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ABSTRACT

The simulator SHAFT79 of Lawrence Berkeley Labora-
tory has been used to study the depletion of different
types of geothermal reservoirs. Investigations of
idealized systems include effects of gravity and fluid
injection. Pressure decline is analyzed as a function
of cumulative production. The main conclusions are as
follows: 1) The well-known p/Z-method for estimating
fluid reserves is not applicable to two-phase geother-
mal reservoirs. 2) There is a strong tendency towards
spatially uniform boiling. This causes a pressure
decline which allows in many cases estimates of the
total reservoir volume and of the total heat content of
the reservoir rock; 3) Propagation of a boiling front
through a deep water table, as a consequence of fluid
production, gives rise to a peculiar pattern of pres-
sure decline. This may allow prediction of the dis-
tance of the water table from the producing wells and
of the vertical thickness of the water zone, thereby
giving important clues to estimating fluid reserves.

4) The pressure effects of injection of colder fluid
depend strongly on (one- or two-) phase conditions in
the reservoir, upon injection rate, and upon absolute
permeability. Average pressure may actually decline in
two-phase reservoirs rather than increase due to injec-
tion. Preliminary results of a case-history investiga-
tion of the Serrazzano zone at Lardereilo, Italy, are
presented. SHAFT79 has been used for a fully three-
dimensional simulation of a geologically accurate model
of the Serrazzano reservoir. Comparison of computed
results with field data allows improved estimates of
reservoir conditions and parameters.

1. INTRODUCTION

There are only a few geothermal areas in the
world where a significant portion of the in situ reser-
voir volume is believed to contain vapor instead of
liquid. Although the liquid-dominated systems are
far more prevalent, the vapor-dominated systems are
more readily exploitable and currently provide the
major source of steam for geothermal electrical power.

Several studies have shown that most of the mass
reserves of vapor-dominated reservoirs consist of

References and illustrations at end of paper

liquid water.2:3:4,5,6  This is usually concluded on
the basis of the cumulative production of steam, and
the corresponding pore volume that would be required

if the reservoir fluld were saturated or superheated
steam. The major uncertainty is not whether liquid
exists in vapor—-dominated systems, but whether there
are significant amounts dispersed throughout the reser-
voir. This, of course, will be site specific to

some extent. With respect to the mass reserves in
place, then, vapor-dominated reservoirs should more
appropriately be termed "two-phase reservoirs."
Liquid-dominated systems eventually develop into two-
phase reservoirs after significant production has taken
place. This has occurred at Wairakei, Ahuachapan, and
Cerro Prieto.’ Thus the important fundamental
questions to be answered about two-phase geothermal
reservolr phenemenology are applicable to all high
temperature hydrothermal resources.

The present paper investigates, for a variety of
idealized model reservoirs, the phenomena occuring dur-
ing production from and injection into two-phase geo-
thermal systems. Using numerical simulation and an
analytically solvable lumped-parameter reservoir model,
we study systems with uniform initial conditions as
well as systems with steam/water interfaces. Our main
objective is to identify the signature of reservoir
characteristics in pressure decline curves for differ-
ent production and injection strategies.

Complementing the idealized model studies is a
fully three-dimensional simulation of the reservoir
near Serrazzano (Italy), using a geologically accurate
mesh. We report current status and results of our
efforts to model 40 years of production history for
this system.

2. The Simulator SHAFT79

The numerical simulations reported in the present
paper were carried out with a computer program called
SHAFT79. This program solves the coupled mass- and
energy-transport equations for two-phase flow in a
porous medium, using an integrated finite difference
method. SHAFT79 is an improved version of the simulatot
SHAFT78, which was discussed in detail in ref. 8. The
equations solved by SHAFT79 are identical to those of
SHAFT78, namely:

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED
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3
Mass transport 5;8 = - div F + q (L
U -
Energy transport 3¢ = div G + Q (2)
Mass flow is approximated with Darcy's law
kka
F=l KTl gt P A 3)
a= v,2

and energy flux contains conductive and convective
terms:

G=-KVT + }_ FoDy, 4)
~ a"'

The physical model represented by these equations
involves the following assumptions and approximations:
(1) Geothermal reservoirs are approximated as systems
of porous rock saturated with one-component fluid in
liquid and vapor form. (2) All rock properties - poro-
sity, density, specific heat, thermal conductivity,
absolute permeability - are independent of temperature,
pressure, or vapor saturation; (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 p. = P ~ Py is neglected

For more details the reader 1is referred to ref. 8.
The main new feature in SHAFT79 is a completely
simultaneous, iterative solution of the coupled mass-
and energy-transport equations. This allows between
ten and one hundred times larger time steps than the
sequential method employed in SHAFT78. In particular,
phase transitions can be computed accurately and effici-
ently. SHAFT79 offers a choice of several methods for
solving the coupled non-linear equations for mass- and
energy—-flow. The preferred solution method is fully
implicit, employs a Newton/Raphson iteration for
simultaneous solution of the non-linear mass- and
energy-transport equations, and uses an efficient
sparse solver.?>10  SHAFT79 has been applied to prob-
lems with up to 250 elements in three dimensions.
Throughputs of up to 65 per time step have been achie-
ved with good accuracy. Here throughput is defined as
ratio of the fluid mass flowing through the surface of
an element, divided by the fluid mass initially in
place in that element.

3. Reservoirs with Uniform Initial Conditions

The model reservoir used in the depletion studies
is specified in Table l. For the studies with uniform
initial conditions it was subdivided into 20 equal sized
elements with horizontal interfaces of 1 km2 area at
50 m intervals.

Relative permeabilities were computed from a
version of Corey’s equations

ke = (2r - 8) 83/r4 for S<r (5a)
v 1 for S>r

K (r - S)4/rh for S<r (5b)
g {0 for S>r

with the residual immobile water saturation l-r = 0.7.
Initial conditions were chosen as T = 252 °C, S 0.50
throughout the reservoir. The investigated cases (see
Table 2) include production at constant flow rate as

well as a somewhat more realistic production with con-
stant external (wellbore) pressure, for which flow
rates diminish with time. Various injection schemes
were explored, and simulations were made for high- and
low-permeability cases, with and without inclusion of
gravitational forces.

3.1. Boiling Rates

Fig. la shows that, in many cases, the depletion
process tends to give rise to a pattern of very nearly
uniform boiling throughout the reservoir (cases #l, 6,
8). Only for case #2, which involves a large flow rate
at low permeability, do boiling rates strongly diminish
with increasing distance from the well. A higher boil-
ing rate in some part of the reservoir causes a more
rapid decline in temperature, hence in pressure. This
in turn increases the flow of steam towards the regiomn
which boils more rapidly, diminishing the rate of boil-
ing and counteracting the pressure decline associated
with it. Thus there exists a negative feedback, which
tends to diminish spatial variations in boiling rates
upon depletion. The feedback is more effective for
higher permeability. At the low permeability of

1014 p2 the feedback is still sufficiently strong

to maintain constant boiling rates throughout the
reservoir for the slower depletion process with con-
stant pressure (case #8). For a high production rateof
50 kg/sec at low permeability (case #2), pressure
gradients near the wellblock increase with time, as
temperatures and steam densities drop. Then boiling
rates near the wellblock become very large.

3.2 Pressure Decline

The well known method of extrapolating reserves in
natural gas reservoirs from a plot of pressure decline
vs. cumulative production (p/Z vs. Q) is based on the
fact that for these systems average pressure p/Z is
proportional to average density, hence proportional to
reserves (see eqs. A-10, A-11). We showed in ref. 8
that this method is not applicable to geothermal reser-
voirs, which contain a considerable fraction of the
fluid in place in the form of liquid water. For two-
phase geothermal reservoirs the mechanism causing
pressure decline is entirely different from that in
one-phase systems. Namely, pressure declines because
of heat loss and associated temperature drop in boil-
ing, not because of mass loss. Pressure and density
are independent variables in two-phase systems.

From the above it is clear that, for two-phase
geothermal reservoirs, pressure decline upon production
depends upon the heat capacity of the reservoir, not
upon fluid reserves.

In Appendix A we present a lumped parameter model,
which is an extension and improvement on a similar
model in ref. 8. From eq. (A~9) we obtain, for a two-
phase reservoilr which produces pure steam (hQ = hy),
the following approximate relationship between the
total heat capacity of the reservoir rock and pressure
decline dp/dqQ.

2
1 (hv—hl) o,
VA-0PReR = - F7aq T ¥ 273.15 (6>
Eq. (6) is applicable to two-phase reservoirs with

approximately uniform initial conditions, if the deple-
tion process is such ("slow enough') that the reservoir
will stay near the limit of uniform boiling. The equa-
tion shows that the total heat capacity of the reser-
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voir rock is inversely proportional to the slope of
pressure decline vs. cumulative production. The pro-
portionality factor depends only upon the average reser-
voir temperature. If this is known, and if the average
value of volumetric rock specific heat PRCR can be
estimated, eq. (6) can be used to infer the total
reservoir rock volume, V(l-4$). In order to estimate
fluid reserves two more pieces of information are
required, namely, average values for porosity and vapor
saturation. Estimating fluid reserves is of crucial
importance in geothermal development, and the required
information can not be inferred from pressure decline
curves alone.

Fig. lb gives pressure decline curves vs. cumula-
tive production for the cases #1, 2, 3, 4, 5, 6, 7, and
9 (see Table 2). For the cases #l, 5, 6, and 7 the de-
pletion process conforms to the limit of uniform boil-
ing (fig. la) giving rise to virtually indistinguish-
able decline curves for reservoirs with different
permeability, with/without gravity, and different pro-
duction rates. In ref. 8 we showed, that virtually
indistinguishable pressure decline curves are obtained
for two-phase reservoirs with the same volume but
widely different porosities and mass reserves. From
the slopes dp/dQ we can estimate reservoir rock volumes
by using eq. (6). Table 3 shows that the estimates
agree well with the actual value of .9 km? for our
model reservoir.

From the discussion in 3.1 it should be clear why
case #2 shows a different pattern of pressure decline.
As depletion proceeds, boiling becomes increasingly
concentrated in a region of the reservoir near the
wellblock, giving rise to an acceleration of pres-—
sure decline beyond what is observed when boiling is
(nearly) uniformly distributed throughout the entire
reservoir volume.

The different slopes for cases #3, 4, and 9 re-
flect injection effects, and will be discussed in 3.3.

We have applied eq. (6) to two real systems,
namely, the Serrazzano zone of the field near
Larderello (Italy) and the shallow (old) zone of the
Geysers. Of course, we do not know how well these
systems are approximated as having uniform initial
conditions, and how well the depletion process conforms
to the limit of uniform boiling. Therefore, our esti-
mates as given in Table 3 are tentative, and we do not
know the error margins involved. The volume estimates
should indicate some average drainage volume of the
wells involved in the pressure decline analysis; they
should represent lower limits for the actual reservoir
volumes.

For the Serrazzano reservoir enough geological
information is available to define the reservoir geo-
metry in detail. Table 3 shows that the volume esti-
mated from the pressure decline is only about one third
of the volume of the geological mesh. There are
several possible explanations for this discrepancy.

(1) The distribution of temperatures, pressures, and
vapor saturations may be quite non-uniform. (2) Even
in regions with fairly uniform thermodynamic conditions
boiling rates may show strong spatial variations.

E.g., boiling rates will diminish towards the reservoir
margins. (3) The observed pressure decline may be
enhanced by effects of colder natural recharge. (4)
Finally, there may be inaccuracies both in the estimate
of pressure decline vs. cumulative production (ref. 11)
and in the geometrical definition of the reservoir from
geological data.

3.3 Production with Injection

In recent years, the reinjection of produced geo-

thermal brines has received increasing attention
as a possible means for (i) safe disposal, (ii)
controlling subsidence, and (iii) enhancing energy

recovery-I%’l5a1 »17  In this connection it is of

great importance to understand the pressure response

of a geothermal system upon injection of colder fluid.
Two effects occur, namely, a pressure decrease from
temperature decline, and a pressure increase near the
injection well from density increase. The actual
response of the reservoir depends upon how these
effects balance out. If injection is made into a
liquid water region, density effects upon pressure are
much larger than temperature effects, and pressure will
increase. A similar situation holds for injection into
a superheated steam zone, as long as no two-phase zone
develops near the injection well. However, injection
of colder water into a two-phase zone will cause
temperature and hence pressure to decline, as long as
injection flow rates are low enough (reservoir perme-
ability high enough) to maintain two-phase conditions
near the injection well. Thus, injection into a two-
phase zone may defeat purposes (ii) and (iii) above.

A more quantitative analysis can be made using the
lumped parameter model of Appendix A. From eq. (A-9)
we deduce that pressure will stay constant if fluid is
uniformly injected with a specific enthalpy h. such
that

Py

he = hy - Ezij; (hy = hy) (7

he is typically a few percent less than h , the
specific enthalpy of the saturated liquidgat average
reservoir temperature. Practically, the injected fluid
will always have lower temperature and specific
enthalpy than the water in place in the reservoir,
giving rise to a pressure decline in two-phase systems.

This point is illustrated in fig. lb. For the
case with constant production rate of 50 kg/sec (#1, #3,
#4) pressure declines more rapidly with injection, and
more rapidly when the injection rate is increased. On
the other hand, the lifespan of the reservoir is
extended with injection, and more so for higher injec—
tion rate. Figs. 2a,b,c illustrate injection effects
for a reservoir which is produced at constant pressure
(case #9). Fig. 2a gives some saturation and temper-
ature profiles. Under the given conditions of perme-
ability and injection rate, water percolates down to
the bottom of the reservoir quite rapidly. The injec-
tion region maintains two-phase conditions until, after
13.5 years, the reservoir has filled up from the bottom.
In Figure 2b we show that, because of the pressure
decline caused by injection, production flow rates drop
more rapidly than in the case without injection (#6).

Thus in our examples injection slows down produc-
tion, but enhances the amount of energy that can ulti-
mately be recovered. Fig. 2c shows, as a function of
time, cumulative energy production and total internal
energy of the reservoir fluid for the cases #6 (no
injection) and #9 (injection). In case #6 the total
internal emergy of the reservoir fluid diminishes as
production proceeds. The amount of energy produced
exceeds the energy lost by the fluid by a factor 2 - 3
reflecting a transfer of large quantities of heat from
the rock to the fluid, as produced steam is replenished
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by boiling in the reservoir. In the case with injec-
tion the energy content of the reservoir fluid is
actually increased during production.

The pressure decline and flow rate curves for case
#9 show a very peculiar irregular pattern after 24
years, corresponding to a production of Q = 20 x 106
tons (figs. 1b and 2b). This is due to space discreti-
zation effects near a sharp steam/water interface,
which emerges at this time (see fig. 2a).

4. Sharp Steam/Water Interfaces

It is not known whether sharp steam/water inter-
faces (SSWI) occur in geothermal reservoirs in their
natural state or during exploitation.1 If they do, it
would be of very great importance to determine their
location, as this would give important clues for an
assessment of fluid reserves in the reservoir. Case
#9 of our depletion studies in sect. 3 shows that SSWI
may evolve as a consequence of cold water injection.
SSWI may show their presence, among other things, in a
particular pattern of pressure decline when a reservoir
is depleted.

4.1. General Considerations

Numerical analysis of the phenomena occuring near
a SSWI poses some difficult problems. The reason for
the difficulties is that, near the interface, large
gradients in various parameters can occur (e.g., pres—
sure, saturation, boiling rate), and that parameters
may vary rapidly with time. It is not clear a priori
whether the spatial and time averaging implied by
finite discretization will only cause a certain numeri-
cal inaccuracy, or whether it could give rise to a
qualitative change in the evolution of the system.
latter appears to be a definite possibility, as the
following argument shows.

The

In reality, water will flow upwards whenever the
pressure gradient exceeds the hydrostatic head p g. If
a finite space discretization is applied, howevé%,
water upflow will occur only when the average pressure
gradient over a finite distance exceeds Pjpg.

Once water does flow upwards it will flash, cool-
ing the rock and quickly establishing a thin two-phase
layer at the bottom of the steam zone. Due to the
flashing both temperature and pressure will decline in
this two-phase layer. This will enhance pressure
gradients and will cause water upflow to increase.
a sense, water upflow feeds upon itself, so that it
appears possible that systems may evolve very differ-
ently depending upon whether some small parameter
change will or will not allow water upflow to get
started.

In

Note that discretization does not affect horizon-
tal water flow across a SSWI in such a sensitive fas-
hion. Water will flow horizontally as soon as a non-
zero horizontal component of pressure gradient exists.
Numerical averaging in the horizontal direction will
only affect the magnitude of water flux, whereas in
the vertical case the gravitational gradient may
essentially block any upflow of water.

4,2 Sustained Upflow of Water

Two regimes of flow rates can be distinguished,
depending upon whether the pressure gradient required
'for the steam flux does or does not exceed pgg. The

L

limiting situation, for which a "sustained upflow" of
water will occur, corresponds to a steam flux

p (8)

v (pﬂ, -pv)g

Fv, lim @y
Eventually, steam saturation in the upper region
of the water zome will increase such that relative
permeability of steam approaches l. Only if the
applied steam flux exceeds the value given by eq. (8)
will water continue to flow up. If steam flux 1s less
than the limiting value of eq. (8) water upflow will
occur only and as long as small relative permeability
of steam causes larger pressure gradients to occur in

‘the two~phase zone.

It is clear that a SSWI does not represent very
difficult problems for numerical analysis in the case
of "sustained upflow" of water, when average pressure
gradients exceed the hydrostatic head p,g. Figs. 3a
through 3c present results for a reservoir as defined
in Table 4 with steam flux exceeding the limiting value
of eq. (8). Pressure decline at the wellblock shows
characteristic bumps associated with phase transitiomns
in subsequent elements as water moves upwards. These
bumps provide a nice illustration of the effects of
water injection as discussed above and in Appendix A.
When water begins to enter an element (analogy to
injection) boiling occurs and temperature declines.

As long as steam leaves the element at a higher rate
than water enters (F,/Fy<l) density and pressure

both decline. Once % exceeds Fy, the ensuing

increase in steam denSity causes pressure ilncrease
while temperature decline accelerates due to increased
rate of boiling. Eventually, the element undergoes a
transition to two-phase conditions after which pressure
drops quite rapidly due to continued temperature decline
in boiling. Additional computer runs show that finer
discretization diminishes the amplitude of and the

time interval between the pressure oscillations. The
"true" response of the system, corresponding to infin-
ite resolution, would be given by averaging over the
bumps in fig. 3a.

The bumps in pressure decline and flow rate for
case #9 (figs. lb and 2b) are much more pronounced for
the following reasons. (1) The spatial discretization
employed in case #9 is rather coarse (25 meters vs. 1
meter in figs. 3a,b,c). (2) Phase transitions in case
#9 occur towards liquid water, the pressure of which
responds more sensitively than that of steam to density
changes.

Fig. 3c shows the evolution of saturation profiles
as the depletion proceeds. It is evident that the
boiling front spreads more rapidly below the interface,
into the water region, than above the interface. It is
of interest to note that the saturation S at a given
time is approximately constant throughout the two-phase
region, while S gradually increases with time.

4.3 Slow Depletion

Our second example of SSWI involves a reservoir
with parameters as defined in Table l. Initial condi-
tions were generated by careful gravitational equili-
bration of a 500 m thick steam column above a 500 m
thick water column, both at T = 2529 C. This was done
in such a way as to obtain a minute pressure change
across the interface between slightly superheated steam
above and slightly subcooled water below. The reser-
voir was produced at the top at a rate of 50 kg/sec,
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corresponding to a steam flux of 5 x 103 kg/mzsec.
With an initial fluid mass in place of 40.9 x 108 tons,
the depletion requires 25.9 years. In order to examine
discretization effects on the upflow of water, two
different grids were used. The coarser grid consists
of 40 elements with 25 m vertical width. In the finer
grid, the two elements just above and below the inter-
face were subdivided into three elements each, with
spacings of 5m, 5 m and 15 m. Thus there are two 5 m-
elements above and below the interface respectively.

In the finer discretization water upflow quickly
establishes a two-phase zone in the bottom element of
the steam region (see fig. 4a). In the coarse grid,
water upflow and temperature drop from boiling are not
sufficient to cause a phase tramsition in the bottom
of the steam zone. Except for this difference, both
grids produce almost identical results. Minor differ-
ences in saturation profiles persist for some time, but
the average pressure response is completely identical
in both cases (see fig. 4a)

This agreement is somewhat surprising, and it
may indicate that discretization problems at a SSWI are
less severe than anticipated in our general considera-
tions, above.

Figure 4b gives profiles of vapor saturationm,
flow rates and boiling rates after 5.6 years of produc-
tion. These are typical for the kind of systematics

which evolve before the boiling front reaches the bottom experience of extended geothermal development provide

of the water region (after 6.34 years, see fig.4a). It
is interesting to note that, in the top 300 m of the
‘two-phase zone, vapor saturation decreases rather

slowly with depth, while boiling rates are small and
nearly constant. Near 850 m depth occurs a sudden drop
in vapor saturation, which is connected with a large
downflow of water, a rapidly decreasing upflow of steam,
and a maximum in the rate of boiling. These peculiar
phenomena are caused by the transition, near the bottom
of the two-phase zone, from a small pressure gradient
(slightly exceeding pvg) to a very large pressure gradi-
ent (slightly exceeding ng)’ wnich gives rise to a
convergent flow of water.

The peculiar pattern of pressure decline (see fig.
4a) can be readily understood from the boiling rate pro-
file. Initially, pressure drops rapidly, because
boiling is confined to a rather narrow two-phase zone,
where it causes rapid temperature decline. As the two-
phase zone spreads the decline in temperature and pres—
sure is slowed down beyond what would result from the
increased rock mass in contact with boiling water,
because boiling rates are smaller near the top of the
two—phase zone than near the bottom. This provides a
supply of hotter steam, which flows up from depth and
tends to maintain temperature and hence pressure at the
top of the two-phase zone. From this results a plateau
in the pressure decline curve, which extends to the
time where the boiling front feéaches the bottom of the
reservoir. Soon thereafter pressure starts declining
at a nearly constant rate, reflecting a situation of
nearly uniform boiling throughout the two-phase zone.
Using eq.(6) we infer, at t 10 years, a volume of .53
km3 for the boiling zone from the slope of pressure
decline vs. cumulative production, to be compared with
an actual volume of .5 km3.

In summary, propagation of a boiling front through
a deep water table gives rise to a peculiar pattern of
pressure decline. This may allow identification of an
impermeable basement, and to estimate volume and thick-

ness of the boiling zone, thereby giving important
information for estimating fluid reserves.

5. Simulation of the Reservoir at Serrazzano (Italy)

Serrazzano 1is one of the distinct zones of the
extensive geothermal area near Larderello in central
Tuscany.18 Natural manifestations and utilization of
steam and hot water from shallow holes in this region
have occured for centuries. Deep drilling was begun
after 1930, and since 1939 electric power has been
generated at Serrazzano from geothermal steam. Exten-
sive production data have been gathered over a period
of forty years. Fig. 5 shows aggregate flow rates of
all wells in the post-1950 period. These data as well
as the detailed geological and hydrological information
available make the Serrazzano zone an attractive
example for developing methodology and tools for numer-
ical simulation of geothermal reservoirs. Moreover,
for environmental reasons surface disposal of produced
brines is no longer acceptable in Italy, and numerical
studies are needed to aid in developing an appropriate
injection program.

5.1 Conceptual Model of the Serrazzano Zone,
Larderello, Italy

There is an extensive body of work covering geo=~
logy, geochemistrg, and hydrothermal activity in the
Larderello area.l8=23 This and the accumulated

a conceptual model for the reservoir.l2 1In brief, the
Serrazzano reservoir can be characterized as a rather
isolated flat inverted cup. Steam is trapped near the
structural high (see fig. 6), with most of the mass
reserves residing in a boiling aquifer at unknown depth,
with temperature T > 275° C. The reservoir appears
bounded to the north by impermeable formations, with
possible recharge areas in the southeast and southwest.
High permeability zones are encountered in the densely
fractured formations near the structural high.

In fig. 6 we show (labeled A to Z) the lines along
which cross sections were constructed from drill
logs. In Figure 7a a typical cross section is shown
with the grid element locations indicated by plus signs.
The solid lines are the approximate locations, respec-
tively, of the overlying impermeable shale caprock, the
carbonate/anhydrite reservoir section, and the location
of the top of the basement schist. When all of the
cross sections are fed into the computer program OGRE,
a geologically accurate three-~dimensional mesh is
generated with all element volumes and surfaces accur-
ately computed.l3 In Figure 7b a picture of the gener-
ated Serrazzano computational grid is shown in two dif-
ferent (rotated) views. The grid represents a reser-
voir that is a curved thin sheet approximately 1 km
from top to bottom, and areally covers about 25 km2.
It has 234 polyhedral elements, with 679 polygonal
interfaces between them. There are up to 10 interfaces
per element. Element volumes range from 3.5 x 106 m3
to 2.9 x 108 m3, and }nterface areas range from
<64 m€ £o 9.4 x 107 M7

5.2 Method of Simulation

Our first goal was to simulate the pre-exploita-
tion phase, in order to obtain initial conditions
applicable to 193% when major production began. Using
the mesh as given in fig. 7b, we started out with the
entire reservoir filled with liquid water at T=275 °C,
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and applied constant discharge near the structural high
(elements in the H04-Z02 area in fig. 6). The simula-
tion was continued until the temperatures at the top
had dropped to 205 ©C,.as required by typical measured
well temperatures. At this point the top 500 m of the
reservoir were boiling (two-phase). While this appears
reasonable in comparison with the general conceptual
model, it was also evident that this approach would not
allow us to model the very sizable spatial variations
in temperature throughout the reservoir (some well
temperatures vary as much as 80 'OC over less than 1 km
distance). Therefore, we (temporarily) abandoned the
attempt to model the pre-exploitation phase. Instead,
we began a simulation starting in January 1960, at
which time a partial definition of initial conditions
is available from field measurements. We intend to
cover a more extensive time span once a satisfactory
simulation is achieved for the post-1960 period.

Input data to be provided for the simulation
include (a) reservoir parameters (geometry, rock
properties), (b) initial conditions for January 1960
(distribution of temperature T, pressure p, and vapor
saturation S$), and (¢) production flow rates at the
wells. For the latter detailed and accurate field data
are available. Reservoir parameters are known to some
extent. Rock parameters used in the simulation are as
follows: pg = 2600 kg/m3, cp = 775 J/kg °C, Ky =
2.1 W/m ©°C, ¢ = 10%. Only gross features are known of
the permeability distribution. The greatest uncer-
tainty exists with regard to initial conditions. Well
measurements and previous work on pressure distribu-
tions! provide some of the required data, but most of
the initial conditions are unknown. In particular,
little is known about the distribution of pore water.
We begin by assuming superheated conditions near the
structural high, and a rather arbitrary vapor satura-
tion of S = 0.70 elsevhere. With this, our reservoir
model contains 1.7 x 10%° tons of water, which is close
to twice the total production to date.

Determination of most of the initial conditions
as well as of some other parameters is an esgsential
part of the modeling effort. A trial-and-error process
is applied, in which parameters are varied such as to
reduce discrepancies between field observations (mainly
temperatures and pressures) and computed reservoir
behavior. A valuable criterion for appropriate para-
meter adjustments is that well blocks must remain very
close to a steady flow situation, as pressures would
change rapidly otherwise.

5.3 Present Status and Results

After a rather tedious trial-and-error procedure,
we arrived at initial conditions for 1960 and perme-
ability distributions which were consistent with the
required nearly-steady flow situation in the well ele-
ments. Four zones were introduced with permeabilities
ranging from 750 millidarcy near the structural high to
25 millidarcy near the reservoir margins. Table 5 shows
that, after 50 days of simulation, the ratios bn/bq

of density changes caused by influx from neighboring
elements to density changes caused by production were
very close to -1 in all cases except at the well LE
PRATA 4 (element C31). This enabled us to extend the
simulation over a longer time period. Using time
steps of 10 - 20 days, corresponding to maximum
throughputs of ~ 20 for well elements, the simulation
was carried out to 1400 days. The results at 720 days
are not bad, indicating a steady flow situation near

the wells and small changes in pressure, as required.
Large pressure drops, however, occur for a number of
wells after 1400 days. Fig. 8 shows mass production
and simulated average steam pressure for the time from
1 January 1960 until late 1963 (1400 days later).

Some imbalances in initial conditions are evident from
the fact that initially average steam pressure incre-
ases. This is caused by boiling at depth, whereby
additional amounts of high-temperature high-pressure
steam are generated. The subsequent decline is slower
by a factor of about 4 than the field observation, and
is even somewhat (25%) slower than would be expected
for uniform boiling. This indicates that either the
rock mass in contact with boiling water should be
reduced by a factor of 4, by extending the superheated
zone and concentrating liquid water near the margins,
or that permeability towards the reservoir margins
should be reduced to concentrate boiling in a smaller
area (or combinations of the two).

We plan to continue our simulation effort until a
satisfactory history match up to the present time is
achieved. Subsequently, we shall extrapolate the simu-
lation into the future, examining different reinjection
scenarios.

6. CONCLUSIONS

We have simulated the behavior of idealized two-
phase geothermal systems under production and injection.
Our numerical results, as well as an analytically solv-
able lumped-parameter model show that the two-phase
nature of these systems determines their pressure re-
sponse upon production. Systems with (nearly) uniform
initial conditions show a simple behavior, which often
allows to infer heat reserves and reservoir volume from
pressure decline during production.

We derive a relationship between the heat capacity
of the reservoir rock and the slope of pressure decline
vs. cumulative production, which is verified by our
numerical simulation results. It should be applicable,
in an approximate way, to many natural geothermal
reservoirs.

Subtle effects occur at steam/water interfaces.
The propagation of a boiling front through a liquid
water table, as a consequence of production from an
overlying steam zone, gives rise to a peculiar pattern
of pressure decline. This may give clues to an esti-
mate of fluid reserves. We find that, even in reser-
voirs with large spatial variations in initial condi-
tions, there is a strong tendency towards establishing
a pattern of nearly uniform boiling throughout the
two~phase zones.

Our idealized model studies are complemented by a
fully 3-dimensional simulation of the highly irregular
shaped reservoir near Serrazzano (Italy). We discuss
methodology for developing a history match and present
results for our first extended simulation covering a
time period of almost four years.

Nomenclature

cR specific heat of rock, J/OC kg
F mass flux, kg/m?s

F, flux of liquid, kg/m?

Fy flux of vapor, kg/m2

G energy flux, J/m2
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T we obtain through integration the well known linear
relationship between p/Z and cumulative production Q:

P P Q
> =) (1 - (A-11)
z 7 Véo
TABLE 1: RESERVOIR PARAMETERS
Rock Properties: pr = 2000 kg/m3
cp = 1232 J/kgCcC
KR =0
= 10-13, 10-14 {2
¢ = 10%
Reservoir Geometry: The reservoir is a vertical
column of 1 km depth with a volume of 1 km3. All
boundaries are '"no flow."
Table 2: Depletion Studies with Uniform Initial Conditions
l Case | Production } Injection | k (m?) | Other
| #1 } 50 kg/sec at top | - | 10-13 | no gravity
l ' of reservoir ’ I I
| #2 | " | - | 10-14 I with gravity
| | | 50 kg/sec saturated ]
| #3 | " | water of T = 100 OC | |
| | | at ~ 1000 m depth ! 10-13 | no gravity
| | | 25 kg/sec saturated |
| #4 ] " | water of T = 100 ©C |
l I | at -~ 1000 m depth | 10-13 l no gravity
] | with p = 10 bars | | |
| #5 at top of reser- | - ]
| | voir; initial | |
| | flow rate 50 kg/sec I I 10-13 | no gravity
| # | " | - | 10-13 | with gravity
I #7 l " I - ' 10-14 | no gravity
l | " | - | 10-14 | with gravity
| | | 50 kg/sec saturated | |
| #9 | " | water of T = 100 ©C i
, | | at =500 m depth | 10-13 |  with gravity




Table 3:

Reservoir Volumes Estimated from Pressure Decline Curves

Pressure Decline

Total Heat Capacity
of Reservoir Rock

Total Reservoir
Rock Volume

I i |
| dp/dQ [ Temp | V(1-$)PgeRr | V(1-4)
Reservoir | (bar/kg) | (ocy | (MWyears/©C) | (kn3)
[ | [ I
#1, after 1.3 years | -4.788 x 10-10 | 250 ] 74.4 ] .95
| | I |
#1, after 15.2 years | -4.248 x 1010 | 234 | 71.2 | .91
[ | | |
#9, after 8.2 years | +1.202 x 10-9 | 242 | 65.5 [ .84
I I | I
#9, after 16.3 years | +5.836 x 10™9 | 230 | 5644 | .72
| | I |
#4, after 2.5 years | -1.160 x 10~9 | 249 | 71.7 I .92
! I I |
Big Geysers | -1.22 x 10711 (ref. 3) | 250 | 2915 | 46
(Shallow Zone) | | [
| | [ |
Serrazzano | -1.89 x 10-10 (ref., 11) | 218 | 132 | 2.1
| | | |
Serrazzano | (geologically | ]
| accurate mesh)12,13 | 218 | 396 | 6.2

TABLE 4: RESERVOIR WITH SUSTAINED UPFLOW OF WATER

Rock Properties:

o = 2650 kg /m3
e, = 710 J/kgoC
Kg = 1.83 W/mOC
k = 1013 p2
b = 20%

Reservoir Geometry: The reservoir is a vertical

column of 30 m depth and 1 n2 horizontal
cross section. It was subdivided into 30 equal
sized elements with horizontal interfaces at Im
spacing. All outer boundaries are '"no flow."

Initial Conditions: The top 20 m of the reservoir

contain superheated steam, and the bottom 10 m,
subcooled water, both at a temperature T = 200 ©°C,
with pressures carefully equilibrated under

gravity.

Production:

The reservoir was produced from the

top element at a constant rate of 6.8 x 10=% kg/
sec, corresponding to a depletion within 30 days.

Relative permeabilities were computed from eqs.5a,b
with a residual immobile water saturation of

1-r = 0.35.



Table 5:

Flowing Wells in the Serrazzano Reservoir

tion of Various Two~Phase Reservoirs.

in Tables 1 and 2.

The examples shown are defined

} | 50 Days | 720 Days | 1400 Days
| Producing Loca- | Flow Rate .. | .. p | - p
I Well | Since | tion | (kg/sec) Pn/ Pq (bars) | Pn/Pq (bars) | On/Pq (bars)
| Conserva | 1940 | P02 | 4,25 - .9990 5.3 | - 1.0016 5.2 | - .9804 1.9
| Capanna | 1940 | } - -1 081 6.3 - .9920 3.7
| Avalle 2 | 1950 | P03 | 6.14 . 9988 5.7 | .00
| BCF3 {1943 | A03 | 4.86 - 1.0026 9.9 | - .99942 9.4 | - .9893 7.7
| Soff. 1 ] 1950 | EO3 | 5.19 - 1.00017 5.9 | = 1.00098 4.9 ] - .9917 2.6
| Cioccaia | 1954 | Z202 | 7.47 - +9978 7.2 | - 1.0018 6.8 ] - .9978 8.0
{ #8 | 1957 | Y03 | 3.36 - 1.0058 8.0 | - .999936 8.5 | = .9933 5.5
| Pozzaie 2 | 1958 | NO4 | 16.36 - .99962 6.2 | - 1.00018 5.9 | - 1.00036 4e8
| Le Prata 4 | 1959 | C31 | 7.94 - 1.14 8.7 | - 1.0026 9.0 | - 1.0137 9.1
| Le Vasche | 1959 | GO3 | 5.50 - .99982 5.9 | - 1.0015 5.5 | - <9914 3.7
| Oliveta | 1961 } Cc0o3 | 8.3 | - 1.0027 6.9 | - .9750 5.2
| vC 2 | 1963 | co7 | 10.7 | 13.0 | - 1.4387 14.3
| VvC 5 1 1963 | R38 | 17.1 } 18.8 | - .6004 19.0
| vC 10 | 1963 | E08 | 38.6 | 41.6 b= 8422 40.5
| Campoaiperi| 1965 | S40 | 8.0 | 10.3 | 12.4
| Vignacce | 1966 | GO4 ] 10.5 | 10.0 | 9.3
| Grottitama | 1968 | DO6 | 13.7 | 16.7 | 18.8
| Capriola | 1970 | BO8 | 23.1 | 22.0 | 21.2
I Lustignano | 1970 } P12 | 22,1 | 23.3 | 22.1
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Fig, 6:

Caprock Elevations and Geo-
logical Cross Sections for

Serrazzano.
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	Case 1 Product ion I Injection I k (m2) I Other
	no gravity
	reservoir

	50 kg/sec saturated
	water of T = 100 OC
	no gravity
	water of T = 100 OC
	no gravity
	with p = 10 bars
	top of reser-
	voir; initial
	no gravity

	no gravity
	with gravity
	50 kg/sec saturated
	water of T = 100 OC
	dp/dQ I Temp I V (1-6 ) PRCR I V(1-6)

	Reservoir I (bark) I (OC) I (MWyears/oC) I (km3
	tl after 1.3 years I 4.788 x 10-lo
	l, after 15.2 years
	9, after 8.2 years I 1.202
	9, after 16.3 years I 5.83610-9
	14 after 2.5 years
	Big Geysers I 1.22 x ref.
	(Shallow Zone)
	Serrazzano I 1.89 x ref.
	(geologically



