
Presented a t  the Second Symposium on the Cerro P r i e t o  
Geothermal F i e l d ,  Mexica l i ,  Mexico, October 17-19,1979, 
and t o  be p u b l i s h e d  i n  the Proceedings 

I HIGH TEMPERAT I 

m 
h 

R. C. Schroeder ,  S. Benson, and C. Goranson 

February 1980 ~ 

Prepared f o r  the U.S .  Department of Energy 
under Cont rac t  W-7405-ENG-48 

,. 

, 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



. 

LEGAL NOTICE 

This book was prepared as an account of work 
sponsored by an agency of the United States 
Government. Neither the United States Govern- 
ment nor any agency thereof, nor any of their 
employees, makes any warranty, express or im- 
plied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process 
disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein 
to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, 
or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favor- 
ing by the United States Government or any agency 
thereof. The views and opinions of authors ex- 
pressed herein do not necessarily state or reflect 
those of the United States Government or any 
agency thereof. 



.- . . - . . . . . - . . . . . , - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - . . - - - - _- - 

Submitted t o  t h e  Proceedings  of t h e  
Second Symposium on t h e  Cerro P r i e t o  
Geothermal F i e l d ,  Baja C a l i f o r n i a ,  Mexico 
October  17-19, 1979 

HIGH TEMPERATURE GEOTHERMAL RESERVOIR ENGINEERING 

R. C .  Schroeder ,  S .  Benson, and C .  Goranson 

Lawrence Berkeley Labora tory  
U n i v e r s i t y  of C a l i f o r n i a  

Berke ley ,  C a l i f o r n i a  94720 



HIGH-TEMPERATURE GEOTHERMAL RESERVOIR ENGINEERING 

R. C. Schroeder, S. M. Benson, and C. Be Goranson 
Lawrence Berkeley Laboratory, University of California 

Berkeley, California 94720 

D 

ABSTRACT 

A review of high-temperature geothermal reser- 
voir engineering is presented. High-temperature 
downhole conditions encountered during field 
activities are reviewed with data from Cerro Prieto 
as the primary example. The types of measurements 
required for estimation of formation parameter 
values and how they depend on other geoscience data 
are reviewed. The analysis techniques that are 
currently used to evaluate field data are discussed 
and their limitations, applicability, and associ- 
ated difficulties are described using data from 
Cerro Prieto as an' example. Downhole tools that 
are needed for high-temperature measurements are 
discussed with a review of the current state of 
the art. The use of measured data in reservoir 
engineering simulation calculations is summarized, 
and different numerical models are reviewed. Data 
from Cerro Prieto are used as an example to show 
how reserves and reservoir depletion calculations 
can be used to aid the field developer in choosing 
operational field strategies. 

INTRODUCTION 

We have reached a point in the Cerro Prieto 
cooperative research project where we have a large 
amount of resource data and a relatively refined 
interpretation of that data. For that reason it is 
now appropriate to review the purpose and current 
status of high-temperature geothermal (HTG) reser- 
voir engineering, keeping in mind that one of the 
reasons f o r  the research at Cerro Prieto is to 
produce techniques and tools that can be applied 
to other geothermal fields. Using Cerro Prieto 88 
an example, we will review briefly the type of work 
that is important in HTG reservoir engineering. We 
will discuss how we go about it and what the data 
requirements are from geologists; geophysicist's, I '  
and others. We will also review the measurements 
and tools that are needed, discuss their availabil- 
ity, and relate these items to the determination 
of the reservoir reserves and depletion. 

Reservoir engineering activities include coor- 
dinating and supervising drilling and completion 
operations, obtaining well test measurements, and 
performing analyses and computer, modeling. These 
activities begin during exploration and continue. 
through the field development stage, at which time 
improved estimates of reserves and depletion are 
determined. All of these detailed activities 
relate to the three major aims associated with the 
evaluation of a subsurface resource, which are as 
f 0 1 lows : 

' 

1. Estimation of reservoir r serves 
2. Estimation of reservoir depletion 
3. Optimization of reservoir utilization 

The first two estimates are made initially 
during exploratory drilling operations. During the 
development phase of an HTG resource, the well 
locations and production strategy are chosen to 
optimize the resource use. Finally, all of these 
activities continue during the production phase to 
ensure that the field management is consistent 
with use optimization, and to improve continually 
the estimates of reserves and lifetime. 

Traditionally petroleum engineers have coor- 
dinated activities from the exploration phase to 
the production phase of hydrocarbon resources. 
Petroleum engineers often specialize in some par- 
ticular aspect of hydrocarbon production, whereas 
reservoir engineering deals mainly with the transfer 
of fluids (oil, gas, and water) to, from, or within 
the reservoir and wellbore. 

There is no counterpart to the petroleum 
engineer in the high temperature geothermal in- 
dustry. There are no educational programs that 
turn out a geothermal equivalent of a petroleum 
engineer. There are also no formal programs for 
geothermal reservoir engineering, although the 
Stanford Petroleum Engineering Department includes 
geothermal course work in their program. For this 
reason it has become the task of geothermal 
reservoir engineers to assume the responsibility 
for resource development in HTG projects. In 
addition to coordinating field projects from the 
exploratory drilling phase through the production 
phase, it is also the specific responsibility of 
the HTG reservoir engineer to deal with the 
transfer of heat and fluids (brine, steam, and 
gases) to, from, and within the reservoir. 

Before proceeding with a review of the meth- 
odology and tools available to the HTG reservoir 
engineer, a brief review of the fundamentals of 
BTG reservoirs will be presented. These funda- 
mentals are'paraphrased in Table l from the petro- 
leum engineering text on Reservoir Engineering by 
Calhoun (1976). 

We would like to review these fundamental ideas 
of reservoir engineering in more detail. One of 
the major important items is that each geothermal 
reservoir is unique. For example, in the Salton 
Trough and the Mexicali-Imperial Valley we notice 
that Cerro Prieto is a high-temperature, relatively 
low-salinity silica system, East Mesa is a moderate- 
temperature high-carbonate system, Niland or Salton 
Sea is a high-temperature high-silica system. 
Even within this relatively contiguous region, 
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Table 1. HTG RESERVOIR mRJDAMENTALS 

1. Fach r e s e r v o i r  is unique. 
2. The well system is considered t o  be part of 

t he  r e se rvo i r .  
3. The underground ( i n  s i t u )  s ta te  of t he  rock 

and f l u i d  is  d i f f e r e n t  from i ts  state a f t e r  
being t r anspor t ed  t o  t h e  wellhead. 

4. Brine,  g a s ,  and ( a t  t imes) s t e a m  c o e x i s t  i n  
most r e s e r v o i r s .  

5. Heat and f l u i d  a n n o t  be produced from t h e  
con ta in ing  rock without  t h e  presence of some 
d i s p l a c i n g  energy. 

t h e i r  rock,  f l u i d ,  and energy d i s p l a c i n g  proper- 
t i e s .  

7. Reservoir  management is  accomplished by con t ro l -  
l i n g  t h e  t r a n s f e r  of h e a t  and f l u i d  from, t o ,  
o r  w i th in  t h e  r e s e r v o i r .  

6. HTG r e s e r v o i r s  a r e  g e n e r a l l y  heterogeneous i n  

each of t h e s e  geothermal systems i s  unique i n  its 
major c h a r a c t e r i s t i c s .  The second important  po in t  
is t h a t  t h e  w e l l  is p a r t  of t h e  r e s e r v o i r  system. 
This  is  p a r t i c u l a r l y  important  when t h e r e  is  
f l a s h i n g  i n  t h e  we l lbo re ,  and e v e n t u a l l y  f l a s h i n g  
i n  t h e  formation.  The behavior  of t h e  system must 
always i n c l u d e  t h e  w e l l s  as p a r t  of t h e  system t o  
be analyzed.  Another obvious c o n s i d e r a t i o n  is 
t h a t  t h e  underground s ta te  is d i f f e r e n t  from t h e  
wel lhead state.  This  is p a r t i c u l a r l y  t r u e  when 
t h e r e  is f l a s h i n g  i n  t h e  r e s e r v o i r .  I n  t h e  lat ter 
c a s e  t h e r e  is  gas  and sometimes steam c o e x i s t i n g  
a t  t h e  r e s e r v o i r  cond i t ions .  The h e a t  and f l u i d  
i n  t h e  r e s e r v o i r  cannot be produced wi thou t  some 
d i s p l a c i n g  energy,  and i n  t h e  case  of geothermal 
( a s  i n  t h e  oil i n d u s t r y )  t h a t  d i s p l a c i n g  energy 
t a k e s  t h e  form of a p r e s s u r e  g r a d i e n t .  We 
understand t h a t  we cannot produce geothermal 
energy us ing  temperature  g r a d i e n t s  because of t h e  
low conduc t iv i ty  of t h e  rock. It is necessa ry  t o  
move f l u i d  through f r a c t u r e s  o r  i n t e rconnec ted  
p o r e s ,  1 .e. t h e  d i s p l a c i n g  energy has  t o  be a 
p r e s s u r e  g r a d i e n t .  High-temperature r e s e r v o i r s  
a r e  almost always heterogeneous both v e r t i c a l l y  
and a r e a l l y .  

The r e s e r v o i r  management is dependent upon 
t h e  p r o p e r t i e s  of t h e  r e s e r v o i r ,  t h e  mode of 
i n j e c t i o n  and p roduc t ion ,  and t h e  economics 
a s s o c i a t e d  with t h e  p r o j e c t .  Each of t h e s e  
f a c t o r s  must be considered i n  determining how 
many w e l l s  a r e  used and how many are kep t  as 
back up,  what f low r a t e s  are optimum, and so on. 

Taking no te  of t h e s e  seven fundamental  HTG 
r e s e r v o i r  engineer ing concepts  i n  Table  1, i t  
becomes c l e a r  why RTG resource  development p r o j e c t s  
should be  coordinated by r e s e r v o i r  eng inee r s .  lo 
o t h e r  d i s c i p l i n e  has  t h e  r e s p o n s i b i l i t y  f o r  evalu-  
a t i n g  and applying a l l  of t h e s e  r e source  r e l a t e d  
i t e m s .  

METHODOLOGY 

To e v a l u a t e  a subsu r face  system, d a t a  must be 
c o l l e c t e d  and i n t e r p r e t e d .  These inc lude  geology, 
mineralogy,  geochemical,  and geophysical  da t a .  
The f i r s t  and most important  s t e p  i n  accomplishing 

t h e  t h r e e  major goa l s  of HTG r e s e r v o i r  e v a l u a t i o n  
is t o  ga the r  ( syn thes i ze )  a l l  of t h e  a v a i l a b l e  
d a t a  f o r  t h e  subsu r face  system of i n t e r e s t .  S ince ,  
i n  g e n e r a l ,  t h e s e  HTG subsur face  systems a r e  
r e l a t e d  t o  t h e  sub-regional  and r e g i o n a l  hydrology 
and t o  t h p  thermal f e a t u r e s ,  d a t a  must be gathered 
on a r e g i o n a l  s c a l e ,  a l though t h e  emphasis w i l l  be 
on t h e  l o c a l i z e d  ( sub reg iona l )  thermal  anomaly of 
i n t e r e s t .  C lea r ly  t h i s  r e q u i r e s  c l o s e  working 
r e l a t i o n s h i p s  between t h e  HTG r e s e r v o i r  engineer  
and t h e  s p e c i a l i s t s  ( e x p e r t s )  who ga the r  and 
i n t e r p r e t  t h e  da t a .  Some of t h e  d a t a  are acquired 
by t h e  HTG r e s e r v o i r  engineer  du r ing  w e l l  tests 
and s t a t i c  w e l l  p r o f i l e  measurements. 
t h e  approach taken i n  accomplishing t h e  g o a l s  is: 

In  g e n e r a l ,  

1. 

2. 
3. 

4 .  

5. 

6. 

7. 

0. 

9 .  

Review a l l  g e o l o g i c a l ,  geophys ica l ,  geochemical 
and mine ra log ica l  d a t a  and i n t e r p r e t a t i o n s .  
Review t h e  r e g i o n a l  hydrology. 
Review a l l  exis t ' ing w e l l  completions and 
a l l  d r i l l i n g  da ta .  
Review t h e  w e l l  logging c o r r e l a t i o n s  and 
w e l l  test i n t e r p r e t a t i o n s .  
Plan and coord ina te  d r i l l i n g  and w e l l  
t e s t i n g ,  a s  needed. 
From a s y n t h e s i s  of t hese  d a t a ,  choose a 
consensus geo log ica l  model. From t h e  s y n t h e s i s  
of thermal  and hydro log ica l  d a t a  c o n s t r u c t  a 
r e p r e s e n t a t i v e  subsu r face  hydrothermal  m o d e l .  
From t h e  w e l l  l o g s ,  co re  and d r i l l  c u t t i n g  
d a t a ,  and t h e  w e l l  test d a t a ,  c o n s t r u c t  a 
d i s t r i b u t i o n  of m a t e r i a l  parameters  i n  t h e  
r e s e r v o i r .  
Use t h e s e  models wlth a v a i l a b l e  product ion 
d a t a  t o  make zero-order e s t i m a t e s  of t h e  
energy i n  s i t u  ( r e s e r v e s ) .  
Use t h e  geo log ica l  and hydrothermal models 
with t h e  material p rope r ty  d i s t r i b u t i o n s  
as t h e  b a s i s  f o r  a numerical ly  computed match 
of t h e  a v a i l a b l e .  measured product ion d a t a .  
U s e  t h e  d e t a i l e d  h i s t o r y  match as a b a s i s  
t o  s tudy  f u t u r e  r e s e r v o i r  product ion behav io r ,  
e f f e c t s  of i n j e c t i o n ,  w e l l  p a t t e r n s ,  e t c .  

C l e a r l y ,  t a s k s  1 through 4 above can be 
accomplished -wi th  suf f i c i en ;  h e l p  from t h e  spe- 
c i a l i s t s .  It is e q u a l l y  c l e a r  t h a t  t o  accomplish 
t a s k s  5 through 9 ,  s p e c i a l i z e d  r e s e r v o i r  engineer-  
i ng  " tools"  are requ i r ed .  These inc lude  downhole 
and wellhead measuring dev ices  f o r  we l l  t e s t i n g ,  
p h y s i c a l  models and computer programs f o r  t h e  
a n a l y s i s  of hydrothermal w e l l  tests, models f o r  
t h e  computation of hydrothermal product ion and 
i n j e c t i o n ,  and so on. 

The f i r s t  s t e p  i n  t h i s  procedure is t o  synthe- 
s i z e  a l l  t h e s e  d a t a  and t o  c o n s t r u c t  a consensus 
model. Cur ren t ly  a t  Cerro P r i e t o  t h e r e  a r e  
d e t a i l e d  g e o l o g i c a l  models, bu t  we do not have a 
consensus model t h a t  can be used as t h e  b a s i s  f o r  
ou r  r e s e r v o i r  s imula t ion .  As an example cons ide r ,  
an approach t h a t  w a s  taken a couple  of yea r s  ago 
f o r  t h e  Serrazzano zone of t h e  L a r d e r e l l o  f i e l d  i n  
I t a l y  (Marconcini e t  a l . ,  1977). Figure 1 shows 
con tour s  of t h e  a l t i t u d e  of t h e  basement rock. 
F i g u r e  2 shows t y p i c a l  c r o s s  s e c t i o n s  from t h a t  
r e s e r v o i r  model. A computat ional  g r i d  was gener- 
a t e d  from t h e s e  c r o s s  s e c t i o n s ,  and formed t h e  
b a s i s  f o r  t h e  h i s t o r y  match and d e p l e t i o n  s t u d i e s .  
A s i m i l a r  s i m p l i f i e d  r e s e r v o i r  model is  needed f o r  
Cerro P r i e t o  i n  t h e  region of t h e  product ion.  Then 

. 
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Figure 1. Caprock elevations and geologic cross 
sections for Serrazzano. 

a computational grid can be generated that will 
accurately represent the significant geological 
features relative to the flow of fluids in the 
reservoir. 

Reservoir engineering "tools" have been 
extensively developed in the oil and gas and 
groundwater industries for isothermal systems. 
The development of the reservoir engineering 
hardware and methodology for deep wells was 
accomplished through research and development in 
the oil and gas industry over a period of more 
than 50 years. 
tertiary methods of oil recovery, the deep hot 
gas well technology, and the initial development 
of hydrothermal resources has helped to provide 
a few basic "tools" for use in' HTG reservoir 
engineering activities. . 

Recently, the development of 

Most of the major problems of measurements 
and analysis of hydrocarbon resources have been 
solved, and gas and oil production is accom- 
plished by well-trained engineering personnel. 
This is not the case in HTG resource utilization. 
In general, the personnel associated with hydro- 
thermal development are experts from related oil 
and gas disciplines. Most of the major problems 
of measurements and analysis of hydrothermal 

Figure 2. Cross section R from the Serrazzano 
f ield . 

resources have not been solved. 
resources are being developed in several areas 
around the world, the HTG situation is absolutely 
analogous to the oil industry 75 years ago. The 
technology at that time was in its infancy, but 
there were,places where oil was bubbling out of 
the earth. No high technology was needed to dis- 
cover or capture the resource. During those 75 
years the need for energy resources has grown so 
fast that the new alternate energy sources - such 
as geothermal - must be developed on a much more 
compressed time scale. The only way to do this is 
to ensure that the major problems are solved 
quickly. To solve the major problems that still 
confront the HTG industry an emphasis on basic 
research and development is needed. In the remain- 
ing sections the requirements and availability of 
HTG measurements and calculations are reviewed. 

Although HTG 

THE HTG ENVIRONMENT 
The first and most important concept associ- 

ated with HTG resources is stated in the list of 
reservoir engineering fundamentals above, i.e., 
each HTG reservoir is unique. Although this is 
true, it is the task of earth scientists to 

possible. Through this process the "tools" will 
be developed that will make possible routine eval- 
uation and development of HTG resources. The HTG 
environment is variable, but we can describe the 
bounds of our experience and we can define certain 
categories of mutually agreed upon resource proper- 
ties. 

. The first thing to define is "high tempera- 
ture." 
disciplines, a resource that has temperatures below 
15OOC can be considered to be moderate or low 
'temperature. Below 15OOC very accurate and reli- 
able measurement equipment is currently available, 
and when making calculations and analyses the 
thermal considerations are much less important. 
Therefore; we define.HTG systems to be those 
resources with temperatures exceeding 15OOC. 
The highest temperatures known in hydrothermal 
systems do not exceed the critical point of the 
brine. The critical temperature of water is 
=366 OC, and brines having large amounts of 
dissolved solids have critical points that are a 
few degrees higher. Dry rock and magma, of 
course, have been found with higher temperatures. 

categorize and generalize to the greatest extent 

For most reservoir engineering and related 
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The pressures in hydrothermal systems are 
approximately hydrostatic, but the pressures in 
certain geopressured zones increase with almost a 
lithostatic gradient below the depths at which the 
geopressure zones are found. The hydrostatic 
pressures are usually related to the density of the 
brine, but the subsurface pressures in steam zones 
are also related to the boiling conditions at depth. 

In all HTG systems the fluids interact with 
the rock, and the resulting brine is an equili- 
brated solution of hot water and minerals. The 
total dissolved solids are determined by the tem- 
perature, pressure, and rock types that the fluid 
has been exposed to during its existence. The 
temperature at which the maximum solubility of 
amorphous silica occurs is a few degrees below 
the critical point of water, but in ATG systems 
there are always alkali earths and metals present 
in various dissolved forms. These compounds 
have interesting effects in the development and 
evaluation of HTG resources. The major chemical 
effects associated with the mineralogy are the 
solution of certain low-temperature stable miner- 
als and subsequent precipitation of. different 
stable minerals at other characteristic tempera- 
tures. These chemical and mineralogical reactions 
can have a profound influence on both the subsur- 
face reservoir behavior and the phenomena that 
occur in the wellbores and pipelines. 

Required HTG Measurements 

In the previous section the fluid and rock 
properties were summarized. Those fluid proper- 
ties depend on pressure, temperature, flow-rate, 
and chemical concentrations of dissolved minerals. 
Hence these properties must be measured in order 
to understand and evaluate the size and perform- 
ance of an HTG reservoir. In Table 1 the second 
fundamental concept of HTG reservoir engineering 
was: the well system must be considered to 
be part of the reservoir. 

In order to determine true reservoir proper- 
ties from wellhead measurements, appropriate 
corrections must be made for the fluid dependence 
on temperature, pressure, flow rate, and chemical 
composition. If the appropriate models were avail- 
able the wellhead data could be used to estimate 
downhole conditions. &en so, downhole measure- 
ments would still be needed, especially during the 
exploratory phase of development. One reason is 
that the wellhead measurements cannot indicate 
where the fluid'is being produced from within the 
well. In addition, complications such as fractures, 
and multiple production zones cannot be analyzed 
without transient downhole data. 

. Before making downhole transient measure- 
lhents, data on the condition of the well and the 
static reservoir conditions are needed for subse- 
quent transient analyses. The measurements that 
provide this information are: 

Wellbore conditions 
1. Caliper (for open hole or damaged 

2. Cement bond logs 
casing ) 

Initial Conditions 
1. Static reservoir pressure, tempera- 

ture, and fluid samples 
2. Static wellhead conditions 

Static wellbore profiles 
1. Pressure 
2. Temperature 

The wellbore profiles are required to provide 
information on the subsurface heat distribution, 
and to aid in the application of the wellbore 
models. Clearly, these static conditions should 
be as nearly equilibrated as possible. 

After the static wellbore properties are 
known, transient (flowing) data must be obtained 
to provide estimates for the formation parameters 
(porosity, and permeability), the location of 
production zones, fluid state (single-phase, 
two-phase, etc.), and flow characteristics. 
These data are subsequently used in conjunction 
with all other available data in calculations 
aimed at satisfying the three goals that were 
stated above. 

Instrumentation Availability 

The static well condition is often measured 
while a rig is in place and drilling mud is still 
in the hole. The types of reservoir engineering 
measurements that can be made at that time are: 

Caliper 
Cement bond log 
Casing collar locator 

Currently caliper and cement bond logs cannot be 
made at temperatures over about 175OC. 
Temperature measurements can be made to any 
temperature using commercial downhole recording 
equipment. But accurate temperature logs require 
logging cable with surface readout. The latter is 
currently limited to no more than a few hours 
exposure to temperatures of about 260OC. In 
general, all accurate downhole measurements are 
limited currently by this cable requirement. The 
temperature transducers used for these electrical 
measurements include: 

RTD transducer 
Thermister 
Thermocouple 

The first is the most reliable and can survive 
temperatures to the cable limits. The second is 
very accurate but is limited to less than =25OoC. 
Thermocouples have poor accuracy, but are cheap, 
and are usually restricted to wellhead measurements 
where short electrical connections can be used. 
Currently, the equipment with the highest temper- 
ature capability uses a menometer and scribe to 
record the temperature on a metallic plate wrapped 
around a clock-driven cylinder. . 

Pressures can be measured very accurately 
to the limiting temperature of the downhole 
electronics,=200°C. Moderate accuracy is possible 
using strain gauge pressure transducers to the 
temperature limitations of the cable. The 
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c lock-d r iven  equipment us ing  a low-resolution 
manometer a l s o  al lows p r e s s u r e  measurements t o  
e s s e n t i a l l y  any r equ i r ed  hydrothermal temperature .  

The f low-rate  i s  needed t o  analyze t r a n s i e n t  
d a t a ,  b u t  i n  a d d i t i o n ,  t h e  r e l a t i v e  downhole 
flow v e l o c i t y  is o f t e n  very v a l u a b l e  f o r  providing 
i i t d i ca t ions  of cas ing  damage, and eva lua t ing  t h e  
product ion i n t e r v a l s  (zones) i n  a w e l l .  Without 
ques t ion  t h e s e  f low r e l a t e d  measurements are 
t h e  most d i f f i c u l t  and have t h e  least accuracy 
and r e s o l u t i o n  of a l l  HTG measurements f o r  any 
hydrothermal cond i t ion .  

--- Trans ien t  Flow Analysis  

The measurements and ana lyses  f o r  t h e  i s o t h e r -  
m a l  hydrocarbon and groundwater d a t a  are w e l l -  
developed,  and t h e  methods used i n  HTG r e s e r v o i r  
eng inee r ing  a r e  based on t h e s e  techniques.  The 
in fo rma t ion  t h a t  can be ob ta ined  from t h e  c l a s s i c a l  
i so the rma l  methods inc ludes :  

1. The w e l l  cond i t ion  ( q u a n t i t a t i v e  a p p r a i s a l  of 
how t h e  d r i l l i n g ,  has  damaged t h e  nea r  wel lbore 
formation)  

s t a t e  p r o d u c t i o n / i n j e c t i o n  charac- 
t e r i s t i c s )  

2. P r o d u c t i v i t y  o r  i n j e c t i v i t y  (s teady-  

3. Average formation parameters  
4 .  Leakage (or  r echa rge )  from ad jacen t  

5. The e x t e n t  and f low c h a r a c t e r i s t i c s  
format i ons  

of f r a c t u r e s  

Recent s t u d i e s  ( M i l l e r ,  1979a,b) have shown 
t h a t  some of t h e  t r a d i t i o n a l  methods t h a t  w e r e  
de r ived  f o r  i so the rma l  systems are not  a p p l i c a b l e ,  
o r  are usab le  only i n  s p e c i a l  HTG circumstances.  
I n  t h e  case  of two-phase f low i n  t h e  wel lbore o r  
i n  t h e  r e s e r v o i r  no s a t i s f a c t o r y  a n a l y s i s  methods 
are c u r r e n t l y  a v a i l a b l e  t o  t h e  w e l l  test a n a l y s t .  
S ince  a l l  HTG r e s e r v o i r s  e v e n t u a l l y  f l a s h  t o  steam 
i n  the formation a f t e r  prolonged product ion,  and 
since almost a l l  deep HTG produc t ion  is from 
f r a c t u r e d  rock,  i t  is safe to say  t h a t  the t w o  
major unsolved problems i n  HTG r e s e r v o i r  engineer-  
i n g  a r e  t h e  a n a l y s i s  of t r a n s i e n t  hydrothermal 
d a t a  from n a t u r a l  f r a c t u r e s ,  and two-phase f low 
phenomena. l h e s e  complicat ions cannot  be e a s i l y  
analyzed using a n a l y t i c a l  approxima t i o n s  because 
both Erac tu res  and two-phase phenomena in t roduce  
a d d i r l o n a l  deg rees  of freedom ( n o n - l i n e a r i t i e s )  
t h a t  cannot  be removed by any s a t i s f a c t o r y  approxi-  
mation. In  t h e  case of f r a c t u r e s  the  new degrees  
of Freedom a r i s e  from t h e  a n i s o t r o p y ,  and i n  t h e  
r a s e  of two-phase phenomena, t h e  new degrees  of 
fieedom a r e  a s s o c i a t e d  v l t h  the  propagat ion of 
s e p a r a t e  phases  ( L e . ,  a s a t u r a t i o n  f r o n t ) .  The 
k r s e r  phenomenon is s u b t l y  inf luenced by g r a v i t y ,  
whhrch a g a i n  r e s u l t s  i n  a d i r e c t i o n a l i t y  t h a t  
reqiiires two- o r  three-dimensional  models f o r  
s a t i s f a c t o r y  a n a l y s i s .  This  l e a d s  us  t o  review 
t h e  f i n a l  set of " tools"  t h a t  a r e  used by r e s e r v o i r  
eng inee r s  t o  r ake  the  estimates needed f o r  reserves, 
d e p l e t l o n ,  and op t imiza t ion  of recovery.  

-.- Nurnerica -- 1 Modeling 

Every HTG resource  is  evaluated i n  a series 
of i n c r e a s i n g l y  a c c u r a t e  estima tes f o r  reserves 

and dep le t ion .  The s i m p l e s t  approach is  t o  use 
zero-order lumped models f o r  es t imat ion.  This can 
on ly  provide estimates t h a t  a r e  obtained by using 
broad ave rages  f o r  t h e  formation p r o p e r t i e s  and 
hydrothermal c h a r a c t e r i s t i c s .  The q u a l i t y  of such 
a r e s u l t  is v e r y  dependent upon both the  r e source  
being analyzed and the s k i l l  and experience of the 
a n a l y s t .  Models have been developed f o r  s i n g l e  
and two-phase r e s e r v o i r s ,  and f o r  dua l  pe rmeab i l i t y  
and d u a l  p o r o s i t y  r e s e r v o i r s .  The r e s u l t s  from 
t h e s e  models a r e  p r i m a r i l y  h e u r i s t i c ,  s i n c e  quant i -  
t a t i v e  r e s u l t s ,  in g e n e r a l ,  are only a v a i l a b l e  f o r  
ca ses  which s a t i s f y  the  r e s t r i c t i v e  assumptions 
that a r e  i n h e r e n t  i n  zero-dimensional models. 

During t h e  past few yea r s  s e v e r a l  d i s t r i b u t e d  
models have been developed f o r  u se  with l a r g e  
computers. These models are h s e d  on the  conserva- 
t i o n  l a w s  with d e t a i l e d  i n i t i a l  and boundary 
c o n d i t i o n s  required as input .  Computer programs 
are now a v a i l a b l e  f o r  u se  i n  t h e  fol lowing types 
of c a l c u l a t i o n s  : 

Single-phase r e s e r v o i r  f low 
Two-phase r e s e r v o i r  f low 
Two-phase multicomponent r e s e r v o i r  f low 
Wellbore t r a n s i e n t s  f o r  two phase and 

two components. 

Cur ren t ly ,  r e s e a r c h  is under w ~ y  a t  LBL t o  l i n k  
t h e  two-phase t r a n s i e n t  wel lbore and r e s e r v o i r  
models t o  a l l o w  d e t a i l e d  s tudy  of complica t i o n s  
a s s o c i a t e d  with h e t e r o g e n i e t i e s ,  two-phase flow, 
and noncondensable gases. 

The d i s t r i b u t e d  models ( r e s e r v o i r  and w e l l -  
bore s imula t o r s  ) a 1 low the  mu1 t id  imens iona 1 
phenomena t o  be computed. The lumped models 
cannot  provide these  c a p a b i l i t i e s  due t o  t h e i r  
ze ro  dimensional nature .  

Reserves and DeDletion 

I n  hydrocarbon r e s e r v o i r s  t he  r e s e r v e s  a r e  
r e l a t e d  t o  t h e  amounts of mass of f l u i d  i n  place.  
Since the  r e sources  are produced using the energy 
s t o r e d  i n  the  compressed f l u i d  and rock,  t h e  
d e p l e t i o n  is dependent only on the  f l u i d  dens i ty .  
(The ma t r ix  is  u s u a l l y  assumed t o  be approxirrately 
r i g i d ,  bu t  t h e  po re  volumes a r e  assumed t o  be 
compressible.  ) 

The ATG r e s e r v o i r  r e s e r v e s  a r e  determined 
by t h e  amounts of both mass energy i n  place.  
lhereas single-phase d e p l e t i o n  is  dependent upon 
ave rage  r e s e r v o i r  p r e s s u r e  d e c l i n e ,  t he  two-phase 
d e p l e t i o n  is dependent upon average r e s e r v o i r  
temperature dec l ine .  In  g e n e r a l ,  t h e  p re s su re  
d e c l i n e  is dependent upon both the  average d e n s i t y  
and ave rage  temperature. But t he  two-phase 
d e p l e t i o n  (average temperature)  is  almost  s o l e l y  
dependent upon t h e  rate of b o i l i n g  i n  the  r e se rvo i r .  
A t  l a r g e  mass e x t r a c t i o n  rates, the  d e p l e t i o n  
( p r e s s u r e  VS. t ime) occurs  a t  the  same rate a s  a t  
low e x t r a c t i o n  rates. %en t h e  r e s e r v o i r  l i q u i d  
is approximately exhausted , t h e  r a t e  of b o i l i n g  
d e c l i n e s  r a p i d l y  and t h e  d e p l e t i o n  becomes p r i m a r i l y  
dependent upon the  average r e s e r v o i r  dens i ty .  

I n  a l l  cases t h e  i n i t i a l  d e p l e t i o n  is  s t r o n g l y  
dependent upon the  presence of d i s so lved  g a s ,  and 
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is  l e s s  dependent upon r e s e r v o i r  gas con ten t  as 
the  average r e s e r v o i r  p r e s s u r e  dec l ines .  

To use a n  HTG resource  op t ima l ly  a compromise 
is required between t h e  number of wells that are 
d r i l l e d  and the  maximum a l lowab le  r e s e r v o i r  
drawdowns. To determine what t h e  dravdowns 
wi l l  be, w e l l  t e s t i n g  is necessary.  Production 
t e s t s  provide es t i m a  tes f o r  long-term produc- 
t i v i t y .  I n t e r f e r e n c e  tests provide estimates 
f o r  t he  ave rage  r e s e r v o i r  p r o p e r t i e s ,  and €or  
hydro log ic  terrier loca t i ons .  These estima tes 
obtained from w e l l  t e s t s  provide t h e  b a s i s  f o r  
drawdown c a l c u l a t i o n s .  
u t i l i z a t i o n ,  i n j e c t i o n  of f l u i d s  is required.  
Iiowever, a second compromise is necessa ry  between 
t h e  amount of h e a t  swept o u t  of t he  h o t  r e s e r v o i r  
rock by the  i n j e c t e d  f l u i d  and t h e  breakthrough 
t i m e  of t he  coo l  f l u i d  a t  t he  product ion w e l l .  
The most ef f i c i e n t  and economical produc t i o n  and 
i n j e c t i o n  s t r a t e g y  is much more d i f f i c u l t  t o  
e s t i m a t e  f o r  t he  HTG r e s e r v o i r s  than i t  is f o r  
i so the rma l  hydrocarbon resources .  Figure 3 
i l l u s t r a t e s  t he  i n t e r r e l a t e d  p i c t u r e  of t he  
r e s e r v o i r  management considera  t i ons .  The s t r a t e g y  
chosen f o r  f i e l d  management is a l s o  dependent upon 
t h e  a v a i l a b l e  r e s e r v o i r  da t a .  I f  t he  lat ter d a t a  
a r e  r e l a t i v e l y  incomplete,  a more conserva t i v e  
f i e l d  aanagement s t r a t e g y  is necessary.  That is, 
lower r e s e r v o i r  power ou tpu t  w i l l  be chosen 
t o  p reven t  premature r e source  dep le t ion .  A change 
i n  the product ion f l u i d  c h a r a c t e r i s t i c s  t h a t  m u l d  
a d v e r s e l y  impac t the  power genera t i n g  equipment 
could r e s u l t  i n  a change from a n  economically 
producea b l e  r e source  t o  one t h a t  is submarginal,  
o r  uneconomical. For example, i f  t he  f i e l d  changes 
from predominantly l i q u i d  i n  t h e  r e s e r v o i r  t o  
predominantly s t e a m ,  t he  wellhead p r e s s u r e s  may 
f a l l  below t h e  e x i s t i n g  t u r b i n e  i n l e t  requirements.  

For opt imal  BTG resource  

Breakthrough 
Time 

Pattern Well8 

XBL 8 0 1 - 6 7 0 4  

Figure  3. I n t e r r e l a t i o n s h i p s  among important 
f i e l d  management v a r i a b l e s .  

h r i n g  t h e  f i r s t  two yea r s  of t h e  coope ra t ive  
r e sea rch  a t  Cerro P r i e t o ,  we have been p r i m a r i l y  
involved wi th  ga the r ing  d a t a  and developing t h e  
methodology needed t o  i n t e r p r e t  t h e  da t a .  I n  
o r d e r  t o  focus  on t h e  purpose f o r  t h e s e  a c t i v i t i e s ,  
we have reviewed t h e  gene ra l  approach t h a t  is taken 
by HTG r e s e r v o i r  eng inee r s  du r ing  t h e  e x p l o r a t i o n  
and development phases of geothermal f i e l d  develop- 
ment. More impor t an t ly ,  t h e  r o l e  of r e s e r v o i r  
eng inee r s  i n  HTG r e source  development has  been 
d e l i n e a t e d .  

The t h r e e  major aims of t h e  r e s e r v o i r  
eng inee r ing  a c t i v i t i e s  were de f ined  t o  be: 
1. Est imat ion of r e s e r v o i r  r e s e r v e s  
2. Estimation of r e s e r v o i r  d e p l e t i o n  
3. Optimizat ion of resources  ( i . e . ,  f i e l d  

management op t imiza t ion ) .  

These a c t i v i t i e s ,  we have po in ted  o u t ,  beg in  
du r ing  t h e  exp lo ra to ry  phase of HTG resource  
development, and cont inue through t h e  f i n a l  
product ion phases.  

We have reviewed t h e  comparison between 
petroleum eng inee r ing  ( r e s e r v o i r  eng inee r ing )  
and HTG r e s e r v o i r  eng inee r ing ,  and noted t h a t  w i t h  
t h e  excep t ion  of t h e  S tan fo rd  Educat ional  Program 
i n  petroleum eng inee r ing  t h e r e  is no formal 
geothermal curr iculum a t  major u n i v e r s i t i e s  t h a t  
culminates  i n  a degree i n  geothermal r e s e r v o i r  
eng inee r ing .  The r e s u l t  of t h i s  l a c k  of a formal 
degree program i n  RTG r e s e r v o i r  eng inee r ing  is 
t h a t  . the  r equ i r ed  e x p e r t i s e  is ob ta ined  from 
petroleum eng inee r s  who have developed a s u f f i c i e n t  
background i n  t h e  a d d i t i o n a l  d i s c i p l i n e s  of 
thermodynamics and hydrology t h a t  are p r e r e q u i s i t e  
i n  HTG eng inee r ing .  

A review of r e s e r v o i r  fundamentals was 
p re sen ted ,  and was summarized i n  Table 1, and 
t h e  g e n e r a l  methodology used i n  HTG r e s e r v o i r  
eng inee r ing  w a s  o u t l i n e d .  The importance of 
s y n t h e s i z i n g  a l l  of t h e  g e o l o g i c a l ,  geophys ica l ,  
geochemical,  r e s e r v o i r  eng inee r ing  and mineralogi-  
c a l  d a t a  t o  c o n s t r u c t  a consensus model of t h e  
geology and hydrology of an ETG r e s e r v o i r  was 
emphasized. The improvement of such models 
beg ins  wi th  zero-order e s t i m a t e s  f o r  reserves, 
l i f e t i m e ,  and opt imal  f i e l d  management s t r a t e g y .  
These i n i t i a l  e s t i m a t e s  are Improved by cont inu-  
ous ly  c o l l e c t i n g ,  and e v a l u a t i n g  r e source  d a t a  
du r ing  t h e  e x p l o r a t i o n ,  development,  and mature 
p roduc t ion  phases  of t h e  HTG p r o j e c t .  

The importance of making c e r t a i n  types of 
measurements du r ing  t h e  development of t h e  BTG 
system w a s  reviewed and t h e  r e l a t i o n s h i p  of t hose  
measurements t o  t h e  chemistry of t h e  b r i n e ,  and 
subsequent phenomena t h a t  occur i n  t h e  r e s e r v o i r ,  
bo reho les ,  and s u r f a c e  equipment was d i scussed .  A 
summary of t h e  a v a i l a b l e  in s t rumen ta t ion  t o  make 
ETG measurements was p re sen ted  and remaining 
requirements  f o r  HTG r e s e r v o i r  eng inee r ing  needs 
were reviewed. The primary l i m i t a t i o n  i n  making 
t h e s e  measurements w a s  i d e n t i f i e d  as logging 
c a b l e  s u r v i v a l  above 260OC. Although h ighe r  
temperatures  can be endured f o r  a few hours ,  t h e  
ATG r e s e r v o i r  eng inee r ing  measurements o f t e n  
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r e q u i r e  days,  weeks, and even months of cont inuous 
measurement. These a r e  c u r r e n t l y  no t  p o s s i b l e  a t  
high temperatures  (>25OoC). 

The primary a n a l y s i s  and i n t e r p r e t a t i o n  
problem is  a s s o c i a t e d  wi th  two-phase wel lbore 
measurements. Recent s t u d i e s  have shown t h a t  
we have no s a t i s f a c t o r y  a n a l y s i s  techniques f o r  
two-phase w e l l  tes ts-- including drawdown tests, 
s t e p - r a t e  tests, o r  bui ldup tests. The c u r r e n t  
r e sea rch  a t  LBL is emphasizing t h e  development 
of a l i nked  we l lbo re - r e se rvo i r  s imula to r .  The 
l a t te r  w i l l  have both p r a c t i c a l  and h e u r i s t i c  
v a l u e ,  and may po in t  t h e  way toward accep tab le  
eng inee r ing  approximations f o r  i n t e r p r e t a t i o n  of 
test d a t a  from f l a s h e d  w e l l s  and two-phase reser- 
v o i r s .  

F i n a l l y ,  t h e  important a s p e c t s  of determining 
HTG r e s e r v e s  and e s t i m a t i n g  r e s e r v o i r  d e p l e t i o n  
were covered b r i e f l y .  
economically f e a s i b l e  w e l l  p a t t e r n s  and s a t i s f a c t o r y  
r e s e r v o i r  product ion c h a r a c t e r i s t i c s  was d i scussed ,  
and t h e  importance of making t h e  f i e l d  management 
d e c i s i o n s  using adequate  d a t a  from w e l l  tests was 
noted.  

The compromise between 
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