power on-line. For the next 20 years, resources 
outside California are expected to grow enough to achieve only 20 percent 
of geothermal power production. 

For The Geysers, Valles Caldera, and Roosevelt Hot Springs, Figure 1 
shows that the most important factor governing total growth in the next 
20 years will be the size of the resource (M,). For these resources, 
Figure 1 i s  not very dependent upon initial s i z e  (Mo) ,  time when natural 
growth begins (to), or the growth percentage (K). For the Imperial 
Valley and northern Nevada resources, size will not be a limiting factor 
in the next 20 years; instead the initial condition (initial size and 
time when natural growth begins) and the growth rate will determine power 
on-line as a function of time. 

Figure 2 shows the number of new production, replacement production, 
and other types of wells (injection wells, dry holes, and exploration 
wells) expected to be drilled in each resource by 5-year periods. The 
figure also shows the number of wells (mostly exploration) that are 
expected to be drilled in areas other than the five resources that are 
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predicted to grow significantly. For the next 5 years, 50 percent of the 
wells will be drilled in The Geysers. For the next 20 years, there will 
always be more wells drilled at The Geysers than at Valles Caldera or 
Roosevelt Hot Springs, but after 10 years the number of wells drilled in 
northern Nevada will exceed The Geysers. After about 1988, drilling in 
the Imperial Valley begins to dominate with over 50 percent of the 
act i vi ty . 

After 10 years, Figure 2 shows that drilling in "other" areas will 
surpass drilling in any of the five areas except the Imperial Valley. 
The five areas explicitly shown on Figure 2 are forecasted to reach 
critical conditions for natural growth before 1990. The resources lumped 
together in "all others" are not expected to reach critical conditions 
for natural growth before 1990, although small plants (10 MWe) may be 
built before 1990 to demonstrate feasibility; e.g., Coso. The figure 
shows that the number of wells forecasted for "all others" is consistent 
with these assumptions. 

The number of rigs required to drill these geothermal wells is shown 
in Figure 4. The determination of the number of rigs required was made 
using the number of wells reported on Figure 2 and an average time of 70 
days per well. This time was not based on optimized drilling, but 
assumes a normal amount of trouble.18 The number of rigs grows from 16 
for the next 5 years to 95 for 1996 to 2000; on Figure 4 the total number 
of rigs required is represented by the size of the circles. 

Uncertainty in Forecast 
To understand how uncertainties in the parameters used in this fore- 

cast affect the number o f  wells expected to be drilled, it is helpful to 
divide the parameters into two groups. First, there are the parameters 
required in Equation 4 to determine the number of megawatts on-line. 
These are initial size, initial growth percentage, maximum size of the 
resource, and the time when natural growth begins. The latter is only 
implicit in Equation 4 since it is when Equation 4 starts measuring time. 
The importance of these parameters or the effect of uncertainty in one of 
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Grs 

1981 - 1985 1986 - 1990 

(TOTAL- 16) 

THEGEYSERS 

IMPERIAL VALLEY 

VALLES CALDERA 

1991 - 1995 

[ E l  ROOSEVELT HOT SPRINGS 

1996 - 2000 

(TOTAL - 52) 

(TOTAL - 95) 

Figure 4 .  Number o f  Drilling Rigs Required 
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these parameters is interrelated to the values of the other parameters in 
the group. 

An examination of Figure 1 shows that for The Geysers, Valles 
Caldera, and Roosevelt Hot Springs a change in the maximum number of 
megawatts will affect the number of wells drilled. On the other hand, 
changes in the other three parameters (initial size, initial growth per- 
centage, and the time when natural growth begins) will have little or no 
effect on the total number of wells drilled at these areas. If the maxi- 
mum size of these resources is larger, then the total number of wells 
will increase by the same percentage. 

For the Imperial Valley and northern Nevada, the number of wells 
drilled is not affected by changes in the resource size but is affected 
by the initial condition (initial size and time natural growth begins) 
and the initial growth percentage, cf., Figure 1. An increase in initial 
size or initial growth percentage increases the number of wells drilled 
at the Imperial Valley and northern Nevada resources. Increasing the 
time when natural growth begins causes wells that would have been drilled 
before 2000 A.D. to be drilled after 2000 A.D., and hence an apparent 
reduction in the number of wells drilled at these resources occurs. 

The second group of parameters i s  those that convert from megawatts 
on-line to the number of wells: output per well, drilling success ratio, 
and well replacement rate, cf., Equations 1 and 2. The effect of these 
parameters upon the number of wells drilled is either a direct propor- 
tionality (replacement rate and drilling success rate) or an inverse pro- 
portionality (output per well). An understanding of the effects of 
uncertainties in these parameters can be ascertained from the properties 
of proportionalities. 

Sensitivity of the Results to Uncertainties 
Since Figure 2 shows that The Geysers and 

two resources that will dominate geothermal dr 
Imper 
1 1  ing 

a1 Valley are the 
uncertainties in 

forecasting the number of wells in these resources are more important 
than uncertainties in forecasting the number of wells in the other 
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resources. Therefore, the rest of this section concentrates on The Geysers 
and the Imperial Valley. The important uncertainties are thus the size 
of The Geysers resource; growth rate for the Imperial Valley and, for 
both resources, the uncertainties in the parameters that determine how 
many wells are required to produce the forecasted power on-line. 

Geysers--Figure 5 shows the forecasted power on-line at The Geysers 
for resource sizes of 1200, 2500, and 3200 MWe, the values of Table 2. 
The figure shows that if the resource is larger than the expected size of 
2500 MWe it will be 7 or 8 years before the additional drilling activity 
occurs. On the other hand, if the resource capacity is only 1200 MWe, 
the impact on drilling would be apparent in 3 years. Three years is a 
short enough time that, when coupled with the development plans upon 
which applications for permits have been filed (1750 MWe), if the 
resource were only 1200 MWe this limitation should have already become 
apparent. Hence, we are led to believe the minimum size o f  the resource 
must be more than 1200 MWe and closer to 1750 MWe. (Figure 5 shows that 
1750 MWe should be reached in about 7 years.) Figure 6 shows the number 
of wells that must be drilled to develop 1200, 2500, and 3200 MWe at The 
Geysers. 

Figures 7 and 8 show the forecast o f  the number o f  wells to be 
drilled at The Geysers for various changes in the parameters that deter- 
mine the number of megawatts on-line. The high replacement ratio (.112) 
of Curve 4 on Figure 8 was based on 5-acre well spacing. Present spacing 
is 20 acres; 5-acre spacing would only become a realistic alternative 
some time after the resource size is reached. However, the discussion in 
the previous paragraph shows that the low resource size which could 
eventually result in 5-acre spacing is unlikely. Figure 9 shows the 
number o f  wells forecasted for The Geysers using the time-dependent 
replacement ratio (20-acre spacing initially reducing to 10-acre). The 
assumptions of this time-dependent curve (Figure 9) are realistic and 
consistent with present strategy (20-acre spacing) and the argument that 

not be resource-size limited in the 
ons of Curve 4 of Figure 8 (5-acre 

development in The Geysers will 
ate future. The assumpt immed 

n 
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spacing) are less realistic; therefore since Curve 4, Figure 8 is much 
farther off baseline than the curve of Figure 9 (time -dependent replace- 
ment)¶ Curve 4, Figure 8 can be disregarded in favor of the curve on 
Figure 9. 

Disallowing Curve 3, Figure 6 and Curve 4, Figure 8 (1200 MWe 
resource size and well replacement based on 5-acre spacing) two bounds on 
drilling activity at The Geyser appear reasonable. The largest forecast 
in the number of wells results from the possibility of the resource being 
3200 MWe and the lowest forecast in the number of wells results from 
using .03 as the well replacement ratio (corresponding to 40-acre 
spacing). These forecasts are about 30 percent off the baseline case. 
Figure 10 shows the high, low, and baseline forecasts. 

Imperial Valley--Figure 11 shows the forecasted megawatts on-line in 
the Imperial Valley as a function of resource size. If the resource is 
only 4000 MWe (Table 2), then the power on-line in 2000 A.D. will be 15 
percent less than the baseline case. However, the discrepancy is on ly  

significant in the last 5-year period. Such a low value for the resource 
is not expected due to geologic conditions but may reflect unpredictable 
institutional barriers. If the resource is larger than presently 
expected (9000 MWe), then there would be a 4-percent increase in drilling 
over the expected baseline case. We can therefore see from Figure 11 
that resource size is not critical in determining the number o f  wells 
that will be drilled in the Imperial Valley over the next 20 years. 

Figure 12 shows how changing the start time for natural growth or 
changing the growth percentage will effect the number of wells drilled in 
the Imperial Valley. Start time moves the initial point on the figure 
affecting the number of wells drilled, but the effect is small compared 
to changing the growth percentage. Changing the growth percentage by 5 
percent causes a 30-percent change in the number o f  wells drilled. 
Establishing the growth percentage and verifying that the growth will be 
exponential is difficult, to say the least. The only data are those of 
The Geysers and Cerro Prieto which may not be applicable. These data 

nties of at least 5 percent. Thus, the (Tables 5 and 6) ind 

0 
cate uncerta 
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uncertainty defined by the vertical bar on Figure 12 is very real, and 
may possibly be construed as the minimum uncertainty. 

Figure 13 shows the number of wells forecasted to be drilled in the 
Imperial Valley as a function of the power output (equivalent MWe) of the 
wells. Comparing to Figure 12, we see that uncertainty in the power out- 
put is not as significant as uncertainty in the growth percentage. 
Figure 14 shows the number of wells forecasted to be drilled in the 
Imperial Valley as a function of the drilling success ratio and the well 
replacement rate. Again, the effects of uncertainties in these param- 
eters is much less than the effect of uncertainty in growth percentage. 

The largest uncertainty in the number of wells forecasted to be 
drilled in the Imperial Valley results from uncertainty in the growth 
rate. Figure 15 shows the baseline case together with the high and low 
forecast. 

dri 
see 
the 
wi 1 

One of the basic conclusions of this study is the dominance of 
ling activity in the Imperial Valley. Comparing Figures 6 and 12, we 
that even with the low growth percentage for the Imperial Valley and 
maximum resource size for The Geysers, almost twice as many wells 
be drilled in the Imperial Valley as The Geysers. If we take para- 

meter values in Table 2 which reduce the number of wells, then the nuinber 
of wells drilled in the Imperial Valley will be the same as the baseline 
forecast for The Geysers. Such a possibility i s  unlikely. 
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Computer Code 

Introduction 
GEODRL was developed specifically for forecasting geothermal well 

drilling activity from the present to the year 2000. The program 
estimates the number of (1) new wells, ( 2 )  new non-producing wells, ( 3 )  
replacement wells, and ( 4 )  total wells for each year, and subtotals for 
every 5 years. The computations for this forecast are based on histori- 
cal drilling data in the reservoir being evaluated, and on the reservoirs 
generating capacity. 

Program GEODRL is an interactive program written for the Sandia 
National Laboratories of Albuquerque (SNLA) Network Operating System 
(NOS) Control Data Corporation (CDC) 6600 computer. GEODRL prints out 
the forecasting data in tabular form and has an optional plotting capa- 
bility. GEODRL may be copied from the listing provided and run at other 
installations since it is written in ANSI FORTRAN. 

In order for a user to access GEODRL on NOS, the user must be famil- 
iar with how to acquire an account and log into NOS. These instructions 
are found in the NOS NEWS NOTES," a document that describes SNLA NOS. 
If the user wishes to make changes to GEODRL, then a second manual may be 
needed depending on the user's familiarity with FORTRAN 5. This manual 
is the CDC FORTRAN VERSION 5 REFERENCE MANUAL.21 

Program GEODRL is an interactive program made up of a main program, 
two functions, and four subroutines. Figure A - 1  illustrates the linkage 
structure of these routines. Program GEODRL begins execution with sub- 
routine INIT to initialize all variables then calls the input processor 
INPRO to read in the input values from the users. INPRO prompts the user 
for all the input parameters. Figure A-2 illustrates how the user inter- 
acts with GEODRL. After the input parameters have been defined, GEODRL 
computes the production and the various number o f  wells using functions 
CMPC and CUBIC. At the same time, these computed values are printed out 
in tabular form as illustrated in Figure A-2. When the program has com- 
pleted the tables, subroutine PLOT is called if the user has requested 
more than zero curves to be plotted. If more than one curve is to be 
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Q 
plotted on the graphs, GEODRL loops back through INPRO and through the 
table generation until all the curves have been generated before entering 
PLOT. In PLOT the user is asked for plot limits on two types of graphs. 
These graphs are production versus years and number of wells versus 
years. After completing the plots GEODRL reenters INPRO and asks for 
changes to all parameters. Reentering INPRO closes the loop which is 
continued until the user types in a carriage ( C R )  return in column one. 
This column one (CR) tells GEODRL that the input information is complete 
and so execution is terminated. This may be done at any point in the 
program when the user is prompted with a question mark(?). In the illus- 
trated run in Figure A-2 all the user-supplied commands are shown with 
under1 ines. 

I GEODRL I MAIN PROGRAM 

Figure A-1. GEODRL Routine Linkage Structure 
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i; FIRST YERR ON-LINE PRODUCTION=288(MEGFY.(FITTS) 

5; YEFIR GROWTH STWTS- 1986 
1987 
4TUMBER OF YEARS NEW WELLS MUST BE DRILLED BEFORE 
PLRNT I S  COMMISSIONED-3 

5;NUMBER OF E R R S  REPLKMENT WELLS MJST BE DRILLED BEFORE NEED€D= - 
1 

7 
FHREE SETS OF CEFICENTS FOR CUBIC FITS FOLLOW: 
ENTER NEW COEFICIENTS I N  THE ORDER THEY FlpeEFlR I N  THE 
EQUATIONS (SEPQRQTE WLUES W I T H  CoMIF(s) 

6;WELL PRODUCTION=(4.)+(0.)*T+(0.)*T**2+(0.)*T*3 

V N E W  WELLS)/(SUCCESSNL WELLS)=(2.)+(0.)*T+(0.)*T*e+( 

T=TIME SINCE GROWTH STWTS(YEFIRS) 

3 , , , I  

8. >*T**3 
7 I- 

7u 
8;REPLACMENT RFITE=(.044)+(0.~*T+(0. )*T*uZ+o*T**3 

9; I N I T I A L  PERCENTW GROWTH RFlTE1.2 

16; INITIF lL NUMBER OF WaLS FFK=TOR=.S 

1k;NUMBER OF CURVES ON ONE SET OF GRAPHS=@ 

7 

7 

71 
DO YOU WISH TO REENTER ANY wILLES(NO/yEs) 

7 NO 

Figure A-2 .  GEODRL Run 
BDMIA-81-763-TR 
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YERR PROD(MfU.I) 
INITIQL 
1984 
1985 

r€w 
50. 
11. 
13. 

74. 
---- 

TOTFY. 
50. 
25. 
30. 

185. 
-- 

SUI 
58. 
75. 
105. 

11. 
13. 

24. 
-- 

3. 
4. 

7 .  5 Y E W  TOTAL 

16. 
19. 
23. 
28. 
33. 

16. 
19. 
23. 
28. 
33. 

37. 
44. 
53. 
63. 
7s. 

142. 
186. 
239. 
382. 
377. 

1986 
1987 288. 
1988 244. 
1989 298. 
1998 362. 

4. 
5. 
7. 
8. 
10. 

119. 119. 

38. 

34. 272. 5 YEW TOT% 

1991 440. 
1992 533. 
1993 643. 
1994 774. 
1995 927. 

5 YEAR TOT% 

38. 
45. 
51. 
58. 
66. 

a. 
-- 

12. 88. 
103. 
120. 
137. 
155. 

466. 
569. 
689. 
826. 
982. 

45. 
51. 
58. 
66. 

a. 
-- 

14. 
17. 
28. 
24. 

88. 604. 

19% 1106. 
1997 1311. 
1998 1545. 
1999 1807. 
2000 2896. 

72. 
79. 
84. 
88. 
90. 

412. 
-- 

72. 
79. 
84. 
88. 
90. 

29. 
34. 
40. 
46. 
53. 

1155. 
1346. 

174. 
191. 
207. 
221. 
232. 

1025. 

2887. 

412. 202. 5 YEN? TOT% 

Figure A-2. GEODRL Run (Cont inued)  
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.=e- 

.1758E+04- 

.1588E+04- 

.12SE+04- 

.1000E+04- 

750.0 - 

588.0 - 

258.0 - 

* 
* 

* * * * * *  

* 
* 

I 

* 

* 

- I 

* - 

* - 

* 

* 

IS PLOT OK 
? Yff 

BDMIA-81-763-TR 

F i g u r e  A-2 .  GEODRL Run (Cont i  n u e d )  
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NJMBEROFWELLS 

.288BE*- 
I I I I I 

.1756E+04- 

.158EE+84- 

.1-+0f4- 

.1868E+84- 

* 
7s0.0 - 

* 
586.0 - * 

* 

2s0.0 - 

0. 

* * 
* * *  * 

- 
I I I 

.1-+04 
I 

I 

* 

* 

* 

I I 
.1993E+e4 

IS PLOT OK ?e 
Figure A-2.  GEODRL Run (Continued) 

I *- 

* - 

* - 

- 
I 

.2maE+04 

BDMIA-81-763-TR 
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BEGIN ENTERING NEW VFLLES FOR CFlSE 2 

l;MFu(IMuI POTENTIFY, PRODUCTION OC RSERVOIR-7888.O'EGFY.(FITTS) 
? A ?  - 

1.661 CP SECCNDS XCUTIm TIME. 
/ 

Figure A-2.  GEODRL Run (Concl uded) 
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Procedures for Use on the SNLA NOS Computer 
The procedure for running GEODRL is illustrated with lower case 

letter commands i n  the sample run listing Figure A-2.  The batch, get, 

and ftn5 commands are used right after the user has logged into NOS. 
This will begin execution of GEODRL as illustrated. If after terminating 
a GEODRL run, the user wishes to make another run then the command lgo is 
typed. This will work only when the lgo file from the illustrated ftn5 
command is still a local file and the user has not  signed off or logged 
off since the last execution of GEODRL. If the user wishes to make 
changes to the source code of GEODRL, it can be done using the NOS 
editor. 

If, when GEODRL is being executed a fatal error occurs and the user 
cannot determine the problem from the listing, then do the following: 1) 
rewind all files with the command ''rally and 2) then execute the ftn5 
command by adding the parameter "dp=pmd" (post mortem dump). This will 
allow the user the opportunity to recreate the error condition in order 
to generate more detailed information. 

A listing of the program is found in Figure A-3 .  
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C 
C VWIABLES 
C *COEFRR(S) 
C 
C 
C 
C K W T N ( 5 )  
C 
c * C W W P ( 5 )  
c DRILW(38) 
C EEGR 
c *GRWRFIT 
C IEOF 
C IOTA 
c I Y m R  
c IYRCFIL 
C 
c *IYRGRw 
c *IYRoN 
c NoLFlY 
C WPLOT 
C NPTS(4) 
C 
c m c o M  
C 
c w  
c PRoDMG(30) 
c *PRoDmX 
c pwNuI.((38) 
cpwNEw5 
c pGE(oN(38) 
C p w N O N s  
c - ( 5 >  
c REpwQ,(30) 
C *RESPOT 
C *RIWF 
C RPWEL5 
C TIME 
C TOTWEL 
C T O N 5  
C TOTWYR(30) 

DEFINITION 
R m A I m N T  F+(D FyJNuFlc RATE Cc€FICIENTS As A 

NNCTION OF T I E .  ENTRIES 1 TO 4 FlRE C E F I C I E M S  FIS 
ILLUSTRATED I N  NNCTION CUBIC. ENTRY 5 I S  THE COMPUTATIONFll 
RESLlLT OF THE 4 COEFICIENTS 

DRILLED TO SUCCESSNC P R o W I N G  ELLS, sFI.E FORM FIS COWW? 
COEFICIENTS USED TO CoMluTE THE RATIO tF Now E L L S  

CUBIC F I T  COEFICIENTS FOR WELL PROWTION, SFME FCRI RS C m  
OUTPUT TABLE OF TOTRL NUMBER OF ELLS 
EFFfCTIVE MPor(ET1RL GROWTH RFlTE 
I N I T I R L  -AGE GRoGlTH RATE 
ENDOFIFPUTFLFIG 
INDEX FOR OUTPUT TABLE m Y S  
LoOe IND€X I N  YEFRS FROM YEAR CFllCUATION STARTS TO 2888 
YEW C$LCUATIO1*(S STFYTT(E€FW€ ME-TTS GO W I N E  

YEW GROWTH STFlRTS 
EGWRTTS W I N E  FIRST YEAR 
CCWTEf? FOR THE NUMBER OF OMRLRYS TO BE PLOTTED 
NJlER OF OVEaRY PLOTS TO BE W X E  ON EFlcH PLOT 
NJlER OF POINTS TO BE PLOTTED FOR ONE CURVE 

N m E R  OF YERRS P0.l WELLS MlsT BE DRILLED BEFo17E 
PLANT I S  coMIssIor€D 
FulBER OF YERRS REPLACMO'FT lELL!3 MJST BE DRILLED BEFORE 
OUTPUT TFlBLE FOR PEGFYIYITTS W I N E  
MAxIMul VFLLE OF THE Y AXIS FOR THE PRODUCTION PLOT 
OUTPUT TABLE FOR NulBER OF Norl PROOUCTION EELLS 
5 YEW TOTFL OF Norl PROWTION LFlls 
OUTPUT TABLE tF Nor( NoN-pRoWIldG ELLS 
5 YEW TOTRL OF Now NON-PROWCIPG E L L S  
X FlND Y LIMITS FOR F'LOTS 
OUTPUT TRBLE FOR NUMBER OF REpLFK=MM LELLS 
FWXIMM F7ESERVOIR POTOYTIRL ( P E M T T S )  
I N I T I R L  ELL FACTOR 
5 YEAR TOTRL OF REpLc7cMENT WELLS 
YEW c m  
TOT% KMBER OF WELLS FOR uw=H YEAR 
TOTRL OF WELLS FOR FIVE YEWS 
OUTPUT TABLE FOR TOTRL NulBER OF ELLS 

B€cFIUsE: WELLS FIUST BE IRILLED I N  RDVANCE) 

W TO 4 CURVES MFly E€ PLOTTED 

C TPROD(30,4) Y VFlUES FOR TOT% PRODUCTION PLOT 
C TWELLS(30,4) Y W T E S  FOR TOT% NUMBER OF E L L S  PLOT 
c *wELuIx m W I M  X WllE ON PLOTS 
C YEQR!3(30,4) X VFLLES FOR THE PLOTS 
C 
C *NOTE: THESE FlRE USER INPUT PFyzFYlETERs 
C 
C 

BDMIA-81-763-TR 

Figure A-3. GEODRL Computer LISTIN 
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C 

C 

C 

C 

C 

FI 

FI 

66 

DIMENSION pRoDMG(30),FGpEw(330) ,plNoN(30) ,REPEL(30), TOTENR(38), 
1yEFy7s ( 38,4 ) , TPROD ( 30,4 1, TWELLS ( 30,4 1, 
S C~TN(S),DRIU.((38),C~(S), ICP(4) 

( S 1, NPTS ( 4 1, CEFRR ( 5 1, 

LOGIC% FIRST 

CRCL INIT(CO€FRR,CEFIN,CO€FW,GRbJ?QT, IEOF, I=, I " l , W Y ,  
C INITIALIZE PFlwYlETERs 

FI NPLOT, NYCOM, W, RESPOT, R I W )  
C k O o e  THROUGH CRSES WHICH USER CONTINUES TO SELECT 

C W D  INPUT 
1000 COMINUE 

CFlll INPRO(RESFOT, IYRON, IYRGRW,NYCOII,NM&(,COEFWP,CWm, 
S COETRR,GRWRAT,NXOT,RIW, IEOF,NOLFIY, ICP) 

C K E C K  FOR END OF INPUT 

C NIMIT NUMBER OF PLOT OVERLRYS TO 4 
IF(IEOF.EQ.1)GO TO 10000 

IFCNPLOT .GT. 4 ) M  

M D  IF 
IOTQ4 
PRINT*,' ' 
PRINT*,' ' 
PRINT*, 'YEFIR PROD(MEGU) r€w mD =-%E', 

EEGR - GRWRFIT*RESPOT/(RESPOT-FLWT( IYRON) ) 
C *INITIQLIZE WRWEERS 

TOTWEL=0 
PwPEbfs = 0. 
PwNONs = 0. 
RPWEL5 - 0. 
TOTWL5 - 0. 
NOLFIY - W Y  + 1 
6 E T  STQRT TIME FOR LOOP 
IYRCRL = IYRGRW-NYCOM 
FIRST - .TRUE. 

DO 4000 IYERR=IM7CFL,288B 

IF(IYEW .E. 1981)THEN 

NPLOT = 4 

FI , TOTAL SUI' 
C *CoMwTE GROGCTH RATE CORRECTION 

uINCREMOJT OVERLFIY PLOT COuI(T0R 

KoOe FROM I Y R G L  TO TI€ Y E f X  2000 

vCHECK FOR YERRS BEFORE PRESENT YES! 

IOTFI=IOTWl 

PRODWG( IOTFI)-CMPC( I-, IYRGRW,EEGR,RESPOT, I W )  
TIME * FLORT(1YEFlR - IYRGRW) 
COEFW(5) - CUBIC(COEFWP,TIE) 
COEFTN(S) - CUBIC(COWTN, T I E )  
COfFRR(5) - CUBIC(COEFRR,TIME) 
PWNEW C IOTFI 1 
cWC( IyEFy7+NyCOM, IM;K;RW,EEGR,R€SPOT, IYRON) )/CCEFW(5) 

P W J O h ' C I O T A ) = ( C O € F T N ( 5 ) - l ) ~ ( I O T F I )  
RE=( IOTFI) -CoaM(5)KCEFF?R(S)KPlX( IYW?+Nyw.(, IYRGRW, 

EEGR,RESPOT, IyRoN)~CoER.p(S) 

*COMPUTf GDERQTION CFPFICITY W D  NulBER OF U S  FOR ERCW YE6R 

( CMPC ( IyEFIR+WCoMtl, I-, EEGR, RESPOT, IYRGiV 1 - 

0 DM JA-8 1 -763-TR 

F i g u r e  A-3. G E O D R L  Computer LISTIN ( C o n t i n u e d )  
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C 

C 

C 

C 

C 

C 

C 

C 

C 

3000 

T O T W Y R ~ I O T F I ~ = P W I ( E W ~ I O T F I ~ ~ ~ I O T F I ~ ~ ~ I O T F I ~  

IF(1YRGRW .GT. 1981 .#WD. F1RST)TWN 
*CHECK FCR FIRST YEFlR 

*COMPUTE I N I T I F L  N J I E S !  CF U S  
FIRST - .FFLSE. 
TOTWEL - R I W F ~ ~ ( S ) ~ O T ( I ~ ) / C ~ ( 5 )  
pwFo35 - P W € E  + TO= 
TOTWLS - T O W S  + TOTWL 

PRINT 9000, TOTWEL, TO-, TO= 
WRINT RESULTS 

END IF  
T O T W E L - T O ~ + T O T W Y R ( I O T F I )  
DF!IU(IOTFI)-TOTWEL 

IFCIYEFIR .LT. IyRGF&oTl€N 
e I N T  RESULTS 

*PRINT RESULTS BETORE PRODUCTION 
PRINT 91 88, I-, PwI(0J ( IOTA 1, pwJoc*( ( IOTA 1, REPWEL ( IOTA 1, 

FI T O W (  IOTQ), D R I U (  IOTA) 
ELSE 

*PRINT RESULTS WTER PRODUCTION 
PRINT 9288, I=, PRODMG ( IOTA 1, PWI(EW ( IOTQ 1 , pbNoI*( ( IOTFI 1, 

FI REPGEL( IOTFI), T O W (  IOTA), D R I U (  IOTA) 
END I F  

PWNulb - PGEOJS + PW*O.((IOTFI) 
PbJNGtS = pwNoN5 + PWJOCI((1OTA) 
RPWELS - RPWELS + REPWEL(IOTFI1 
T O W S  - TO-5 + TOTWYR(1OTA) 

PLOTTING INFORPF4TION 
YEW!!3(IOTA,NOLAY) = FLOT(1YERR) 
NPTSCNOLFIY) - IOTFI 
TF#OD(IOTA,NOCFIY)-PRODMG(IOTA) 
TELLS( IOTQ, NOCAY 1 - D R I U (  IOTA) 

IF(MOD(I-,S) .fQ.B)TWN 

*SUM FIVE YERR TOTFLS 

Wf?INT F IVE YERR TOT% EVERY FIVE YEFlRS 

PRINT 30W, pw.Ew5, pwmxJ5, Rpwos, T O M S  
F ~ T ( i S X , 4 ( 5 X , 5 ) , / , 1 5 t l  5 YEM? TOT% ,4Fi0.0,/) 
PWNEGb - 0. 
pwNor(5 - 0. 
-5 - 0. 
T O M S  - 0. 

M D  IF  
END I F  

4888 CONTINUE 
C FOR FI NO PLOT REQUEST 

C V a f C K  FOR TIME TO PLOT 
IF(NOLRY .EQ. NPLOT)THM 

C *PLOT PRODUCTION Fc9) PUIBER W b€LLS 

IF(NPL0T .GT. 0)Tl€N 

CRU, PLOT(TPROD,TWELLS,Y,W'TS,NOCFIY, IECF,ICP) 
m y - 0  

END I F  

BDMIA-81-763-TU 
ELSE 

F i g u r e  A-3. GEODRL C o m p u t e r  LISTIN ( C o n t i n u e d )  
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W Y  - 0 
END IF 
GO TO 1000 

18888 CONTINUE: 
STOP ’END OF INPUT W D  G E O D a ’  

9000 FORMFIT(8H INITI~,7X,F10.0,2,Zl0.0) _ _ _ ~  
9100 
9200 FORMFIT(I5,6F10.0) 

FORMFIT ( IS, laX, SF10.0) 

END 

BDMIA-81-763-TR 

F i g u r e  A - 3 .  GEODRL C o m p u t e r  LISTIN ( C o n t i n u e d )  
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Gs 

FUNCTION CMpc( I=, IYRGRW, EGR, RESPOT, IyRoro 
CMPC8=FLOQT(IYRW) 

C** THIS PROGRW VFLID ON FTN4 (WD FTNS ** 
END 

NNCTION CUBIC (CG€F, TIME 1 
DIMENSION COEF(5) 
CUBIC = COEF(1) + CO€F(Z)*TIME + CO€F(3)*TIME**Z + CO€F(4)*TIPE**3 
RETURN 
END 

SUBROUTINE INIT(COEFRR, CEFTN, COEFW, GRERAT, IEOF, IYRGRW, IYRON, 

DIMENSION C~F~(S),COEFTN(S),C~(S) 
A NOLAY, NPLOT, NYCOM, NYRW, RESPOT, RIW) 

C *INITIALIZE PFyKYlETERs 
COEFRR(1) = 8.044 
CWTN(1) = 2.0 
COEFWP(1) - 4.0 
Do 188 1-2,s 
COETRR(1) = 0. 
COErn(1) - 8. 
CoEW(1) - 0. 

100 CONTINUE 
GRWRAT = 0.2 

IYRGRW - 1986 
IYRON = 200 

IEOF = a 

NOLAY - a 
NPLOT - a 
NYCOM = 3 
N Y R W - 1  
RESPOT = 7888. 
R I W  - 0.5 
PRINT*,’ ’ 
PRINT*,’ ’ 
PRINT*, ’ G E O D R L S  R U N ’  
PRINT*,’ ’ 
PRINT*,’ GEODRL COMPUTES PRODUCTION FYJD MPlER OF WELLS DRILLED’ 
PRINT*,’ BETWEEN STFIRT YEW IWD THE Y E S !  2000 BRSED ON THE’ 
PRINT*,’ FOLLOWING PFlRFYlETER WILES. YOU fMY QlFlfJcE ANY VFllUE’ 
PRINT*,’ BY ENTERING A No.( V F l L E  L+€N GEODRL PROMPTS YOU WITH A’ 
PRINT*,’ <?>. IF YOU DO NOT WISH TO CHFYJGE FI VFLE EMER A COMMFI’ 
PRINT*,’ FOLLOWED BY A <CR>. IF YOU WISH TO TERMINATE THE RUN’ 
PRINT*,’ ENTER FI <CR> RIGHT AFTER THE <’?>.’ 
PRINT*,’ ’ 
RETURN 
END 

BDMIA-81-763-TR 

Figure A-3 .  GEODRL Computer LISTIN (Continued) 
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SUBROUTINE INPRO(RESPOT, IYRON, IYRGRW,NYCOM,~,COEFWP,COEFTN, 

DIMENSION COEFWF’(S),CCEFTN(5),COEFRR(5), ICP(4) 
C.WXTER IYESw(1, 1-1 
DQTR ICRSUB/, IYEs/’Y’/ 
IF(IEOF.EQ.1)CO TO 28888 
ICRSE = ICRSE + 1 
ICP(NOLAY + 1) = ICRSE 
IF(NOLRY .EQ. 0)GO TO 58 
RSSIGN 2880 TO J W  
PRINT*,’ ’ 
PRINT*, ’NOW CHFlNGE pARFy.ETERs IN ’, I--1, 

3 COEFRR, GRWT, NPLOT, RIW, IEOF, NOCRY, ICP) 

S’ TO GuJaKITE CURVE ’,NOcFIY+l 
PRINT*,’ BEGIN ENTERING CRSE: ’,IUS€,‘ # X E S ’  
GO TO 3000 

50 RSSIGN 150 TO JUlP 
PRINT*,’ ’ 
PRINT*,’ ’ 
PRINT*, ’BEGIN ENTERING NEW VFlcUES FOR C E E  ’, IC%€ 
PRINT*,’ ’ 

188 PRINT*, ’ 1;MAxIMuI POTEMIFL PROWTION OF RESERVOIR-’,RESPOT, 
B ’(KGWJFITTS)’ 

REMI(*, *,END=10000)RESPOT 
GO TO JUMP 

150 RSSIGN 250 TO JUlP 
200 PRINT*, ’ 2;FIRST YEAR W I N E  PROWTION-’, IYRON, ’ ( E W T T S ) ’  

RERD ( *, *, END- 10000 1 IYRON 
GO TO JUMP 

258 RSSIGN s a  TO JU’P 
308 PRINT*, ’ 3; YEN? GROWTH STMTS-’, IYRGRW 

RERD ( *, *, END- 18888 1 IYRGRW 
GO TO JUMP 

358 S I G N  450 TO JUlP 
488 PRINT*,’ 4;NUMER OF YEFWS NEW WELLS MUST BE DRILLED BEFORE’, 

3 ’ PLRNT IS COMIISSIONED-’,NYCOM 
RERD(*, *, END-10000)NYCOM 
GO TO JUMP 

450 RSSIGN 558 TO JUMP 
588 PRINT*, ’ 5;NLDIBER OF YERRS R m  E L L S  MUST BE DRILLED’, 

3 ’ BEFORE NEEDED=’,NYRW 
RERD ( *, *, END- 18888 1 NYRW 
GO TO JUMP 

PRINT*,’ THREE SETS OF COEFICENTS FOR CUBIC FITS FOLLOW:’ 
PRINT*,’ ENTER No.( COEFICIENTS IN Tl-E OR= TFfl APPEFR IN THE’ 
PRINT*,’ EQURTIONS (SEPFIRFITE VFLUES WITH COMIFIS)’ 
PRINT*, ’ TITIME SINCE GROWTH STARTS(YEARS)’ 

RERD( *, *, END=18888) (CoETUF’( 11, 1-1,4) 
GO TO JUMP 

558 RSSIGN 650 TO JUlP 

600 PRINT*, ’ 6;lEI-L PROWTION-(’,CO€FW(l), ’ I + ( ’  ,CoEFwp(2), ’)*T+(’, 
3 COEFWP(3), ’ )*T**2+( ’, CO€FWP(4), ’ )*T*3’ 

650 RSSIGN 758 TO J W  

BDMIA-81-763-TR 

Figure A-3. GEODRL Computer LISTIN (Cont inued) 
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700 

750 
800 

858 
900 

950 
1000 

1858 
1100 

2888 

3000 

PRINT*, ’ 7; (NEW wcLLS)/(suCCESSFll wELLS)=(’,CoEFTN(l), ’ I + ( ’ ,  

READ( *, *, END-18888) (COWTNC I 1, I- 1,4 1 
GO TO JUMP 
%SIGN 850 TO Julp 
PRINT*, ’ 8;- RQTE=(’,COEFRR(l), ’)+(’,CC)€FRF?(E), ’)*T+(’, 

READ ( *, *, END= 18888 1 (COEFF?R ( I 1, I = 1,4 1 
GO TO JUMP 
E S I G N  950 TO JUIP 
PRINT*, ’ 9; I N I T I W  P€RCENTQGE GROWTH RATE=’,GRWRFlT 
READ(*, *, END-18888)GBRRT 
GO TO JUMP 
FlsSIGN 1858 TO Julp 
PRINT*, ’ 18; I N I T I W  KIMEEF? OF WgLS FFICTOR- ’ , R I W  
RERD( *, *, END= 1 8 8 8 8 ) R I W  
GO TO JUMP 
%SIGN ZBEI TO JUMP 
IF(NOLAY .EQ. 0)THEN 

B CEFTN(Z), ’)*T+(’,CO€FTN(3>, ’)*TL*Z+(’,CfEFTN(4), ’ ) *Tw3 ’  

B COEFRR(31, ’)*TW+(’,CCEFRf?O, ’)*T*3’ 

PRINT*,’ll;NU?BER OF CURVES ON ONE SET OF GRAPHS-’,NF)LOT 
RERD ( *, *, W- 10000 1 NPLOT 

END I F  
GO TO JUMP 
PRINT*,’ ’ 
PRINT*, ’ DO YOU W I S H  TO REENTER FNY WILuES(N0NES)’  
READ ( *, 9BB88, END- 18888 1 IfWSEF? 
IF(IFINSER .NE. 1YES)GO TO 28888 

PRINT*,’ WHICH PWWETER DO YOU W I S H  TO RENTER’ 
REFID(*.*.END=18888)IGO 
IF(1GO:LT. 1.m. IG6.GT. 13)GO TO 3888 
GO TO (188,288,388,488,588,688,788,888,988,188 

18888 IEOF = 1 
28888 CONTINUE 

ETURN 
98888 FOFPWT(R1) 

END 
GDMIA-81-763-73 

Figure A-3. GEODRL Computer LISTIN (Continued) 
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SUBROUT I NE PLOT ( TPROD, TELLS, YEWS, W T S  , NOLAY, I EOF , ICP 1 
DIMENSION T P R O D ( 3 8 , 4 ) , T W E L L S ( 3 , 4 ) , ~ ( 3 8 , 4 ) , W T S ( 4 ) , ~ ( 5 ) ,  

CWRACTER IYES*l, IPLTC*l, IANsERvl 
DRTA pRoDMX/3868. /, bELLW3000. /, IYES/’Y’/ 
IPLTC(l)=’*’ 
IPLTC(2)=’+’ 
IPLTC(3)=’3’ 
IPLTC(4)=’4’ 

FI ICP(41, IPLTC(4) 

C *READ IN MFlX W D  MIN VFllLES FOR PLOTS 
1000 PRINT*,’ ’ 

PRINT*,’ ’ 
PRINT*,’F#wIMuI PROWCTIW VFILUE FOR F‘LOT-’,PRODMX, 

RERD ( *, *, END- 10000 1 PRODMX 
% ’(MEGWQTTS)’ 

C *SET UP FOR PLOTTING PRODUCTION 
RFINGE( 1 1 = 1. 
RfWGE(21=1980. 
RWGE(3)=2888. 
RFlNGE (4 1 18. 
RFlNGE (5 1 =PRODMx 
PRINT*, ’PROWCTIW’ 
PRINT*, ’MEGRMTTS’ 
CRLL X P P L O T ( - 4 9 8 6 1 , 0 , 0 , 1 , 0 , 0 , 0 , ~ , N o L R Y ,  

A YEFIRS(l,l),TPROD(l,l~,WTS(l), ’*’, 
B “ERRS( 1’21, TPROD( 1,2), WTS(21, ’+’ , 
C YEFIRS( 1,3), TPROD( 1,3), NPTS( 3)’ ’3’’ 
D YEARS( 1,4), TPF!OD( 1’4 1, NPTS( 4 1, ’4’ ) 
PRINT*, ’ m’ 
Do 1580 I=l,NOLRY 

1500 PRINT 1600, IPLTC( I), ICP( I) 
imii FORMAT(’ ’,M, ’-CASE NU?= ’, 12) 

PRINT*,’ ’ 
PRINT*,’ ’ 
PRINT*,’ IS PLOT OK’ 
R E F I D ( * , 9 8 8 B , E N D - l 8 ) I f W S € F !  

9888 FORMFIT(A1) 

C *READ IN MAX V f X E  FOR W B E R  OF WELLS PLOT 
2800 PRINT*,’ ’ 

PRINT*,’ ’ 

s ’(WELLS)’ 

IF(IANSER .NE. ryEs)Go TO itam 

PRINT*, ’MFU(1MuM M E R  OF WELLS V R C E  FOR PLOT-’,L*LLLMX, 

READ ( *, *, END- 18808 1 WELLMX 
C *SET LJP FOR PLOTTING TOT% NUMBER OF WELLS DRILLED 

RWGE(5>=WELLMX 
PRINT*,’ ’ 
PRINT*,’ ’ 
PRINT*,’NUMBER OF WRLS’ 
CALL XPPLOT(-49@61,0,0,1,0,0,0,RFINGE,NocAY, 

A YEQRS(l,11,TWULS(l,l),WTS(l), ’*’, 
B YEARS( 1,2), TELLS( 1’21, WTS(Z), ’+’ , 
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C YEWS( 1,3), TWELLSC 1,3 1, WTS(  31, ’3’’ 
D YEFIRS( 1,4 1, TWELLS( 1,4), WTS(41, ’4’ 1 

PRINT*, ’ 
Do 2588 I = l , N a s Y  

2588 PRINT 1688, IPLTCC I), ICP( I) 
PRINT*,’ ’ 
PRINT*,’ ’ 
PRINT*,’ IS PLOT OK’ 
READ ( *, 9888, END- 10000 IFYJSER 
IF(1WSER .NE. 1YES)GO TO 2000 
RETURN 

RETURN 
END 

18888 IEOF - 1 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE XFFLOT(ISIZE, I-, IBOX, I-, IMFIRK, IRXES, ITYPE,RRNGE, 
1 MM,X1,Yl,N1,Ll,X2,Y2,NZ,L2,X3,Y3,N3,L3,X4,Y4,N4,L4) 

SANDIF, MFITHO?FITICRL PROGRRM LIBRFypr’ 
RPPLIED MFITHErmTICS DIVISION 2642 
W D I A  LABORRTORIES 
FILBUQUERQUE, Kw MD(1CO 97115 
COMTROL IMTA 66004‘688 VERSION 7 .0  MFlRcH 1977 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* ISSUED BY sFyI(DIFI LFIBORQTORIES, * R PRIME CONTRFlCTOR TO THE * UJITED STATES EWFGY RESERRCH AElD DENELOeFENT RDMINISTRQTION * * * * * * * * * * * It * NOTICE 1 * * * * * * * * * * * * * 
* THIS REPORT WFlS PREPFiRED FIS Fy*I FICCOWT OF WORK 9 O N S O R E D  BY THE * UNITED STRTES GovERNlEM. N E I T W  THE LHITED STATES NOR THE * UNITED STATES ENfRGY RESEWCH GWD DeJELOeMNT ADMINISTRATION, 

* SUBCONTRXTORS, OR THEIR EMPLOYEES, M S  ANY WFIRRANTY, EXPRESS 
* OR IMPLIED, OR RSSUFES FlNy LE- LIRBILITY OR RESPONSIBILITY * FOR THE AcCU?Rf3, COIIPLETU‘ESS OR USENUJESS C F  ANY INFOF!WlTICW, * APPWATUS, PRODUCT OR PROCESS DISCLOSED, OR REPRESENTS M T  I T S  * USE WOULD NOT INFRINGE PRIWTELY O W E D  RIGHTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* THE PRIMARY DC€UIENT FOR ME L I m  OF WHICH THIS ROUTINE IS * A PART IS SFIND75-8545. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

* NOR QNY O f  THEIR EMPLOYEES, NOR ANY OF THEIR CONTRFICTORS, 

ABSTRRCT 

THE PHYSICX SIZE OF THE PLOT MAY BE WRIED FIS CY)PROeRIATE FOR 
PRINTER OR TERMINFL OUTPUT. WTIONS ARE SUPPLIED FOR WIS 
W I N G  RND LABELLING, SURROWDING THE PLOT WITH FI BOX, 
SPECIFYING SPECIFY, PLOT LIMITS, PRODUCING BAR GRQPHS, ETC. 
XFFLOT DOES NO OVER-f‘RINTING, SO I T  MAY BE USED W I T H  HRLF-WpLEX 
TERMINRLS. 

XPPLOT PLOTS ONE TO FWR CURVES ON A SINGLE PRINTER-TYPE PLOT. 

BDMIA-8 1-763-TR 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

DESCRIPTION OF M!GLPENTS 
ISIZE - SIZE OF FIcTUfX PLOT FYXFI, NOT INCLUDING LFIBELS, ETC. 

IF - 2, 4, 6, 8, 10, OR 12, THE PLOT SIZE WILL BE 
M T  MFYJY INCHES, HORIZONTQLLY W D  VERTICALLY. 
OR, ISIZE MAY BE OF THE FORM lBBUIVERT+IHORZ, WERE 
IVERT AND IHORZ FlRE THE VERTICFY, QFiD HORIZONTFL 
DIMNSIONS, IN INCHES, OF THE AcTUfX PLOT AREFl. 
IN THIS CRSE, IVERT w.(D IHORZ MJST ERCH BE ONE OF 
TI€ R E S  2, 4, 6,  8, 10, OR 12. 
wo'( USING FI TERMINFIL, IHORZ (OR ISIZE) sHouu> 
BE NO LFlRGER THFYJ 6. WEN USING A LINE PRINTER 
WITH FLJTCXWTIC PFKX EJECT FIT PFKX BRw(S, IVERT 
(OR ISIZE) SHOULD BE NO LQRGER THFYJ 8. 

WERE NROGI IS THE KMBER OF Rows, OR PRINT LIKS, 
TO BE USED, AND Nca IS THE WIBER cx c a m ,  
OR PRINT POSITIONS, PER LIE. THERE ARE NO 
RESTRICTIONS ON NRaJ W D  NcoC EXCEPT THFIT THEY 
BE FIT LERST TWO, FIND NCoL.LE.121. 
FOR D(FIIpLE, ISIZE- -49101 WOUJ) PRODUCE FI 49 ROW 
BY 101 COLUMN ( 8  BY 18 INCH) PLOT. 
UBELING OF THE Fu<ES MAY NOT AppEFlR NICELY R E M  
WIEN UNUSW, R U E S  ?RE USED FOR NROGI OR NCOL. 

IF ISIZE.LT.~, ITS FUVI MUST BE -(iaammw+wa), 

IF ISIZE-0, Q 6 BY 6 INCH PLOT WILL BE DONE. 
IF ISIZE-1, AN 8 BY 8 INCH PLOT WILL BE DONE. 

1- - IF .GT.0, A PFKX EJECT WILL BE DONE BEF- THE PLOT 
IS STRRTED. 

IF .LE.0, NO PFKX EJECT IS DONE. THIS MOULD BE THE 
WFROPRIFITE CHOICE FOR TERMINFY. OUTPUT, OR IF 
YOU WISH TO PRIM A TITLE FIT THE T W  OF THE PLOT. 

THE RCTWL PLOT FRER (NOT INCLUDING LRBELS, ETC.) 
USE OF A BOX IS NOT REC- WEN USING FI 
TERMINFIL, As IT MAY SLOW DOW PLOTTING TOO MUCH. 

IBOX - IF -1, A BOX WILL BE DRAWN (WITH ASTERISKS) AROUJD 

IF -2, THE BOX WILL BE DRAWN WITH PLUS SIGNS. 
IF -3, THE BOX WILL BE DRAWN WITH ZEl?O€S. 
IF -4, THE BOX WILL BE DRAWN WITH THE LETTER X. 
IF .LE.0, NO BOX WILL BE DRAWN FIROUND THE PLOT FlREFl. 

ILFIBEL - IF -0 OR W Y  V A L E  O'IFER THFYJ 1, 2, 3, OR 6, BOTH 
CUCES WILL BE LRBELLED m Two INQES. 

W O E ,  W, THIRD, OR SIXTH OF AN INCH 
(AssuI1ING SIX LINES FlRE PRINTED PER VERTICRL INCH), 
WILE X AXIS LRELLING -INS FIT TWO INCHES. 

IF .LT.0, WBELS WILL BE SUeeRESSED COtlPLETELY. 
HOWEVER, IF IMFIRK.GE.0, THE MAQI(ITlJD€ OF IUBEL 
WILL STILL INDICQTE THE TIC MfXK SPFICING. 

BEING LRBELLED. THE LENGTHS OF THE MARKS WILL 
BE ROUGHLY IIWRK/6 INCHES. THUS, IF I M  IS SET 

IF -1, 2, 3, OR 6 ,  THE Y W I S  WILL BE LRBELLED EVERY 

IMARK - IF .GT.0, TIC PWWS WILL MFIRK ERCH ROW OR COLUMN 

BQMIA-81-763-TR 
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6ld 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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C 
C 
C 
C 
C 
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C 
C 
C 
C 
C 
C 
C 
C 
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C 
C 
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C 
C 
C '  
C 
C 
C 
C 

TO A LFlRGE NulBER, SQY 188, THESE T I C  MWKS WILL 
BECCPE NLL GRID LINES. NOTE - THE X AXIS M Y  
NOT BE LABELLED MORE DENSELY THW ONCE EMRY 
TWO INCHES. HOWEVER, THE SPFICING OF T IC  MFIRKS 
ON THE X AXIS WILL EQUAL THAT W THE Y AXIS 
EXCEPT WEN I A B S ( I L R Q > = 3  OR 6, IN W I C H  CRSE 
X AXIS TIC MARKS W I L L  REPWIN AT Hl4-F INCH 
INTERVFllS. 

IF .LT.0, NO T I C  MFIw<S WILL BE USED. I N  THIS CRSE, 
X AXIS LFIBELLIffi WILL BE SUPPRESSED, RS IT WOUCD 
BE FmBIGuous. THIS M O E  MAY BE ESIRABLE WEN 
PLOTTING HISTOGRRMS WITH I M - 2 .  

IF '0, SINGLE Cl-W?KTER MWKS WILL BE S € D .  
IAXES - IF .GT.0, X- Fw) Y-QXES WILL BE DRWN ON THE PLOT, SO 

RS TO p~lss QS a o s E L y  AS POSSIBLE THPOUGH x-0, Y-0. 
IF .LE.8, NO AXES WILL BE DF7FY.N. 

IF '2, A HORIZONTFY, BAR GF?WH WILL BE DRWN. 
ITYFE - IF .LE.l, A NORMFC PLOT WILL BE DONE. 

THIS MERNS THAT THE OCCURANCE OF A DATFI POINT 
ON FI aRVE CRUSES THE PLOT CHFlRFlCTEF! F W  

POSITION INDICFlTED BY THAT POINT, PLUS I N  ALL 

HOWEVER, A HIGHER PRIWITY CUWE MAY THEN 
OVERPLOT S OR ALL OF THAT Row OF CHFlRACTERs. 
SEE NOTE AT BOTTOM. 

THFlT IS, A GIVEN POINT CRUSES I T S  PLOT Cl-GRfXTER 

PLUS I N  ALL ROWS BELOW THAT POSITION. 
HOLSVER, IF FyI#)THER DATA POINT APPERRS LATER 
(I.E., LOWER) IN THIS C O L W ,  I T  WILL T M E  
FREEDEKE FOR THQT Row W D  BELOW. 
NOTE - YOU SHOULD NOT USE I M . G T . 1  W 
IFU(ES.GT.0 WEN 1-13, As WYTHING PRINTED ON THE 
FICTWY, PLOT QREQ W I L L  PR0eFK;FITE Q O W  M T  
POINT JUST As I F  IT WERE DATA. 

THE DQTA. IN THIS CRSE, THE MIDDLE OF THE FIRST 
COLu'N W I L L  CORF!ESPOND TO THE MINIMUM X WYUE, 

7wE MFU(1MuI X WILE, THE MIDDLE OF THE BOTTOM Row 
WILL CORRESPOND TO TI€ MINIMUI( Y Fy*u> 
TI-E MIDDLE OF THE TOP Row W I L L  CORRESPOND TO THE 
MFu(IMuI Y V A L E .  

OF LENGTH 5, CONTAINING THE FOLLOWING. 

MT CURVE TO BE PRINTED IN THE R o w c a m  

c a m  OF THQT ROW TO THE LETT w THAT POINT. 

IF .GE.3, A VERTICRL BAR GRWI-4 WILL BE DRWJN. 

TO BE PLOTTED IN A GIVEN R o w c a m  POSITION, 

RW.(GE - IF RFYJGE-B., Tlf PLOT SCRCES W I L L  BE DCEF!NINED BY 

THE MIDDLE OF THE LAST c a m  WILL CORRESPOND TO 

IF RwJGE.NE.0., THo*I RQNGE IS FIssulED TO BE AN ARRAY 

RfYGE(1) - A NON-ZERO WILE. 

wwGE(4) - Y WILE OF BOTTOM ROW 

~ ( 2 )  - x WILE OF LEFT-MOST c a m  
w w ~ ~ ( 3 )  - x WILLIE CF RIGHT-MOST c a m  

F i g u r e  A-3. G E O D R L  C o m p u t e r  LISTIN ( C o n t i n u e d )  
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C 
C 
C 
C 
C 
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C 
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C 
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C 
C 
C 
C 
C 
C 

RIWGE(5) - Y WLUE OF TOP ROW 
THESE RFyI(GE PFlRFYlETERs MAY BE USED EITHER TO 
EXTEND OR RESTRICT THE W f 2 W l  RFYJGE. T M T  IS, 
THEY MFlY BE USED TO ZOOM OUT OR IN .  

NWI - NMBER (x CWVES BEING LlSED FOR THIS PLOT. 
IF  W = 1 ,  Ti€ CRCLING SEQuoI(cE m7Y BE TEF!flIMTED 
AFTER THE F’WQMETER Ll. (MOST FOR= COMPILERS 
W I L L  TOCERATE THIS UsFIGE.1 I F  MM-2, THE CRCLING 
SEcLENCE rmY BE TERMINWED WTEF! pFIRA1I1ETER L2, ETC. 
IF  M = 0 ,  ONE CUWE W I U  BE RSSUXD. 

x1 - WRRY OF X-COORDINATES FOR FIRST CURVE. 
Y1 - -Fly OF Y-COORDINFITES FOR FIRST CURVE. 
N1 - NUMBER OF IMTQ POINTS ON FIRST aRvE (DIMENSION OF 

Ll - R O T  cHcy7FIcTER TO BE USED FOR FIRST aRvE. THIS 

X2,YZ,NZ,L2 - CoRREspoNDIffi IMTFI FOR SECOND CURVE. 

X4,Y4,N4,L4 - CCRRESPONDING DRTFI FOR FCLRTH CURVE. 

X1 AND Yl). 

CHFlRACTEf? SHOULD BE I N  Fll F m T ,  SUCH Rs ’*’. 
x3,~3,m,~3 - C ~ R R E ~ I N G  MTFI FOR THIRD a ~ v ~ .  

NOTE - IN CRSE DRTA FROM MORE THFIN ONE CURVE OCCURS 
FIT A GIVEN W C O L u I p (  POSITION, S(MB0c Ll W I L L  
ovEFil?ID€ mm L2, WIICH W I L L  OVERRIDE: SYMBOL L3, 
ETC . 

FORMFlT 
ME FORMRT USED FOR THE PLOT FlREFI I S  
FORMFlT ( lX, G1 1 .4, Fll , M1, Fll 1 
WHERE W l  I S  THE FlcTuFll PLOT AREFl, W D  THE Two A1 FIELDS 
FIRE FOR THE BOX QND T IC  rmRKS. 

SOME SIMPLE MAMplEs - 
F) TYPI- TERMINL PLOT OF A SINGLE W T I O N  CQN BE DONE BY 

A TYPICAL LINE PRINTER PLOT OF 63 SINGLE FUJCTION CRN BE DONf BY 

A TYPICRC LINE PRINTER PLOT OF TWO VARIRBLES 
-INST R SINGLE INDEPEND€NT VARIABLE CRN BE DONE BY 

CRLL XPPLOT(0,0,0,0,0,0,0,0.,1,X,Y,N,’*’) 

CALL XPPLOT~l,l,l,l,l,l,l,0.,l,X,Y,N,~*~~ 

CAU, XPPLOT(l,l,l, l,l, 1,1,0. ,2,X,Yl,N, ’l’,X,YZ,N, ’2’) 

R E JONES DIVISION 2642 JUNE 1976 

* END OF ABSTRACT 
LOGICAL K1, K2, K3, K4, KYLAB, KXLAB, KLLFIB, KPLOT, KVERT, KHORZ 
DIMENSION RfWGE(5) 
DIMENSION Xi (N1) , Yl (Nl), XZ(N2), Y 2 ( N 2 ) ,  X3(N3), Y3(N3) ,  X4(N4), Y4(N4) 
DIPENSION LINE(123),xscRLE(7) 
CMACTER LBLwJK*l, LSTml, LPLUS*l, LVERT*l, LHoRZ*l, LaD7o*i, LETX*l 
CWlRFlCTER IBoxCWl, LINE*l, L1*1, Lad, L-1, L e i  
DF4TA LBLANK/” ’/.LSTFY7/’*’/.LPLUS/’+’/.LVERT/’I’/,LHO/’-’/ 
~ T F I  LzERo/~B~/,LETw~x~/ ’ 

C THE FOLLOWING CALL TO MLUSED IS =SENT SOLELY 

Figure A-3.  GEODRL Computer LISTIN (Cont 
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C OF THIS ROUTINE FIT SLFl 6WD MFlY BE DELETED. 
C CALL MLUSED 
C INITIFY-IZE 

Kl = .TRUE. 
K2 = (NUM.GE.2) 
K3 = (NUM.GE.3) 
K4 = (NUM.GE.4) 

C - 
IF (K1) K1 = (Nl.GT.0) 
IF (KZ) K2 - (N2.GT.8) 
IF (K3) K3 = (N3.GT.0) 
IF (K4) K4 - (N4.GT.0) 
IF (.NOT.(Kl.OR.K2.0R.K3.CS.K4>) RETURN 

LSIZE = ISIZE 
IF (.NOT.(ISIZE.GE.B)) GO TO 10 

IF (LSIZE.EQ.0) LSIZE - 6 
IF (LSIZE.EQ. 1) LSIZE = 8 
IVERT = LSIZE/l00 
IF (IVERT.LE.0) IVERT = LSIZE 
IVERT = MAXB(IVERT,2) 
IVERT - MINB(IVERT, 12) 
IVERT = ( IVERT/Z)*Z 
N R O W  = 6*IVERT+l 
IHORZ = MOD(LSIZE,188) 
IF (IHORZ.LE.0) IHORZ = LSIZE/l88 
IHORZ = Fwx0(IHoRz,2) 
IHORZ = MINB(II-W!Z,lZ) 
IHORZ = (IHORZ/2)*2 
NCOL = lmIHoRz+l 
GO TO 28 

C (DETERMINE PLOT SIZE) 

C THEN 

C ELSE 
10 

TO 15 
C 

15 

Miow = (-LSIZE)/1888 
NCOL = MOD(-LSIZE,1888) 
NCOL = MINB(NCOL, 121) 
IF ((NRW.GE.2).WD. (NcOL.GE.2)) GO 

DEFWLTS WHDJ ISIZE IS INVQLID. 
mow = 37 
NCOL = 61 

CONTINUE 
28 CONTINUE: 

NcOLP2 = NcoL+2 
NCOLMl = NCOL-1 
NRW2 = NRow+z 

C (DETERMINE BOX CHFIRFK=TEf?) 
IBOXCH = LSTRF! 
IF (IBOX.GE.2) IBOXCH - LPLUS 
IF (IBOX.GE.3) IBOXCH - LZERO 
IF (IBOX.GE.4) IBOXCH = LETX 
IF (1BOX.LE.B) IBOXCH - LBLRNK 

C (LRBELLING QND MARKING -1 
BDMIA-81-763-TR 
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KYLFIB = (ILFIBEL.GE.0) 
KXLFIB = (ILFIBEL.GE.0).WD.(ItWW.GE.0) 
NLFlBEL = IFIBS(1LFIEL) 
If ( (NLFIBE1.E. 1) .WD. (NRBEL.NE.2) .W. 

IYINC - 12 
IF (NLFIBEL.GE.1) IYINC - MFIXB(1 , 6/NLFIBEL) 
IXINC = 20 
IF (NLFIBEL.GE.1) IXINC - W0(5 , lB/NLFIBEL) 
IF (IMARK.LT.0) GO TO 30 

1 (NLQBEL.NE.3) .WD. (NFIBEL.NE.6) 1 NABEL - 0 

NvFIRw< = MFu(B(1,IMARK) 
NHMQRK - (10WVPW?K)/6 
NHMARK - rlIN0((NCOU>2+1)/2 , m) 
M F l R K l -  NCoLp2-NHMFyw<+l 

30 CONTINUE 
C (PLOTRANGE) 

C THEN COMPUTE 
IF (.NOT.(RFYI#;E(l).EQ.0.)) GO TO 40 

INIT = 0 
IF (Kl) CRLL XPMYIIX(Xl,Nl,XMIN,XMAX. INIT) 
IF (KZ) CRU, XPPWIX(XZ,NZ,MIIN,XMAX, INIT) 
IF (K3) CRU. XPMN9((X3,PU,XMIN,XMFD(, INIT) 
IF (K4) CAU. XPMNMX(X4,N4,XMIN,XMAX, INIT) 
IHORZ=(FECOL-1)/10 
CFItL SCAtEC IHORZ, MIIN, XMFUO 
INIT = 8 
IF (Kl) CFllL XPPWIX(Yl,Nl,YMIN,~, INIT) 
IF (K2) CFlLL )(PMNMX(Y2,NZ,YMIN,MIFU(, INIT) 
IF (K3) CRLL XPMJMX(Y3,PU,YMIN,YMFU(, INIT) 
IF (K4) CRLL XPMYIIX(Y4,W,YMIN,YMRX, INIT) 
IVERT=(NROW-1)/6 
CQLL SCFYT(IVERT,YMIN,~) 
GO TO 50 

40 XMIN = RRNGE(2) 
xMFu( - RF(NGE(3) 
WIN = RFVI(GE(4) 
m x  - RFINGE(5) 

C ELSE FETCH RRNGE 

50 CONTINUE 
IF (>OIIIN.GE.MIFUO xMFu( - XMIM1.0 
IF (YMIN.GE.YMFU0 YMAX - YMIN+1.0 
DX (XMRX-XMIN)/FLOFIT(NCOL-l) 
DY = (mFIX-YNIN)fiOFIT(M-l) 
XL = XMIN - 0.5*DX 
YB = YMFIX + 1.5*DY 

IYWCL = (B.-XL)/DX + 1.0 

C (ROW FiND COLUMN “QCINGs) 

C (MIS PQRFIMETERS) 

IF ((IYRXCL.LE.B).~.(IYW~.GT.NCOL)) rywa - 0 
IF (IPFIGE.GE.1) WRITE (*,68) 

C LINE LOOP - INCLUDING BOX 
60 F O M T  (1H1) 

BDMlA-81-763-TR 
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DO 500 IRowpl = 1,NRoWFyL 
IROW I W I - I  
KPLOT = (IROW.GE.I).FYYD. (1ROW.LE.NRow) 
KHORZ = KFLOT.AND. ((MOD(IROW,IYINC).EQ.l).CH?. 

YT = YB 
YB YB - DY 
IF ((ITYPE.GE.3).FYI(D.(IROW.GT.I)) GO TO 90 

C ELSE CLEW LINE IMAGE 

1 ( 1YINC.EQ. I). OR. ( IROW. EQ. NRow) 1 

DO 80 I=I,NCoLp2 
80 LINE(1) = L B L M  
90 CONTINUE 

C (BOX) 

C ELSE DO BOX TOP OR BOTTOM 

100 LIrE(1) = IBOXCH 
110 CONTINUE 

LINE(1) = IBOXCH 
LINE(NCOLP2) = IBOXCH 

IF (IMARK.LT.0) GO TO 200 

IF (KPLOT) GO TO I10 

DO 188 I=I,NCoLpz 

C (TIC M K S )  

IF (.NOT.KHORZ) GO TO 170 
C ELSE MKW HX!IZONTAL TICS 

DO 150 I = I , r n  

Do 160 I-~I,NCOLPZ 
150 LINE(1) = LHxz 
160 LINE(1) - LHof?z 
170 CONTINUE: 

KVERT = ( IROWP1.LE.NVMARK).OR.(NROWP2-IROGPI.LT.~)  
IF (.NOT.KVERT) GO TO 190 

C ELSE DRFylJ KRTICRC TICS. USE PLUS SIGNS WERE TICS CROSS. 
DO im I-~,NCOC, IXINC 

LINE(1) - LVERT 
IF ( K H O R Z . ~ D . ( ( I . L E . N ) . C H ? . ( I . ~ . ~ l ) ) )  

1 LIN€(I) = LPLUS 
188 CONTINUE 

LIE(NCoL+I) = LVERT 
IF ~KHCIRZ.FIND.(NCOC+I.GE.WRK~)I LImNca+i) - LPLUS 

190 CONTINUE 
200 CONTINUE 

C (LFIBELS) 
KLLAB - KHORZ.FYYD.KYLFIB 
IF (.NOT.KLLAB) GO TO 205 

YM = 0.5*(YT+YB> 
IF (ABS(YM) .LT. l .~ -6U(mFU(-YMIN))  YM 8 .  

285 CONTINUE 
C (IWES) 

C ELSE 
IF ((IfiXES.LE.B).OR.(.NOT.KPLOf)) GO TO 238 

IF (IYFU(CL.GT.0) LINE(IYWCL+I) = LKRT 
IF ((YB.GE.0.>.OF7.(YT.LT.B.).CH?.(.NOT.KPLOT)) GO TO 228 

BDMfA-81-763-TR 
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C ELSE DRCW x W I S  
Do 210 I=l,Ncoc 

IF (IYQXCL.GT.0) LINE(IYRXCL+l) - LPLUS 
210 LINE(I+l) = Lwf?z 
228 CONTINUE 
238 CONTINUE 

c (CURVES) 
IF ( .NOT. KFLOT) GO TO 240 
IF ( K4 1 CFilL XPSYMB ( LINE ( 2 1 , X4, Y4, N4, L4, XL, DX, YE, YT, NCOL, IT"€ 1 
IF (K3) CRU. M9S/MB(LINE(Z),X3, Y3,M,L3,XL,DX,YB, M,NCOC, ITYPE) 
IF (K2) CRLL XPSmB(LINE(2),X2,YZ,W,L2,XL,DX,YE,YT,NCOL, ITYPE) 
IF (K1) CFYL XPS(MB(LINE(2),X1,Yl,N1,Ll,XL,DX,YE,YT,NCOL,ITYPE:) 

240 CONTINUE 
C (PRINT) 

C IF QNY CWf?XTER IS Noc(-BLRN< 
K = NcOLP2 

Do 250 I=l,NcoLPz 
IF (LINE(K).NE.LBLRNK) GO TO 268 

250 K * K-1 
C ELSE 

IF (.NOT.KLLAB) WRITE (*,a) 
IF ( KLLQB 1 MITE (*,280) YM 
GO TO 270 

C THEN 
260 IF (.NOT.KLLRB) WRITE (* ,=I  (LINECI), I-1,K) 

270 CONTINUE 
280 FORWT ( lX, Gll .4, lZ%l) 
290 FORFWT (12X,l23Fll) 
568 CONTINUE 

IF ( KUAB 1 WRITE OR,=) YM,(LIr€(I),I-l,K) 

C X-WIS LFlBELS 
IF (.NOT.KXLRB) GO TO 600 

K - 0  
DO 510 I=l,NcOuI11,20 

K - K+l 
XSCFILE(K> - XMIN + FLWT(I-l)*DX 

510 CONTINUE 
K - K+l 
X!ECRLE(K) - xMFu( 
DO 515 I=l,K 

IF ( ~ B S ( X S C R C E ( I ) ) . L T . l . ~ ~ ( ~ - ~ I N ) >  xsCRcE(1) = 0 .  
515 CONTINUE 

WRITE ( * ,528)  (XSCRLE(I),I-l,K) 
528 FORFWT (8X,5(G11.4,9X),Gll.4,7X,Gll.4~ 
6BEI CONTINUE 

RETURN 
END 
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kid 

C 
C 
C 
* END 

10 

20 
30 

SUBROUTINE XPSYMB(LIEE,X,Y,N,LSYM,XL,DX,YB,YT,NCOC, ITYFf) 

INSERT SYMBOLS FCR A CURVE INTO THE LINE IMFlGE 

OF ABSTRRCT 
DIMENSION LINE(NCOL>,X(N>,Y(N> 

YYB - YB 
YYT = YT 
N N = N  
MIX - 0 
Do 18 I=l,NN 

CHFIRXTER LINE*l, LSm*l 

IF (Y(I).LE.YYB) GO TO 10 
IF (Y(I).GT.YYT) GO TO 10 
IX = (X(I)-XL)/DX + 1.0 
IF ((IX.LT.l).OR.(IX.GT.NCOL)) GO TO 10 
LINE(1X) = LSYW 
MIX = MRXB(MIX,IX) 

CONTINUE 
IF ( ( ITYPE.NE.2).0R.(MIX.LE.B))  GO TO 38 

Do 20 I=l,MIX 
LINE(1) = LSYW 

CONTINUE 
RETURN 

END 
C** THIS PF!OGRfW VALID CN FTN4 FYJD FTNS ** 

SUBROUTINE xpMNIx(X, N, XMIN, XMRX, INIT) 
C 
C 
C * END 

10 

20 
30 

RFHJGE COMPUTATION 

OF ABSTRACT 
DIMENSION X(N) 
IF (N.LT.1) GO TO 38 

IF (1NIT.E. 1) GO TO 10 
XMIN - X(1) 
XMAX = X(1) 
INIT * 1 

CONT I NUE 
DO 20 I=l,N 

XMIN = FU*1INl(XMIN,X(I)) m x  = AMAXl(MIFu(,X(I)) 
CONT I NUE 

CONTINUE 
RETURN 

C** THIS PROGRAM VALID ON FM4 FYJD FTNS ** 
END 
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