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ABSTRACT

This article attempts to critically evauate the present state of the
at of geothermd reservoir smulation. Methodological aspects
of geotherma reservoir modeling are briefly reviewed, with spe-
cia emphasis on flow in fractured media Then we examine
applications of numericad smulation to dudies of reservoir
dynamics, well test design and analysis, and modeling of specific
fields. Tangible impacts of reservoir smulaion technology on
geothermal energy development are pointed out. We conclude
with congderations on possible future developments in the
mathematical modeling of geotherma fields.

INTRODUCTION

Any scheme to harness the natura heat of the Earth for useful
purposes is based on some kind of modd about the nature, distri-
bution, and availability of a spedific geothermd resource.
Models are developed from quditative and quantitative informa:
tion gathered during the exploration phase of a project, and they
can take on different form, depending on the detail of available
observationa data, the nature of the questions posed by the pro-
ject under congderation, and the persona or collective bias of
the researcher(s). In its smplest form, the modd of a geother-
mal prospect may encompass little more than some rough idess
about approximate depth and ared extent of the reservoir, and
about reservoir temperature and permeability. As more data are
assembled through geologic, geochemica, and geophysica obser-
vation, through exploratory drilling, and through well tests, it
becomes possible to identify the therma and hydrologic structure
of the resarvoir with more confidence and detail. Specific
mathematicd models can then be constructed to evduate and
optimize geothermal utilization schemes. Mathematical models
may range in complexity from a smple accounting of total heet
and fluid reserves, such as "stored heat" cdculations, dl the
way to models which describe fluid and heat flow conditions in a
geothermal field with greet spatial and tempora detail, based on
a mathematica description of the fundamentd physicd and
chemical processes in the reservoir. Spatidly detailed, or "dis-
tributed parameter” models, involve large amounts of numericd
work, requiring specia computer programs known as "reservoir
simulators” for their congtruction.

Beginning in the early to mid-seventies, condderable efforts
were made to develop capabilities for computer smulation of the
behavior of geothermd systems. The proponents of this
development hoped that numerica reservoir smulators would
improve our understanding of geothermal reservoirs, both in their
natural state and in response to fluid production and injection,
and would thereby contribute to more rapid and efficient resource
utilization. However, in the early days there was much skepti-
cism in the geotherma community about the feashility and
potential  benefits of reservoir smulaion.. Many people ques-
tioned whether a redistic and ussful numerica smulaion capa
bility could in fact be achieved. In addition, there were intense
controversies about the proper mathematicd and numerical
methodologies to be used for describing fluid and heat flows with
phase change effects. An important milestone in the develop-
ment and acceptance of geothermd reservoir Smulators was
reached in 1980 when a code comparison project demonsirated
satisfactory agreement between severd simulation programs for a

number of multiphase fluid and heat flow problems (Stanford,
1980). Over the last ten years the field of geotherma reservoir
simulation has matured considerably, and has developed from an
esoteric and controversid subject into a technique widely gpplied
in routine engineering practice.

An early review of geotherméi reservoir smulation methodology

and applications was given by Pinder (1979). Recent overviews

-of the fidd with extensve hibliography are those by O'Sullivan -

(1985) and Bodvarsson et d. (1986). The present article is not
intended as a review, but as an attempt to critically evaluate the
state of the art of geotherma reservoir smulation. We discuss
agpects of mathematical and numerical methods, as well as appli-
caions of these methods to the smulation of generic and "real"
geotherma reservoirs, and of laboratory experiments. The two
basic questions that we are concerned with are: How "good" is
the available smulation technology, i.e., what is it that our com-
puter software tools are able to provide? And what have we
learned from gpplications of the smulators, both in terms of
improved understanding of geotherma reservoir dynamics, and
in terms of improved engineering of geothermd energy projects?

SIMULATION M I:—I'HODOLOGY

Ealy work on numericd modding of geothermd reservoirs
emphasized the development of gppropriate methodology. The
basic physical processes governing fluid and heat flow were
clarified, and a mathematica description of these processes was
developed. The governing equations take the form of coupled
partid differentid or integrd equations, which describe the varia-
tion.of temperature, pressure, and other thermodynamic parame-
ters as functions of continuous space and time coordinates.  For
numerical solution the continuum equations need to be discre-
tized. This has been accomplished with different gpproaches,
including finite differences, integra finite differences, and finite
elements. Discretization results in a sat of nonlinear coupled
algebraic equations, which can be solved by approximate lineari-
zdion or by iterative procedures. Nonlinearities arising in phase
change are S0 severe that only iterative methods provide satisfac-
tory solution. Whether approximate linearizetion or iteration is
employed, most of the computationa work done by a numerical
smulator is expended in solving large systems of linear equa
tions. Standard linear dgebra methods have been employed in
geotherma reservoir Smulation, including direct solution and
iterative matrix techniques.

We have developed a genera-purpose reservoir smulator "MUL-
KOM" which implements specid techniques for effectively dedl-
ing with nonisothermal multiphase flow (Pruess, 1983, 1938).
The basic governing equations solved by MULKOM describe
mass and energy conservation for multicomponent fluids which
in addition to water may contain a non-condensible gas such as
CO, ad dissolved solids such as NaCl or SIO,. Fluid flow is
described with a multiphase extenson of Darcy's law; in addi-
tion there can aso be hinary diffuson in the gas phase. Heat
flow occurs by conduction and convection, the latter including
sensble as well as latent hest effects. Converson of compressi-
ble work into heat, and heat exchange between fluids and rocks,
are ds0 modded. The description of thermodynamic conditions
is based on the assumption of loca thermodynamic equilibrium
among al phases (liquid, vapor, solid). Fluid properties are
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represented by steam table equations for water, and by suitable
empirical correlations for other congituents. Different com-
ponents (H,O, CO,, SIO,,...) can be present in several phases,
according to loca phase equilibria or by way of kinetic rates.
Specid techniques are used to handle phase transitions. All ther-
mophysical and hydrologic parameters (including porosity and
permeability) which appear in the governing equetions can be
arbitrary (nonlinear and differentiable) functions of the primary
thermodynamic variables.

In the early days of geotherma reservoir Smulaion many
different approaches were pursued by different investigators
(Pinder, 1979). However, over time there seems to have
occurred a general convergence of methods, and the smulators
presently in use share most of the basic characteristics. We fed
that at the time of this writing issues of Smulation methodology
have been largely settled. A number of reservoir simulation
codes are available in the public domain as well as from private
vendors, which can handle highly nonlinear fluid and heat flow
processes, including phase tranditions, in a robust and stable
manner. The accuracy of these codes has been demonstrated by
comparison with andytica solutions, as well as by applications
to laboratory and field data. Limitations till exist in modding
chemicaly and mechanicaly coupled processes, in which forma
tion porosities and permesbilities can vary in response to minera
dissolution and precipitation, and changes in pore pressure and
rock stress. Also there is a lack of empirica data on multiphase
flow properties of real rough-walled fractures. Further work is
needed to improve our ability to modd sharp phase and concen-
tration fronts. :

For completeness it should be mentioned that numerica reservoir
smulation is widdy used in the oil and gas industry, and in the
management of groundwater resources (Peaceman, 1977, Aziz
and Settari, 1979). Geotherma reservoir simulaion borrows
heavily from concepts and methods developed in these fields.

APPROACHES FOR SIMULATING FLOW
IN FRACTURED MEDIA

Some specid problems are posed by the fact that most geother-
mal reservoirs occur in fractured formations with low rock
matrix permesbility. The fractures provide most of the reservoir
permeability, while most of the fluid and heat reserves are stored
in the matrix. From a conceptua viewpoint the smplest
approach for modding flow in fractured media is to explicitly
include fractures in the flow domain by means of suitably chosen
smdl volume dements (grid blocks). Because of the amount of
geometric detail involved in this approach, it can only ded with
highly idedized problems with very few fractures and a high
degree of symmetry. At the opposte extreme compared to the
"explicit fractures' approach is the "effective continuum" tech-
nique (Pruess et a., 19853). This gpproach involves the drastic
simplification of not making any geometric representation of the
fractures a dl; instead their flow effects are approximated by
means of suitably modified hydrologic parameters, chiefly rela
tive permeability curves. Thereby the numericd problem is
reduced to that of a porous medium mode; however, such a
"porous medium* or "effective continuum” approximation can
only be justified when matrix and fractures remain in approxi-
mae thermodynamic equilibrium locdly at al times (Pruess et
al., 19898).

For geotherma reservoirs with spacing between mgor fractures
often as large as severd tens of meters, the thermodynamic
equilibration between matrix and fractures in response to chang-
ing conditions in the fractures (caused by fluid withdrawa or
nonisothermal reinjection) is a dow process. Indeed, thermd
diffusivity of rocks is typicaly of the order of 10" m?s, so that
penetration of conductive effects into matrix blocks with linear
dimension of 30 m will require approximately 30 years. As far
as fluid flow is concerned the permeability contrast between frac-
tures and matrix is typically of the order of 10* (10 millidarcy
versus 1 microdarcy); the corresponding contrast in hydraulic
diffusvities is even larger because of smal fracture porosty.
Thus, reservoir perturbations induced by production or injection
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operations will propagate through the fracture system typicaly
more than 100 times fagter than through the rock matrix. These
congderations indicate that one should expect persistent non-
equilibrium conditions between matrix and fractures in many
fractured geothermal reservairs during exploitetion. An effective
continuum approximation should be spplicable only when frac-
ture spacing is "sufficiently” smal. For conductive equilibration
with impermeable blocks to occur within a few months, fracture
spacing must be less than 2 - 3 m. If one wishes to resolve
changes in reservoir conditions on a spatid scale of 50 m, say,
then an effective continuum approximation should be applicable
only when fracture spacing is less than 1 m. These numbers are
meant to give an order-of-megnitude estimate for the fracture
gpacing required to justify application of the effective continuum
approach.

Persistent nonequilibrium conditions between matrix and frac-
tures, and the accompanying transent interporosity flow effects
can be modeled with the method of "multiple interacting con-
tinud" (MINC; Pruess and Narasmhan, 1982, 1985). - An exten-
son of the wel known double-porosity method (see Figure 1;
Barenblatt et a., 1960; Waren and Root, 1963), the MINC
method combines features of both the explicit fracture and
effective continuum gpproaches. The fracture sysem is modeled
as a continuum, which interacts with several matrix continua
The latter are defined based on the following consderation. Due
to vadly different diffusvities, exploitation-induced perturbations
in thermodynamic conditions in a fractured reservoir will pro-
pagate rapidly through the network of interconnected fractures,
while invading the matrix blocks only dowly. Responding to the
changing conditions in the fractures, the thermodynamic condi-
tions in the matrix blocks will then change in a way that is pri-
marily controlled by the distance to the nearest fracture. This
concept leads to a discretization of matrix blocks into a series of
nested volume eements, as schematicaly shown in Figure 2.
Flow in this sysem can easly be modded by means of the
integral  finite difference technique, which only requires
specification of grid block volumes, interface areas, and noda
distances (Pruess, 19833). The concept of discretizing matrix
blocks according to distance from the nearest fracture can dso be
applied to irregular and stochadtic fracture distributions (Pruess
and Karasaki, 1982). If only two continua (one for the fractures,
one for the matrix) are specified, the MINC method reduces to
the double-porosity approach.

The accuracy of the MINC method has been demonstrated by
comparison with analytical solutions (La et al., 1986), with
explicit fracture cdculaions (Wu and Pruess, 1988), and with
laboratory experiments (Lam et al., 1988). We have recently
developed a smplification of the MINC method that is applicable
to the problem of heat exchange with impermesble matrix blocks
(Pruess and Wu, 1988). The smplification obviates the need for
subgridding of matrix blocks, ingtead, temperature in the blocks
is represented by means of a smple trid function, as follows
(Vinsome and Westerveld, 1980):

Tt - Tj = (T¢ - Tj + px + gx)exp(-x/d) €
Here x is the distance from the block surface, Tj is initia block
temperature, Tf is the time-varying temperature in the fractures
(a the block surface), p and q are time-varying fit parameters,
and d is the penetration depth for hest conduction, given by
d = V(Di)/2, where D is the thermd diffusivity of the blocks.
The parameters p and g ae caculated at each time step of a
smulation run from requirements of energy conservaion in the
blocks, and continuity of heat flux at the block surface. This
semi-analytical gpproach to interporosty flow can give accurate
results with no noticeable increase in computationd effort com-
pared to smple porous medium models. A completely anao-
gous gpproach can be used to cdculate fluid exchange with
permeable blocks in singlé-phase liquid reservoirs.

APPLICATIONS

Geothermd reservoir smulators have been used to modd labora
tory experiments, to study fundamenta aspects of geothermd
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Figure 1. Idedlized double-porosity modd of a fractured

porous medium.

reservoir dynamics, and to perform smulation studies for specific
geothermal fidlds. Although only few applications to laboratory
experiments have been made, these are important for confirming
the badc physics of fluid and heat flow incorporated into the
smulators (Verma et a., 1985; Lam et d., 1988). The sudy of
reservoir dynamics has been a fruitful gpplication of numerica
simulators (see Table 1), and has helped in developing a better
understanding of fluid and heat flow mechanisms in geotherma
reservoirs. Basic indghts into the exploitation of different kinds
of geothermd sysems have been gained, and issues in wdl test-
ing of nonisothermal multiphase systems have been dlarified.

From a practica viewpoint the most interesting applications of
reservoir smulators are for history matching and performance
prediction of specific geothermal fidds. A number of fidd case
dudies have been published (see the recent reviews by
O'Sullivan, 1985, and Bodvarsson et a., 1986), and a consder-
ably larger number remains unpublished because of proprigtary
redtrictions on the data. We believe that the existing studies
have shown that it is indeed possible to build sufficiently quanti-
tative and reliable models of geotherma fields to reproduce
observed field behavior (history matching), and to be able to
obtain ussful guidance for field development and management.

Table 1. Advancesin Reservoir Dynamics
from Numerical Simulations

° Pressure decline in the depletion of bailing
reservoirs

® Evauation of boiling and condensation zones
. Reservoir exploitation srategies

° Liquid-vapor counterflow systems (vapor-dominated
and liquid-dominated heat pipes)

® Transition from liquid-dominated to
vapor-dominated conditions

. Natural evolution of hydrotherma convection
sysems

° Fluid and heat transfer in fractured-porous media
. Non-isothermal and two-phase well testing

° Effects of reinjection and naturd recharge

. Non-condensible gas effects

17

|

[]

|
I
I
|
I
!
|
|
|
1
I
|
I
1
e e nastoety P
|
|

Basic space discretization in the method of "multi-
ple interacting continua' (MINC; after Pruess and
Narasimhan, 1982).

Figure 2.

RESERVOIR DYNAMICS

The versdtility of geotherma reservoir smulators has made pos-
shle applications to a wide range of fluid and heat flow prob-
lems. Table 1 ligts the main areas in which numerica smulation
studies have produced significant advances in our understanding
of geothermd systems.

Applications of the MINC method have produced vauable
insights into fluid and heat flow conditions in fractured boailing
reservoirs. For example, a mechanism of conductive enhance-
ment of flowing enthapy was discovered which will cause
superheated steam to be discharged from matrix blocks of low
permesbility, even if liquid saturation in the matrix blocks is
large (Pruess and Narasmhan, 1982; Pruess, 1983b). Possible
mechanisms for natura evolution of two-phase liquid and vapor
dominated systems were demondrated (Pruess, 1985; Pruess et
al., 1987). The presence of non-condensible gases was shown to
give rise to some unusua effects in fractured media (Pruess et
al., 1985b; Bodvarsson and Gaulke, 1987).

Of particular interest in fractured geotherma reservairs is their
response to reinjection of heat-depleted waste waters. This could
result in enhanced energy recovery, but it dso raises the possibil-
ity of premature thermal breskthrough of reinjected waters aong
preferentiad pathways (mgjor fractures or faults). Tracer tests can
reveal such short-circuiting paths, but there is no general quanti-
tatively useful relationship between breskthrough of tracer and
thermd fronts. Simulation studies have suggested that thermd
degradation a production wells should be largely reversible if
the offending injector is shut in (Pruess and Bodvarsson, 1984).
Injection studies in fractured two-phase and vapor zones have
shown interesting fluid and heat flow phenomena (Pruess, 1983b;
Pruess and Narasimhan, 1985; Bodvarsson et al., 1985; Cdore et
al., 1986). In a five-pot production-injection problem it was
found that for 50 m fracture spacing a nearly complete hest
sweep could be achieved, while for 250 m fracture spacing
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sgnificant heat reserves were bypassed. This can be seen from
Figure 3, which shows the smulated temperature profile in the
fractures dong a line connecting production and injection wells
after 36.5 years of congant-rate production and 100 % reinjec-
tion (Pruess and Wu, 1988). The daa for 50 m fracture spacing
virtualy coincide with a porous medium model, indicating excel-
lent thermal sweep, while those for 250 m fracture spacing indi-
cate substantial bypassing. Figure 3 dso shows excellent agree-
ment between results obtained from the semi-andyticd method
for interporogity flow and the MINC method.
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WELL TESTING

Another practicaly important area in which much progress has
been made through applications of numerica smulaors is in the
design and analysis of well tests in nonisothermal and two-phase
systems. Interpretetion of such tests is made difficult by highly
variable fluid properties and nonlinear flow effects. Numerical
smulation hes provided a convenient and flexible tool for gen-
erating test cases that could then be used to evauate the applica-
bility of andyss techniques borrowed from isotherma single-
phase flow. Grant (1978), Garg (1980), Grant and Sorey (1979),
and Sorey et a. (1980) showed that under certain conditions
pressure trandents resulting from congtant-rate production from
two-phase zones can be approximately described with a linear
diffuson equation. O'Sullivan and Pruess (1980), Schroeder et
al. (1982), Benson and Bodvarsson (1982), and Bodvarsson et a.
(1984) examined nonisotherma injection tests and found that
semi-log analysis based on the line source solution was applica-
ble to porous medium systems. Garg and Pritchett (1988) used
numerical smulaion to examine pressure interference tests in
single-phase reservoirs that evolve a two-phase zone in response
to fluid production. Simulation of nonisotherma well tests in
fractured single- and two-phase reservoirs have shown very com-
plex behavior that appears to defy smple analyss methods (see
O'Sullivan, 1987, and references therein). Figure 4 shows Smu-
lated pressure buildups in response to congtant-rate injection of
water- with an enthadpy of 500 kJkg (corresponding to approxi-
mately 120 °C) into a fractured reservoir with single-phase liquid
a an initial temperature of 240 °C. Matrix blocks are assumed
to be cubes of 10 m dde length. The buildup for permeable
blocks displays varying curvature with no straight-line segments.
Agreement between results obtained from a semi-anaytica
representation of interporosity flow and the MINC method. is
excellent. Additiona complications arise in fractured media
from the common presence of severd well feeds a different tem-
peratures. This can give rise to large and persistent interna
wellbore flows with strong pressure effects which, if not recog-
nized as such, would lead one to draw erroneous conclusions on
formation properties (Grant et d., 1982, Ripperda and Bodvars-
son, 1988). Large pressure effects can aso occur from vertical
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upflow of steam in response to saturation changes near producing
wells (Bodvarsson et a., 1987). :

It appears tha much work remains to be done in the interpreta-
tion and anaysis of nonisotherma and two-phase well tests, and
that numerical simulation will continue to serve as the premier
investigative toal in these studies.

FIELD STUDIES

A number of dmulation sudies for spedific geothermd fields
have gppeared in the open literature (see the reviews by
O'Sullivan, 1985, Bodvarsson et al., 1986). A considerably
larger number of studies remains proprietary in the files of
engineering consulting firms and geotherma operators. In the
‘present paper we will not attempt to review specific case studies;
rather we wish to discuss some generd issues that arise in the
application of numerica reservoir smulators to geothermal
fields.

Simulators are constructed on the basis of sound physical |aws of
fluid and heat flow, and employ sophigticated mathematicd and
numerica techniques to quantify these phenomena. The process
of numerica reservoir smulation, however, is a much more sub-
jective and uncertain endeavour. The starting point is a concep-
tud mode of the fied, which is arrived a in a highly intuitive
manner by integrating the ideas of the diverse specidists that
participate in fidd exploration and development. Depending
upon the most significant field development issues a hand, simu-
lation models of different degree of detall and comprehensive-
ness can then be congtructed. In order to be able to make credi-
ble predictions of reservoir response to exploitation it is impor-
tant that proper initia conditions be used. The issue of initia
conditions is especialy important in two-phase reservoirs, where
large pressure and enthapy effects can result from the initial dis-
tribution of liquid and vapor phases which usudly is highly un-
certain. Consgtent initial conditions can be obtained from care-
fu modeing of the naturd state, including upflow and discharge
zones, surface manifestations, and trends in chemica composi-
tion of the geofluids. Natural state modding entails a very con-
siderable effort, which in practice is often shortcut under pres- -
sure from more immediate problems arising in field development.

Typicd questions which numericd smulation may be caled
upon to answer rlate to (i) the generating capacity of a field, (ii)
future rates, enthapies, and chemicd compostion of well
discharges, (iii) identification of drilling targets, (iv) optima well
spacings and completions, and (v) design and impact of reinjec-
tion of heat-depleted fluids. Mogt reservoir engineers would
agree with the proposition that a reliable prediction of reservoir
performance could be achieved if only sufficiently detailed and
reliable data on the thermodynamic and hydrologic structure of a
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geothermal field were available. However, in practice fidd data
have been a notorious bottleneck that limits the reiability of
smulation predictions. The reservoir engineer invariably must
work with incomplete data of usudly uncertain accuracy.
Numerica simulation then becomes an often tedious trid-and-
error process, in which rough estimates or guesses must be sub-
dituted where auffidently detailed data are unavailable; these
guesses must be refined until an acceptable agreement is found
between simulated and observed reservoir behavior. Numerica
fluid and heet flow models usudly are not unique, and must be
further congtrained from geochemicd, geologic, and geophysica
data.

Applications of numericad Smulators to specific fidds can vary
greetly in scope. At its smplest, smulaion studies would be
undertaken to address very specific issues, such as optimal well
spacing, or the adequacy of a proposed reservoir mechanism to
explain certain observed features. This sort of sudy can be done
with schematic idedlized modds that only need to capture those
reservoir features that are pertinent to the specific problem a
hand. At its most ambitious, simulation models would attempt to
be "al-encompassing,” including a detailed three-dimensiond
representation of all dgnificant hydrogeological features, and
attempting to predict future ddiverabilities of dl wells individu-
adly in quantitative detail. The main vaue of the latter kind of
modeding approach may perhaps not be found in the detailed
predictive ability, which is questionable given the various uncer-
tainties on different space and time scaes, but in the push
towards integrating the views of the different disciplines (geol-
ogy, geophysics, geochemigtry, reservoir engineering) into a sin-
gle coherent modd of the fidd. This integration of expertise
may just lead to a better understanding of the field, and to better
engineering decisions.
investors in the feasihility of a proposed geothermd project.

DISCUSSION AND CONCLUSIONS

A pervasve festure of geotherma reservoir evauaion is uncer-
tainty. Our ability to characterize geotherma reservoirs, or any
subsurface flow system, is and dways will be limited. Predic-
tions based on incomplete data of unknown accuracy cannot be
more reliable than the data themselves. Numericd smulation
can not provide any magic to fundamentally change these facts,
but it can provide a tool to augment and supplement other
approaches. For example, effects of uncertain reservoir condi-
tions and parameters can be quickly and essly examined by
means of sengtivity studies. Likewise, the pros and cons of
aternative field development plans can be explored.

We bdieve tha numericd reservoir smulation studies have
made tangible impacts on geotherma energy development. Such
studies have improved our understanding of fluid and heat flow
dynamics in different types of geothermd systems. Important
indghts were gained into the design and analysis of well tests
under nonisothermal and two-phase conditions. Simulation stu-
dies of production-reinjection sysems with premature thermal
breakthrough dong maor faults or fractures have dispelled some
fears regarding reinjection.
breakthroughs may not be entirdy avoidable based on tracer
data, they would be limited and largdy reversible if the
offending injector is shut in.

As far as the development of specific geotherma fidds is con-
cerned, an example of tangible impacts is provided by the studies
undertaken for the Olkaria geotherma field, Kenya An ealy
study (Bodvarsson et al., 1982) indicated the desirability of com-
pleting wells in the deep liquid-dominated zone rather than in the
shdlow steam zone, because the former would permit a more
uniform depletion of mass and heat reserves. More recently,
Bodvarsson et a. (1987) demongtrated that an efficient long-term
depletion of Olkaria could be accomplished with sgnificantly
lower well density than had previously been used in the develop-
ment of the field. There are undoubtedly many more examples
of tangible impacts on geotherma field development among the
many smulation studies that have not been released to the pub-
lic.

It may adso enhance the confidence of

They indicated that, while such-
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With geothermad reservoir smulation software and services in
routine commercid use, it is of interest-to speculate on future
trends and possibilities in this fidd. Where is a need and a
potential for major improvements in our smulation tools and
their use? What are the possibilities and benefits for redlizing
improvements near-term as well as long-term?

Generaly spesking, it would be desrable for smulators to
become more redistic and comprehensive in their representation
of physica and chemical processes in geothermd reservoirs. At
the same time execution speed and ease of use should be
improved.

Table 2 lists a number of specific items that should be con-
sidered for mapping out future research directions. Some funda:
menta reservoir processes require better definition. An example
is multiphase flow in fractures, which is the dominant production
mechanism in mogt high-temperature geothermal fields. Yet next
to nothing is known about two-phase flow in "real” rough-
waled fractures, an effort to develop laboratory experiments in
this area has been initiated a& LBL to supply some of the basic
information needed. The coupling of chemica and mechanica
processes to hydrology is not usudly included in geothermal

-reservoir simulators, and geochemica and geophysica data are

not usudly input into or predicted from fluid and heat flow smu-
lations (second point in Table 2). A broadened scope, possibly
aso including flow in wellbores and surface lines, could lead to
more comprehensive and redlistic reservoir models. Another area
of possible improvement is in the mathematicad and numerica
techniques. Most of the numerica work in reservoir smulation is

Table 2. Possible future improvements in geothermal
reservoir smulation technology

@

Better definition and more complete description of
reservoir processes '

@
©)
@
©

Broadened scope (geochemistry, geophysics)
Improved mathematica and numerica techniques
Better user interface/data handling

Application of expert system concepts (artificid intel-
ligence)

More complete and reliable field data

Better application methodology through broader track
record

©)
™

expended in the solution of large systems of linear equations.
Efficiency gains in this area could make it possible to improve
the geometric definition and realism of smulations, especidly for
three-dimensiona problems. Furthermore, more chemica species
could be included in flow models. Improved capabilities for
tracking sharp phase or composition fronts are also desirable.

A reservoir gmulation effort involves working with large
amounts of data which is a tedious and time consuming process.
One could expect that substantid gains in efficiency may be pos-
sible from appropriate interactive and graphic techniques. The
fifth point in Table 2, expert systems, relates to both broadened
scope and better user interface. In the development of a smula-
tion modd of a geotherma field the reservoir engineer attempts
to integrate and synthesize large amounts of information from
different scientific and engineering disciplines. Help and advice
from geologists, geochemists, and geophysicists is needed in this
task. Expert systems could offer a way to make such multidisci-
plinary advice available at a desktop termind in a convenient
and efficient way.

The critical importance of field data (point 6) has dready been
pointed out. The find point in Table 2 suggests to continue
building a track record of publicly available smulaion studies,
to improve our understanding of how to best use reservoir Smu-
lators and the results from them.
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