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Abstract 

The simulator SHAFT79 of Lawrence Berkeley Laboratory has been applied 

to field-wide distributed parameter simulation of the vapor-dominated 

geothermal reservoir at Serrazzano, Italy. Using a three-dimensional 

geologically accurate mesh and detailed flow rate data from 19 producing 

wells, a period of 15.5 years (from 1959 to 1975) has been simulated. 

The reservoir model used is based on field measurements of temperatures 

and pressures, laboratory data for core samples, and available geological 

and hydrological information. The main parameters determined (adjusted) 

during development of the simulation are permeabilities and much of the 

initial conditions. 

Simulated patterns of pressure decline show semi-quantitative 

agreement with field observations. Field pressures decline overall 

somewhat more rapidly than predicted in the simulation. It is concluded 

that (i) the interface between overlying steam cap and deeper boiling 

aquifer remains stationary during exploitation; (ii) the aquifer boils 

approximately uniformly throughout in response to production. 

Furthermore, the simulation suggests that (iii) there is cold water 

recharge and/or incomplete heat transfer from the rock due to fractures in the 

margins of the reservoir, and (iv) some steam flowing to the main well field 

originates from deep fractures rather than from boiling in the two-phase zones 

modeled. 

Simulation methodology and ambiguity of parameter determination is 

discussed. 
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1. I n t r o d u c t i o n  

Serrazzano geothermal r e s e r v o i r  is one of t h e  d i s t i n c t  zones of t h e  

e x t e n s i v e  geothermal area near  L a r d e r e l l o  i n  c e n t r a l  Tuscany, I t a l y .  

Na tu ra l  m a n i f e s t a t i o n s  and u t i l i z a t i o n  of steam and hot  water from sha l low 

h o l e s  i n  t h i s  r eg ion  have occurred  f o r  c e n t u r i e s .  Deep d r i l l i n g  w a s  begun 

a f t e r  1930, and s i n c e  1939 e l e c t r i c  power has been genera ted  a t  Ser razzano 

from geothermal steam (with an i n t e r r u p t i o n  i n  World War 11, when t h e  w e l l s  

w e r e  des t royed) .  

W e  have developed a d i s t r ibu ted -pa rame te r  s imula t ion  of t h e  performance 

of Ser razzano r e s e r v o i r  from 1959 t o  1975. To our knowledge, no such 

s i m u l a t i o n  has  ever been a t tempted  f o r  a producing vapor-dominated geothermal 

r e s e r v o i r .  Serrazzano w a s  chosen as a case s tudy  f o r  developing and eva lu-  

a t i n g  t h e  methodology f o r  two reasons :  ( 1 )  d e t a i l e d  product ion  d a t a  and 

much g e o l o g i c a l  and h y d r o l o g i c a l  i n fo rma t ion  is a v a i l a b l e  f o r  t h e  r e s e r v o i r ;  

( 2 )  f o r  environmental  reasons  s u r f a c e  d i s p o s a l  of produced b r i n e s  is no 

longe r  a c c e p t a b l e  i n  I t a l y ,  and numer ica l  s t u d i e s  are needed t o  a i d  i n  

deve loping  an a p p r o p r i a t e  i n j e c t i o n  program. 

The numerical  s i m u l a t i o n s  p re sen ted  i n  t h e  p r e s e n t  paper w e r e  c a r r i e d  

This program w a s  developed a t  o u t  w i th  a computer program c a l l e d  SHAFT79. 

Lawrence Berkeley Labora to ry ,  and is b r i e f l y  reviewed i n  Chapter 2. Data 

base  and elements of a conceptua l  model f o r  Ser razzano are d i scussed  i n  

Chapter 3. 

match s i m u l a t i o n ,  and p r e s e n t  r e s u l t s  f o r  our c u r r e n t  "best" model of 

Ser razzano r e s e r v o i r .  

Subsequently we e x p l a i n  t h e  method used i n  developing a h i s t o r y  
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2. The Simulator SHAFT79 

SHAFT79 solves coupled mass- and energy-transport equations for two-phase 

flow in a porous medium, using an integrated finite difference method. 

method allows a very flexible one-, two-, or three-dimensional description 

of reservoirs, and is easily applicable to irregular shapes and geological 

features. Methodology and applications of SHAFT79 have been discussed in 

References 1-3. The main assumptions and approximations can be summarized as 

follows: (1) Geothermal reservoirs are approximated as systems of porous 

rock saturated with one-component fluid in liquid and vapor form. 

( 2 )  

properties being constant. (3 )  Liquid, vapor, and rock matrix are in local 

thermodynamic equilibrium, i.e., at the same temperature and pressure, at 

all times. ( 4 )  Capillary pressure is negligible. 

This 

Porosity can vary with temperature and pressure, with all other rock 

SHAFT79 includes an accurate description of thermophysical properties 

of water substance, based on the steam table equations as given in Reference 

4. Time is discretized fully implicitly, and the coupled non-linear finite 

difference equations for mass- and energy-transport are solved simultaneously, 

using Newton/Raphson iteration. The linear equations arising in the iteration 

are solved with an efficient sparse solver. 5 

Accuracy of the program has been verified by comparison with numerical 

simulations published in the literature, and by comparison with the quasi- 

analytical similarity solution method developed by O'Sullivan. 6'7 Table 1 

summarizes the performance of SHAFT79 in simulating our present "best" model 

of Serrazzano geothermal reservoir on LBL's CDC-7600 computer. 

3. The Data Base 

At the present time, Serrazzano field has 19 producing wells and 18 wells 

which are shut in because they are dry or nearly dry. The produced fluid is 
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approximately 96.5% superhea ted  steam, and 3.5% non-condensable gases  (mainly 

C02)  

mass ba lance  cons ide ra t ions  demonstrate  convincingly t h a t  most of t he  f l u i d  

r e s e r v e s  i n  Serrazzano are i n  p l a c e  i n  l i q u i d  form.8 

has  been p o s s i b l e  t o  i d e n t i f y  t h e  permeable s t r a t a  of t h e  r e s e r v o i r ,  and t o  

map t h e  geometry of t h e  system. The r e s e r v o i r  is  an a n t i c l i n a l  horst-and- 

graben s t r u c t u r e ,  wi th  th i ckness  va ry ing  from some t e n  meters near  t h e  

i n t e n s e l y  f r a c t u r e d  s t r u c t u r a l  h igh  t o  more than  500 meters i n  areas wi th  

t h i c k  l a y e r s  of "evapor i te"  rocks  ( s e e  F igu re  1) .  The "evapor i te"  complex 

c o n s i s t s  of h igh ly  permeable and porous a n h y d r i t e ,  l imes tones ,  and r a d i o l a r i t e s .  

The l o c a t i o n  of impermeable boundar ies  is somewhat open t o  ques t ion .  

Liquid water has  never  been encountered a t  Serrazzano. However, 

From t h e  d r i l l  logs it 

Formations under ly ing  t h e  s t r u c t u r a l  h igh  may have non-negl igible  

pe rmeab i l i t y  and po ros i ty .  F r a c t u r e s  are known t o  p l a y  an important  r o l e  

i n  f l u i d  t r a n s p o r t  i n  Serrazzano.  l1 ' l2 It appears  p o s s i b l e  t h a t  s i g n i f i c a n t  

amounts of steam are brought  through f r a c t u r e s  i n t o  t h e  main r e s e r v o i r  from 

g r e a t  depth (> 2 km). 

Geochemical and hydro log ica l  work has  shown t h a t  Serrazzano f i e l d  i s  a 

r a t h e r  i s o l a t e d  s e c t i o n  of t h e  L a r d e r e l l o  geothermal reg ion;  no s i g n i f i c a n t  

recharge  is be l i eved  t o  occur.  13  

Average p r o p e r t i e s  of t h e  rock m a t r i x  are s u b j e c t  t o  l a r g e  unce r t a in ty .  

Laboratory tests on c u t t i n g s  have g iven  c o n s i s t e n t  va lues  f o r  s p e c i f i c  

d e n s i t y ,  s p e c i f i c  h e a t ,  and h e a t  conduc t iv i ty .  However, average p o r o s i t y  

and pe rmeab i l i t y  cannot be determined from c o r e  samples  on a l a b o r a t o r y  

s c a l e .  These parameters  are very  poor ly  known. A few drawdown- and buildup- 

tests have been conducted i n  t h e  p a s t ,  from which a rough p i c t u r e  of t he  kH- 

d i s t r i b u t i o n  has been i n f e r r e d .  14'15 

q u e s t i o n a b l e  due t o  2-phase cond i t ions  i n  p a r t s  of t h e  r e s e r v o i r .  

I n t e r p r e t a t i o n  of t h e s e  tests i s  
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Wellhead temperature  and p r e s s u r e  measurements i n  f lowing w e l l s ,  and 

p r e s s u r e  measurements i n  shut - in  w e l l s ,  p rovide  a b a s i s  f o r  determining 

average thermodynamic condi t ions  i n  t h e  r e s e r v o i r .  I n t e r p r e t a t i o n  of 

t h e s e  d a t a  is complicated by s u b s t a n t i a l  v a r i a t i o n s  on a l o c a l  scale,  

sometimes due t o  deep f r a c t u r e s ,  sometimes due t o  sha l low cold  a q u i f e r s .  

Operat ing c o n d i t i o n s  i n  Serrazzano approximate product ion  wi th  cons tan t  

p r e s s u r e  p x  5 ba r s .  Many w e l l s  have r a t h e r  small  f low ra tes ,  and estima- 

t i o n  of downhole c o n d i t i o n s  i s  u n c e r t a i n  because of unknown and p o s s i b l y  

l a r g e  e f f e c t s  from h e a t  l o s s e s  t o  sha l low a q u i f e r s .  8 

Important work on average p r e s s u r e  d i s t r i b u t i o n s  i n  Serrazzano w a s  done 

by Atkinson et a l .  ( r e f .  16). Using somewhat s u b j e c t i v e  judgment i n  

e v a l u a t i n g  f i e l d  d a t a  wi th  t h e i r  sometimes l a r g e  f l u c t u a t i o n s  and l o c a l  

v a r i a t i o n s ,  t h e s e  a u t h o r s  were a b l e  t o  c o n s t r u c t  several contour  maps of 

average r e s e r v o i r  p r e s s u r e s  between 1960 and 1975. These p r e s s u r e  maps, 

when combined w i t h  temperature  d a t a ,  show t h a t  superheated c o n d i t i o n s  

p r e v a i l  throughout t h e  main w e l l  f i e l d ,  n e a r  t h e  s t r u c t u r a l  high. 

No d i r e c t  in format ion  exis ts  regard ing  t h e  d i s t r i b u t i o n  of pore  water 

i n  t h e  r e s e r v o i r .  A rough h i n t  is a v a i l a b l e  from a conceptual  model of 

Serrazzano as developed by Weres et a l .  17'18 

wi th  surrounding a q u i f e r s ,  and us ing  a p l a u s i b l e  v a l u e  of T = 275OC f o r  

P o s t u l a t i n g  h y d r a u l i c  c o n t i n u i t y  

i n i t i a l  (pre-explo i ta t ion)  r e s e r v o i r  temperature  a t  d e p t h ,  t h e  steam/two-phase 

i n t e r f a c e  is e s t i m a t e d  near  500 m depth.  

P o s i t i o n s ,  producing h o r i z o n s ,  and time-dependent f low rates are known 

f o r  a l l  w e l l s .  

I n  summary: Although much d a t a  and q u a l i t a t i v e  informat ion  i s  a v a i l a b l e  

f o r  Ser razzano,  t h e  d a t a  base  f a l l s  v e r y  much s h o r t  of t h e  d e t a i l e d  and 
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complete d e f i n i t i o n  r e q u i r e d  as i n p u t  f o r  d i s t r i b u t e d  parameter s imula t ion .  

Moreover, a v a i l a b l e  d a t a  r e f l e c t  a c t u a l  f i e l d  c o n d i t i o n s  t o  vary ing  d e g r e e s ,  

and are s u b j e c t  t o  v a r i o u s  degrees  of confidence.  As i n d i c a t e d  i n  Table  2 ,  t h e  

most s i g n i f i c a n t  d e f i c i t s  wi th  regard  t o  d a t a  a v a i l a b i l i t y  e x i s t  i n  t h e  

areas of p e r m e a b i l i t y ,  d i s t r i b u t i o n  of pore  water, and poros i ty .  

u n a v a i l a b l e  o r  u n c e r t a i n  are d a t a  d e f i n i n g  geometry and boundary c o n d i t i o n s  of 

t h e  r e s e r v o i r ,  and t h e  d e t a i l e d  d i s t r i b u t i o n  of temperatures  and pressures .  

P a r t i a l l y  

4. Method of S imula t ion  

The s i m u l a t i o n  is c a r r i e d  o u t  u s i n g  t h e  g e o l o g i c a l l y  a c c u r a t e  mesh as 

developed by Weres ( r e f .  18). F igure  1 g i v e s  an areal  v i e w  of t h e  r e s e r v o i r ,  

w i t h  t h e  p o s i t i o n s  of t h e  g e o l o g i c a l  c r o s s - s e c t i o n s  employed i n  t h e  mesh 

g e n e r a t i o n  i n d i c a t e d  by s t r a i g h t  l i n e s  l a b e l e d  A t o  Z. F igure  2 shows t h e  

computer-generated mesh i n  two d i f f e r e n t  ( r o t a t e d )  views. The mesh r e p r e s e n t s  

a r e s e r v o i r  t h a t  i s  a curved t h i n  s h e e t  approximately 1 km from top t o  bottom, 

and a r e a l l y  covers  about  25 km . It h a s  234  p o l y h e d r a l  e lements  wi th  2 

679 polygonal  i n t e r f a c e s  between them. 

element. 

O u r  i n i t i a l  a t t e m p t s  t o  model t h e  

abandoned when i t  became apparent  t h a t  

There are up t o  10 i n t e r f a c e s  per  

p r e - e x p l o i t a t i o n  phase were soon 

t h e  almost  complete l a c k  of d a t a  

would leave us with  a m u l t i t u d e  of r a t h e r  meaningless parameter  choices .  

Subsequent ly ,  we endeavored t o  model t h e  post-1959 p e r i o d ,  f o r  which r a t h e r  

d e t a i l e d  f i e l d  d a t a  are a v a i l a b l e .  

The d a t a  (Table 2 )  have t o  be grouped i n t o  t h o s e  which are provided as 

i n p u t  t o  t h e  s i m u l a t i o n ,  and t h o s e  a g a i n s t  which s imula ted  r e s u l t s  are compared. 

The d i v i s i o n  between t h e  two groups is t o  some e x t e n t  a r b i t r a r y .  We noted 

b e f o r e  t h a t  o p e r a t i n g  c o n d i t i o n s  i n  Serrazzano approximate product ion  wi th  



7 

c o n s t a n t  ( w e l l  head) pressure .  

as a (mathematical)  s i n k  condi t ion .  The o b j e c t i v e  then would be t o  match 

observed product ion f low rates. 

For modeling purposes ,  t h i s  could be imposed 

W e  chose a d i f f e r e n t  approach, which makes a more s e n s i t i v e  use of t h e  

observed f low rate  data .  (These d a t a  are measured wi th  good accuracy.)  

Namely, we impose observed f low rates on t h e  s imula ted  r e s e r v o i r  model. 

The t a s k  of t h e  h i s t o r y  match s i m u l a t i o n  then  becomes one of ( i )  s u s t a i n i n g  

t h e  observed f low rates over t h e  per iod  from 1959 t o  1975, f o r  which 

product ion  d a t a  a r e  a v a i l a b l e ,  and ( i i )  doing so under c o n d i t i o n s  of 

r e l a t i v e l y  mild p r e s s u r e  f l u c t u a t i o n s  near  t h e  main w e l l  f i e l d .  

The h i s t o r y  match s i m u l a t i o n  proceeds i n  t r ia l -and-er ror  fashion.  We 

make c e r t a i n  assumptions f o r  those  parameters  which are n o t  w e l l  known, o r  

are  unknown, compare s imula ted  f i e l d  performance wi th  observed performance, 

and then modify our parameter estimates so  as t o  reduce d i s c r e p a n c i e s  between 

s imula ted  and observed performance. The l i m i t e d  a v a i l a b i l i t y  of d a t a  ( s e e  

S e c t i o n  3 )  c o n f r o n t s  us  wi th  a m u l t i t u d e  of choices .  It would appear t h a t  

one could invoke a l a r g e  v a r i e t y  of assumptions ad hoc ,  which may no t  be too  

meaningful ,  y e t  could n o t  be re fu ted .  The a c t u a l  s i t u a t i o n  i s ,  however, 

n o t  anywhere near  t h a t  ambiguous. The seemingly r a t h e r  t r i v i a l  requirement 

of s u s t a i n i n g  observed f low rates a t  n e a r l y  c o n s t a n t  p r e s s u r e s  t u r n s  ou t  t o  

be  very  r e s t r i c t ive ,  due t o  t h e  long d u r a t i o n  of t h e  s i m u l a t i o n  (15.5 y e a r s ) .  

The main w e l l  f i e l d  near  t h e  s t r u c t u r a l  high c o n t a i n s  superheated steam, 

and t h e r e f o r e  has  a r a t h e r  small mass content .  The mass produced over  15.5 

y e a r s  is several hundred t i m e s  l a r g e r  than  t h e  mass i n  p l a c e  i n  t h e  main 

w e l l  f i e l d .  Only through very  s u b t l e  f ine- tuning of c e r t a i n  parameters w a s  

i t  p o s s i b l e  t o  avoid a premature c a t a s t r o p h i c  d e c l i n e  of p r e s s u r e s  i n  t h e  



8 

main w e l l  f i e l d .  Table 2 summarizes t h e  handl ing  of t h e  v a r i o u s  parameters 

du r ing  development of t h e  h i s t o r y  match. 

Most important among t h e  a d j u s t a b l e  parameters is t h e  pe rmeab i l i t y  

d i s t r i b u t i o n .  It de termines  t h e  "dynamic" response  of t h e  r e s e r v o i r ;  i.e. , 

t h e  way i n  which time-dependent product ion  rates q ( t )  g i v e  rise t o  t i m e -  

dependent p r e s s u r e s  p ( t ) .  The pe rmeab i l i t y  a long  t h e  1-phase flow pa th  

de te rmines  t h e  shor t - te rm (days o r  weeks) " e l a s t i c i t y "  of w e l l  f i e l d  p r e s s u r e  

response  t o  f l u c t u a t i o n s  i n  product ion  rates. Permeabi l i ty  d i s t r i b u t i o n s  i n  

t h e  two-phase ( b o i l i n g )  r e g i o n  determine t h e  e x t e n t  t o  which p r e s s u r e  a t  t h e  

two-phase/steam i n t e r f a c e  can be main ta ined  over pe r iods  of s u b s t a n t i a l  

d e p l e t i o n  ( y e a r s ) .  

Under f a v o r a b l e  c i r cums tances ,  b o i l i n g  rates away from t h e  i n t e r f a c e  can 

be s u f f i c i e n t l y  l a r g e  ( equa l  t o  o r  l a r g e r  t han  a t  t h e  i n t e r f a c e )  t o  supply 

enough h o t t e r  steam t o  s u s t a i n  tempera ture  (hence p r e s s u r e )  a t  t h e  i n t e r f a c e .  

Then, t h e  i n t e r f a c e  remains approximately s t a t i o n a r y  and a t  approximately 

c o n s t a n t  p r e s s u r e ,  while p r e s s u r e s  d e c l i n e  away from t h e  i n t e r f a c e  a t  t h e  

margins of t h e  r e s e r v o i r .  The maps of average  p r e s s u r e s  as developed by 

Atkinson e t  a l .  ( r e f .  16) sugges t  t h a t  t h i s  t ype  of behavior  i s  p r e s e n t  i n  

Serrazzano. 

A p a t t e r n  of d e p l e t i o n  wi th  approximate ly  s t a t i o n a r y  two-phase/steam 

i n t e r f a c e  a t  approximate ly  c o n s t a n t  p r e s s u r e  can p r e v a i l  as long as t h e  

reserves of l i q u i d  water las t .  Rese rvo i r  performance dur ing  t h i s  pe r iod  

depends l i t t l e  on u l t i m a t e  f l u i d  r e s e r v e s ,  and t h e  s imula t ion  i s  not  ve ry  

s e n s i t i v e  t o  v a r i a t i o n s  of t hose  parameters  which determine u l t i m a t e  f l u i d  

r e s e r v e s .  These are mainly p o r o s i t y  @ and vapor s a t u r a t i o n  S i n  t h e  two- 

phase  zone. Therefore  w e  have kep t  @ cons tan t  a t  a "best  guess" of 10%. 

I n i t i a l  vapor s a t u r a t i o n  w a s  chosen as follows. We compute r e l a t i v e  
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p e r m e a b i l i t i e s  from a v e r s i o n  of Corey's equat ions :  

3 4  ( (2r-S) s /r 
- - 

steam k 

- - 
l i q u i d  k 

f o r  S r 

f o r  S 2 r 

f o r  S 5 r 

f o r  S 2 r 

w i t h  t h e  r e s i d u a l  immobile water s a t u r a t i o n  taken as a somewhat a r b i t r a r y  

1-r = 40%. 

The p r e s s u r e  maps of Atkinson e t  al. show t h a t  p r e s s u r e  g r a d i e n t s  a t  

depth  are less than  1/3  t h e  h y d r o s t a t i c  g r a d i e n t ,  from which we conclude t h a t  

no mobile l i q u i d  water i s  p r e s e n t  i n  t h e  r e s e r v o i r .  Thus, i n i t i a l  l i q u i d  

water s a t u r a t i o n  1-S should n o t  exceed 40%. We have taken S = 60% as i n i t i a l  

c o n d i t i o n s  (summer of 1959) ,  while a d j u s t i n g  t h e  l o c a t i o n  of t h e  two-phase/ 

steam i n t e r f a c e  i n  t h e  course  of development of t h e  h i s t o r y  match. 

During t h e  development of t h e  s i m u l a t i o n ,  adjustments  were a l s o  made t o  

t h e  assumed i n i t i a l  c o n d i t i o n s  f o r  summer 1959. It w a s  necessary t o  r e l i n q u i s h  

some d e t a i l  ( l o c a l  v a r i a t i o n s )  i n  o r d e r  t o  model s u c c e s s f u l l y  o v e r a l l  f i e l d  

behavior .  E.g., t h e  w e l l  VC/10 (nea r  element E 8 ,  Figure 1) i s  an exceedingly 

s t r o n g  producer  (q = 25 kg/sec)  w i t h  wellhead temperatures  i n  excess  of 26OoC. 

The w e l l  VC/2 (nea r  element C 7 ,  see Figure  1)  a t  about 1 km d i s t a n c e  from 

VC/10, h a s  a low w e l l  head temperature  of approximately 180 C. Such l a r g e  

v a r i a t i o n s ,  which t r a n s l a t e  i n t o  l a r g e  p r e s s u r e  d i f f e r e n c e s  between t h e  

(two-phase) steam s o u r c e s ,  cannot  be accomodated w i t h i n  t h e  mesh. It is 

l i k e l y  t h a t  VC/10 is  f e d  through a l a r g e  f r a c t u r e  from d e p t h ,  which is only 

poor ly  connected t o  t h e  mesh, and t h a t  VC/2 is  a f f e c t e d  by shal low c o l d  

0 
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a q u i f e r s .  W e  connected V C / 1 0  t o  a l a r g e  element r ep resen t ing  a deep b o i l i n g  

a q u i f e r ,  and adopted smoothly va ry ing  i n i t i a l  cond i t ions  throughout t h e  mesh. 

Apart from t h e  i n e v i t a b l e  adjustment  i n  t h e  case of V C / 1 0 ,  geometry and 

no-flow boundary c o n d i t i o n s  were kept  f i x e d  dur ing  t h e  s imula t ion .  This was 

done c h i e f l y  because mod i f i ca t ions  based on s imula t ion  a lone ,  without  inde- 

pendent ev idence ,  would seem r a t h e r  a r b i t r a r y  and specu la t ive .  Simulat ion 

r e s u l t s  provide i n d i r e c t  ev idence ,  however, t h a t  some cold water recharge  is 

occur r ing  nea r  t h e  margins ,  and t h a t  some steam reaches t h e  main w e l l  f i e l d  

from o u t s i d e  t h e  mesh (presumably through deep f r a c t u r e s . )  

5. R e s u l t s  

Our c u r r e n t  "best"  model of t h e  Ser razzano r e s e r v o i r  w a s  a r r i v e d  a t ,  i n  

i t s  q u a l i t a t i v e  (conceptua l )  and q u a n t i t a t i v e  f e a t u r e s ,  through a l a r g e  

number of s imula t ions .  Parameters  had t o  be a d j u s t e d  aga in  and aga in  t o  

r e c t i f y  d e f i c i t s  i n  t h e  s imula ted  r e s e r v o i r  performance. It turned  ou t  t o  

be ve ry  d i f f i c u l t  t o  s u s t a i n  observed flow rates throughout  t h e  e n t i r e  

modeling p e r i o d  (1959-1975), without  "overshoot ing" p r e s s u r e s  i n  t h e  main 

w e l l  f i e l d  f o r  t h e  f i r s t  few years .  This  d i f f i c u l t y  g i v e s  important  c l u e s  

t o  what i s  happening i n  t h e  f i e l d  ( see  below). 

Our model cannot r e s o l v e  a l l  of t h e  u n c e r t a i n t i e s  about parameters  

c h a r a c t e r i z i n g  Ser razzano f i e l d .  It remains i n  p a r t  s p e c u l a t i v e ,  and needs 

t o  be f u r t h e r  checked and r e f i n e d  as more d a t a  become a v a i l a b l e .  We do 

b e l i e v e ,  however, t h a t  t h e  model is p l a u s i b l e  i n  view of g e n e r a l  i deas  about 

Serrazzano. And i t  appears  reasonable  i n  t h a t  it accounts  f o r  important  

t r e n d s  and f e a t u r e s  observed i n  t h e  f i e l d .  

Q u a l i t a t i v e l y ,  t h e  r e s e r v o i r  model i s  t h a t  of a steam cap ove r ly ing  a 

b o i l i n g  aqu i f e r .  There is dry  steam i n  t h e  c e n t e r ,  nea r  t he  s t r u c t u r a l  high 
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(where t h e  main w e l l  f i e l d  is l o c a t e d ) .  Pore water ( i . e . ,  two-phase zones) i s  

conf ined  t o  t h e  margins. Water i s  immobile throughout. It b o i l s  i n  place as 

steam flows t o  t h e  w e l l s .  

ima te ly  -500 m ( see  F igu re  1) acts  as a n e a r l y  cons t an t  p r e s s u r e  boundary f o r  

t h e  d ry  steam region. 

The two-phase/steam i n t e r f a c e ,  l o c a t e d  a t  approx- 

Gravi ty  e f f e c t s  are s m a l l  as only steam is mobile. 

In  o r d e r  t o  s u s t a i n  f i e l d  product ion  over t h e  e n t i r e  15.5-year pe r iod  

modeled, w e  had t o  i n t r o d u c e  6 zones of d i f f e r e n t  pe rmeab i l i t y  ( s e e  F igu re  1 

and Table  3). Zone I i n c l u d e s  t h e  main w e l l  f i e l d .  Its ve ry  h igh  permea- 

b i l i t y  is n e c e s s i t a t e d  by t h e  obse rva t ion  t h a t  product ion  rates a t  i n d i v i d u a l  

w e l l s  can f l u c t u a t e  apprec i ab ly  wi thout  ve ry  s t r o n g  p r e s s u r e  response. Zones 

I1 and I V  are e s s e n t i a l l y  r eg ions  of d ry  steam f low,  wi th  p e r m e a b i l i t i e s  

a d j u s t e d  such as t o  provide  proper  r e s i s t a n c e  t o  steam flowing from t h e  

two-phase margins toward t h e  main w e l l  f i e l d  a t  t h e  c e n t e r  of t h e  r e s e r v o i r .  

Zones 111 and V I  are e s s e n t i a l l y  two-phase r e g i o n s ,  w i th  p e r m e a b i l i t i e s  such 

as t o  o b t a i n  a p a t t e r n  of n e a r l y  uniform b o i l i n g  and hence good p r e s s u r e  

maintenance a t  t h e  two-phase/steam i n t e r f a c e  dur ing  dep le t ion .  Zone V i s  t h e  

deep b o i l i n g  a q u i f e r .  The time-dependence of s imula ted  average  steam p r e s s u r e s  

is shown i n  F igu re  3. Values for t h e  s l o p e  of p r e s s u r e  d e c l i n e  ve r sus  cumula- 

t i v e  product ion  (dp/dQ) deduced from t h i s  f i g u r e  are given i n  Table 4 f o r  t h e  

en t i re  s imula ted  p e r i o d  as w e l l  as f o r  t h e  post-1967 per iod .  Average s imula ted  

p r e s s u r e  d e c l i n e  i n  t h e  r e s e r v o i r  is somewhat slower than  t h e  v a l u e  dp/dQ = 

-1.9 x 10 -lo bar /kg  as deduced from f i e l d  d a t a  by Atkinson et  al .  16 

Table 5 g i v e s  mass ba lances  f o r  t h e  v a r i o u s  zones ,  as w e l l  as f o r  t h e  

e n t i r e  r e s e r v o i r .  It is seen  t h a t  Zones I11 and V I  c o n t r i b u t e  roughly equa l  

amounts t o  cumulative f i e l d  product ion .  Over 15 y e a r s  t h e  f i e l d  l o s e s  18.2% 

of t h e  mass p r e s e n t  on 1/1/60. T o t a l  mass r e s e r v e s  are approximately 
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1.7 x 10 l1  kg i n  1960, and 1.4 x 1011 kg i n  1975. 

e n t i r e l y  c o n s i s t e n t  w i th  Weres' estimate of an i n i t i a l  (p re -exp lo i t a t ion )  

mass con ten t  of 2.3 x 10 k g ,  and a t o t a l  cumulative steam product ion  t o  

d a t e  of 0.9 x 10 kg. 

These va lues  are 

11 

11 18 

Production tempera tures  do no t  provide  a meaningful test of t h e  s i m u l a t i o n ,  

as much of t h e  v a r i a t i o n  observed a t  t h e  w e l l  heads i s  due t o  well-bore e f f e c t s  

r a t h e r  than  r e s e r v o i r  processes .  Simulated product ion  tempera tures  are 

approximate ly  c o n s t a n t  over t h e  15.5 y e a r  pe r iod  modeled, wi th  v a r i a t i o n s  

t y p i c a l l y  around 5-10 C. This is  i n  rough agreement wi th  f i e l d  observa- 

t i o n s ,  a l though our s i m u l a t i o n  u s u a l l y  does not  q u a n t i t a t i v e l y  ag ree  wi th  

t h e  s m a l l  observed changes. 

0 

Figure  4 compares s imula t ed  p r e s s u r e s  f o r  January 1960 ( a f t e r  6 months 

of s i m u l a t i o n )  w i th  t h e  average  p r e s s u r e s  developed by Atkinson e t  al. l6 

cons ide r  t h e  o v e r a l l  agreement t o  be s a t i s f a c t o r y .  Discrepancies  are most 

pronounced i n  t h e  s o u t h e a s t  (A-B-C-D-region) and are due t o  our d e l i b e r a t e  

cho ice  of i n i t i a l  cond i t ions :  d a t a  from w e l l s  VC/2  and Le  P r a t a  4 i n d i c a t e  

t h a t  t h e  e n t i r e  r eg ion  is c o o l e r  and a t  lower p r e s s u r e s  than  w a s  assumed i n  

r e f e r e n c e  16. 

we 

Pressu res  obta ined  a f t e r  15.5 y e a r s  of s imula t ed  t i m e  are compared wi th  

t h e  January  1975 map of Atkinson et al. i n  F igu re  5. 

d i s c u s s i o n  we s h a l l  r e f e r  t o  t h e  p r e s s u r e s  as g iven  by Atkinson et  a l .  as 

" f i e l d  p re s su res , "  a l though they  are only i n  p a r t  backed up by a c t u a l  f i e l d  

obse rva t ions .  

For convenience of 

While t h e  g e n e r a l  p a t t e r n  of s imula t ed  p r e s s u r e s  does resemble t h e  

" f i e l d  p r e s s u r e s , "  f o r  t h e  most p a r t  t h e r e  i s  no q u a n t i t a t i v e  agreement i n  

d e t a i l .  O v e r a l l ,  s imu la t ed  p r e s s u r e s  are somewhat high. This is p a r t i c u l a r l y  
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e v i d e n t  f o r  p r e s s u r e s  i n  t h e  two-phase r e g i o n ,  roughly cor responding  t o  

p > 20 b a r s ,  i n  both t h e  e a s t e r n  and wes te rn  margins of t h e  f i e l d .  

model, p r e s s u r e s  i n  t h e  two-phase r eg ions  d e c l i n e  s o l e l y  as a consequence of 

tempera ture  d e c l i n e  due t o  h e a t  l o s s  of t h e  rock i n  b o i l i n g  water. A s  we do 

impose proper  steam product ion  ra tes ,  we should o b t a i n  c o r r e c t  overa l l .  h e a t  

l o s s .  There are t h r e e  p o s s i b l e  reasons  why f o r  a g iven  o v e r a l l  h e a t  l o s s  

p r e s s u r e s  i n  t h e  two-phase r eg ion  could d e c l i n e  more r a p i d l y  i n  t h e  f i e l d  

than  i n  our model: 

phase  zones would lower t empera tu res ,  hence p r e s s u r e s ;  ( i i )  t h e  a c t u a l  

r e s e r v o i r  may be  somewhat t h i n n e r  than  our model, o r  t h e  two-phase/steam 

i n t e r f a c e  may be a t  a depth g r e a t e r  than  500 m ,  so  t h a t  t h e r e  would be less 

rock  mass i n  c o n t a c t  wi th  b o i l i n g  water; ( i i i )  h e a t  t r a n s f e r  from t h e  rock t o  

t h e  f l u i d  may be i n h i b i t e d  because some of t h e  pe rmeab i l i t y  may be due t o  

i s o l a t e d  f r a c t u r e s  r a t h e r  than  t h e  rock  matrix. F u r t h e r  i n v e s t i g a t i o n s  

are r e q u i r e d  t o  c l a r i f y  t h i s  po in t .  P re s su res  are a l s o  somewhat high near  

t h e  main w e l l  f i e l d  (N4-A344-area). This  i s  probably no t  e n t i r e l y  due t o  

t o o  h igh  p r e s s u r e s  i n  t h e  two-phase region. The 20 b a r  con tour ,  which 

roughly c o i n c i d e s  wi th  t h e  two-phase/steam i n t e r f a c e ,  ag rees  f a i r l y  w e l l  

w i th  t h e  f i e l d  p r e s s u r e s  i n  t h e  w e s t ,  w i thou t  overshoot ing  e x c e s s i v e l y  i n  

t h e  east. Thus, i n  o r d e r  t o  make s imula t ed  p r e s s u r e s  smaller nea r  t h e  main 

w e l l  f i e l d ,  we would need t o  d iminish  p e r m e a b i l i t y  a long  t h e  1-phase flow 

path.  T h i s ,  however, would make i t  imposs ib le  t o  s u s t a i n  t h e  h ighe r  flow 

rates of t h e  e a r l y  1960's. W e  b e l i e v e  t h a t  t h i s  d i f f i c u l t y  may i n d i c a t e  t h a t  

some of t h e  st:eam supply  t o  t h e  main w e l l  f i e l d  o r i g i n a t e s  from deep f r a c t u r e s ,  

r a t h e r  than  from t h a t  p o r t i o n  of t h e  r e s e r v o i r  which is s imula ted  i n  our 

p r e s e n t  model. 

In  our 

(i) i n t r u s i o n  of some c o l d e r  water i n t o  d e p l e t i n g  two- 
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Addi t iona l  suppor t  f o r  t h i s  hypo thes i s  is provided by t h e  p e c u l i a r  

d e p l e t i o n  p a t t e r n  observed dur ing  t h e  s imula t ion .  

observed flow rates i n  t h e  main w e l l  f i e l d ,  we had t o  f ine- tune  t h e  permea- 

b i l i t y  d i s t r i b u t i o n  c a r e f u l l y  i n  t h e  two-phase r eg ions  such as t o  opt imize  

p r e s s u r e  maintenance a t  t h e  two-phaselsteam i n t e r f a c e .  

making p e r m e a b i l i t i e s  i n  t h e  two-phase r eg ions  r a t h e r  " la rge ,"  so t h a t  b o i l i n g  

would e a s i l y  spread  a l l  t h e  way t o  t h e  h o t t e r  margins r a t h e r  than  being 

concen t r a t ed  nea r  t h e  two-phase/steam i n t e r f a c e .  Resu l t ing  b o i l i n g  rates are 

almost uniform throughout ,  and are a c t u a l l y  i n c r e a s i n g  somewhat away from 

t h e  i n t e r f a c e  toward t h e  margins. During t h e  e n t i r e  s i m u l a t i o n  p e r i o d ,  

vapor s a t u r a t i o n s  i n c r e a s e  almost uniformly throughout the  two-phase r e g i o n ,  

and t h e  two-phase/steam i n t e r f a c e  remains s t a t i o n a r y .  These s imula t ed  r e s u l t s  

suppor t  some of t h e  cho ices  made wi th  regard  t o  i n i t i a l  d i s t r i b u t i o n  of 

pore  water i n  1959, namely, t o  p l a c e  t h e  two-phase/steam i n t e r f a c e  nea r  500 

m d e p t h ,  where i t  is b e l i e v e d  t o  have been i n  t h e  p r e - e x p l o i t a t i o n  s ta te ,  

and t o  t a k e  i n i t i a l  vapor s a t u r a t i o n  t o  be cons t an t  ( S  = 60%) throughout 

t h e  two-phase zone. Thus, t h e  model evolves  i n  a way which is  c o n s i s t e n t  w i th  

our assumptions f o r  i n i t i a l  d i s t r i b u t i o n  of pore  water. The e x t e n t  t o  which 

we had t o  f ine- tune  t h e  p e r m e a b i l i t y  d i s t r i b u t i o n  t o  achieve  uniform b o i l i n g  

(and a c t u a l l y  going somewhat beyond) i n  o r d e r  t o  s u s t a i n  product ion  may 

i n d i c a t e  t h a t  i n  a c t u a l i t y  n o t  a l l  product ion  i s  genera ted  through b o i l i n g  i n  

t h e  two-phase zone modeled. 

undetermined amount of steam enters t h e  main w e l l  f i e l d  through f r a c t u r e s  from 

d e p t h ,  perhaps a t  a rate of a few kg/sec. 

I n  o rde r  t o  s u s t a i n  t h e  

This w a s  achieved by 

The r e s u l t s  seem t o  sugges t  t h a t  an as y e t  
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6 .  Conclusion 

The work presented  i n  t h i s  paper demonstrates  t h e  f e a s i b i l i t y  of f i e l d -  

wide d i s t r i b u t e d  parameter s imula t ions  of vapor-dominated geothermal reser- 

v o i r s  i n  g e o l o g i c a l l y  a c c u r a t e  i r r e g u l a r  geometry. The s imula ted  model i s  

s e l f - c o n s i s t e n t  and shows semi-quant i ta t ive  agreement wi th  f i e l d  data .  We 

b e l i e v e  t h a t  t h e  s i m u l a t i o n  provides  evidence f o r  t h e  v a l i d i t y  of t h e  p h y s i c a l  

model and mathematical  methods used i n  t h e  s imula tor  SHAFT79. 

The s imula ted  f i e l d  behavior  s u b s t a n t i a t e s  a conceptual  model of 

Serrazzano r e s e r v o i r  as a steam cap over ly ing  a b o i l i n g  a q u i f e r .  Comparison 

wi th  a c t u a l  f i e l d  behavior  sugges ts  t h e  presence of co ld  water i n t r u s i o n  

and/or  incomplete h e a t  t r a n s f e r  due t o  f r a c t u r e s  a t  t h e  margins,  and s i g n i -  

f i c a n t  upflow of steam from depth through f r a c t u r e s .  Fur ther  work is needed t o  

e v a l u a t e  t h e s e  processes  q u a n t i t a t i v e l y .  

Our numerical model of Serrazzano r e s e r v o i r ,  while  open t o  f u r t h e r  

re f inement ,  i s  expected t o  be u s e f u l  f o r  s t u d i e s  of cold water i n j e c t i o n .  

Future  work w i l l  be d i r e c t e d  a t  ( i )  e x t r a p o l a t i n g  product ion beyond 

1975 and comparing f low ra te  p r e d i c t i o n s  wi th  f i e l d  d a t a ;  ( i i )  conducting 

s e n s i t i v i t y  s t u d i e s  t o  determine ranges of parameters  compatible wi th  observed 

f i e l d  behavior ;  and (iii) e x t r a p o l a t i n g  f i e l d  performance beyond 1980, 

i n c l u d i n g  a l t e r n a t i v e  s c e n a r i o s  f o r  i n j e c t i o n  of co ld  water. 



16 

Nomenclature 

specific heat of rock, J/OC kg cR 

KR 

H thickness of reservoir, m 

thermal conductivity of rock, W/m°C 

k absolute permeability, milliDarcy (x 10 m ) 

kliquid 

s t earn k 

P pressure, Pascal or bar (E 10 Pascal) 

-15 2 

relative permeability of liquid, fraction 

relative permeability of steam, fraction 
5 

0 fluid production, kg 

q rate of fluid production, kg/s 

r parameter for relative permeability functions, 
dimensionless 

S volumetric vapor saturation, fraction 

T temperature, C 0 

t time, s 

3 rock density, kg/m PR 
4 porosity, dimensionless 
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s imula t ed number of average  t o t a l  CPU- t i m e  t y p i c a l  
t i m e  t i m e  s t e p s  t i m e  s t e p  C P U - t i m e  p e r  t i m e  s t e p  throughput 

15.5 y e a r s  243  2 3 . 3  days 2267 sec 9 . 3  s e c  12.7 

Table 1: SHAFT79 - Performance f o r  Ser razzano Simulat ion.  
Throughput i s  t h e  r a t i o  of mass produced i n  a t i m e  s t e p  
t o  mass i n i t i a l l y  i n  p l a c e  i n  t h e  producing element ( t h e  
f i g u r e  g iven  is f o r  w e l l  Pozza ie  2 a t  element N 4 ,  see 
Figure  1). 



. 

PARAMETERS 

geometrical definition of reservoir 

rock properties: densityp : specific 
heat CR; heat conductivity KR 

permeability : k 

porosity: @ 

boundary conditions 

initial conditions : 

wells: locations 
flow rates 

temperature T; 
pressure p ;  
vapor saturation S 

pressures p as function of time 

RATING 
Availability 

A-B 

A 

B 

B 

A-B 

A-B 

B 

A 
A 

A-B 

Sensitivity 

B 

a 

B 

c1 

a-B 

B 

B 

B 
B 

HANDLING 

Essentially fixed (minor adjustments 
where imperative) 

3 
= 2600 kg/m ; CR = 775 fixed (p 

J/kg°C; KR = 2.1 W/m c) 0 

adjustable 

fixed at somewhat arbitrary 4 = 10% 

fixed (no flow) 

adjustable within a range 

ad j us t ab le 

fixed 
fixed 1 as measured 

to be matched by simulation 

Table 2: Serrazzano Data Base. The various parameter groups needed for a simulation are rated on scales of 
availability (A: rather good definition from field data: B: not well defined from field data, 
hence susceptible to rather arbitrary adjustments; A-B: intermediate) and sensitivity (a: parameter 
variations have little impact on simulated field performance; 6: parameter variations have strong 
impact on simulated field performance; a-B: intermediate). Availability ratings apply to period 
after 1960. 

N 
P 
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PERMEABILITY 
(mi l  liDar c y ) ZONE 

I 

I1 

I11 

I V  

V 

V I  

4000 

90 

85 

25 

85 

40 

Table 3 : Permeab i l i t y  D i s t r i b u t i o n  
The zones are  de f ined  i n  
F igu re  1. 
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VI 

1960-75 1967-75 

1.91  

I I11 I .74 1.10 

entire 
reservoir 

2.29 

1.35 

Table 4 :  Simulated Pressure Decline 

i 
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REGION 

I 

I1 

I11 

IV 

VI 

R 

8 Mass Loss Saturation (XI Content (10 kg) 
1960 1 9  75 1960 1 9  75 10 kg 

Vapor Mass 

% 8 

100 100  1 .89  1 .84  .05 2 . 6  

99.9 100 6 .37  4.97 1 . 4 0  22.0 

69.0 73.8 1 1 0 8 . 8  950.3 158.5 1 4 . 3  

83.9 86.5 87.2 74 .3  12 .9  1 4 . 8  

60.7 72.6 464.3 333 .3  1 3 1  .O 28.2 

73 .3  78.5 1668.7 1364 .8  303.9 1 8 . 2  

Table 5 : Simulated Mass Balances 
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XBL 797-75916 

Fig.  1. Areal map of Serrazzano geothermal  r e s e r v o i r .  (Thin l i nes -  
c o n t o u r s  of caprock e l e v a t i o n s ;  s t r a i g h t  l ines-geologica l  
c r o s s  s e c t i o n s ;  t h i c k  l ines-boundaries  of zones wi th  d i f f e r -  
e n t  p e r m e a b i l i t y )  
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XBL 787-9570 

Fig .  2.  Serrazzano mesh i n  r o t a t e d  p e r s p e c t i v e  views. 
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JANUARY 1960 
U 

I 

XBL 807-1401A 

E 

Fig .  4 .  P r e s s u r e  d i s t r i b u t i o n  f o r  January  1960. The t h i c k  con- 
t o u r s  are based on f i e l d  o b s e r v a t i o n s  ( u n i t s :  
whereas t h e  t h i n  contours  are  s imula ted  r e s u l t s  ( u n i t s :  
Pascals). 
l a y e r  of t h e  r e s e r v o i r  model. 
v a r i a t i o n s  are s m a l l  b a r ) .  P r e s s u r e  increments  be- 
tween contour  l i n e s  a re  5 x l o 5  P a s c a l  = 5 bar .  

b a r s ) ,  

The s imula ted  r e s u l t s  r e f e r  t o  t h e  lowest  
Simulated ve r t i ca l  p r e s s u r e  



29 

1- 25 
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13 
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S A B 

15 
' E  

XBL 807-14018 

Fig.  5 .  P r e s s u r e  d i s t r i b u t i o n  f o r  J a n u a r y  1975 .  




