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CORRELATIONS BETWEEN VAPOR SATURATION,FLUID COMPOSITION AND WELL DECLINE IN LARDERELLO

+
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ABSTRACT
A large body of field data from Larderello
shows striking temporal correlations between
decline of well flow-rate, produced gas/steam
ratio, chloride concentration and produced va-
por fraction. The latter is inferred from mea-
sured concentrations of non-condensible gases
in samples of well fluid, using chemical phase
equilibrium principles. Observed temporal
changes in the vapor fractions can be inter-
preted in terms of a 'multiple source' model,
as suggested by D'Amore & Truesdell (1979).
This provides clues to the dynamics of reser-
voir depletion, and to the evaluation of well
productivity and longevity.

INTRODUCTION

A long-standing problem in the evaluation of
vapor-dominated reservoirs is the estimation
of fluid reserves. It is now'generally agreed
that most of the mass extracted from reser-
voirs such as Larderello, Italy, and The Gey-
sers,California, had been stored in place as
liquid, even though no direct evidence has
been found for the deep water table hypothe-
sized by White et al.(1971). The most import-
ant reservoir parameter relating to fluid re-~
serves is in-place vapor saturation S, » which
is the volume fraction of gas phase present in
the void space of the formation. Unfortunately
there is no direct method available by which
S, could be measured in the field. The situa-
tion is further complicated by the fractured
nature of vapor-dominated reservoirs. It is
probable that large differences in vapor satu-
ration exist between fractures and rock matrix
(Pruess & Narasimhan, 1982).

Recently,Giggenbach (1980) and D'Amore & Cela-
ti (1983) developed methods by which informa-
tion on phase composition in boiling reservoirs
can be obtained from concentrations of non-

condensible gases observed in geothermal fluids.

These methods have a potential for providing
estimates of spatial distribution as well as
average values of in-place vapor saturation.

In the present paper we utilize several gas
phase reactions to estimate vapor fractioms in
Larderello discharges. Observed temporal vari-
ations in the vapor fractions at a number of
wells are found to strongly correlate with

other parameters, including gas/steam ratio,
chloride and boron concentrations, and flow-rate
decline. The temporal trends are consistent with
the 'multiple source’' model of D'Amore & Trues-
dell (1979). We also discuss possibilities and
limitations for identifying reservoir parameters
and processes from observed vapor fractionms.

CALCULATION OF VAPOR FRACTION

From D'Amore et al.(1982) it is possible to ob-
tain, for the volatile species_HZS, H,, CHA and
COy, three equations that correlate the concen-
trations at wellhead of these species (in moles
percent in the dry gas) to some physical-chem-

ical parameters of the reservoir:

12776 N1
= 7,75 - —— - - - PO+
log(ZHz) 7.75 T log e jlog O2
log AHZ (L
6483.5

log(ZHZS)= 10.22 - = 0.79 log T -

N1
log EE - 1/6 log P 02+ 1°3AH25 2)

(RO L 0,15 - 3220 _ 40

(zco3) kg

4 log(ZHz) - log
+ 4log AHZ + log ACOZ- log ACHA (3)

whexre P 02= oxygen partial pressure (redox con-
dition in reservoir)

A, =y ¢ (1 - y)/B,

= molar fraction of steam with res-
pect to total water present in the
reservoir, both as vapor and liquid
B, = distribution coefficient of the

species i between vapor and liquid,
as a function of temperature

Nl/kg = gas/steam ratio expressed in litres
of gas in standard conditions per
kg of steam

e
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From these equations we note that the gas
percentages observed at wellhead are governed
by the gas/steam ratio, as well as other pa-
rameters. In the paper by D'Amore et al.
(1982), the gas/(vapor + liquid) ratio was
considered uniform in the reservoir, and
identical to the gas/steam ratio at wellhead.
Moreover, CO_, was considered in total equilib-
rium with the gas species, although eventual
water-rock interactions and their effects on
the COy partial pressure were neglected.

LARDERELLO DATA

Figures 1 to 9 show the temporal trend of the
y value calculated from eq.(3), as well as

the trends of flow-rate Q in t/h, of the gas/
steam ratio (practically COZ) expressed in N1/
kg, of HCl and of H3BO3(in ppm) for some ty-
pical wells at Larderello. The calculated y
value is of particular significance, as it is
probably the average of the y values from the
different parts of the reservoir contributing
to fluid production.

The wells chosen in various parts of the Lar-
derello field have shown varying contents of

HCl in the condensate over a certain produc-

tion period. The trend generally observed is

as follows:

a) flow-rate initially decreases rather ra-
pidly during the early years of production,
and then stabilizes on values between 5
and 70 t/h, showing a very slow decrease
from then on;

b) although the HCl content varies greatly
from one well to another, depending on the
position of the well within the field, it
tends to increase strongly whenever flow-
rate starts to stabilize;

¢) the gas/steam ratio tends to increase to
a maximum value that is usually quite
close to the point at which the flow-rates
stop decreasing, and then they stabilize.
During the final stage, coinciding with
the maximum observed HCl values, the gas/
steam ratio tends to decrease;

d) H3B03 generally decreases until it levels
out at the same time as the flow-rates be-
gin to stabilize. In wells ALR and BEL
there is an increase in correspondence to
the period when HCl reached a maximum. In

.wells VC/10 and G/9, on the other hand,
the H4B0, tends to increase before stabi-
lizing on near-constant values;

e) the calculated y values usually increase
until flow-rate stabilizes and the gas/
steam ratio reaches its maximum. In many

cases they tend to decrease with the increase
in HC1l or a decrease in the gas/steam ratio;

f) wellhead temperature generally increases
rapidly from less than 200°C to stabilize
eventually around 230° - 260°C. This tem-
perature increase usually coincides with
the maximum decrease in flow-rate. At times
the temperatures also tend to decrease du-
ring the last stages of production when the
HCl contents are highest (D'Amore & Trues-
dell, 1979).

The temporal trends observed can be explained
by the 'multiple sources' model described by
D'Amore & Truesdell (1979).

Although the absolute values obtained for y
are, as we will see later, probably too
high, the trend is perfectly compatible with
this model, which considers that the fluid
comes from three main sources located in three
different zones of the reserveir. The increase
during the early stages of production corres-
ponds to an increase in fluid from a part of
the reservoir with less liquid water and a
higher gas content. The superheated fraction
increases with the decrease in the contribu-
tion of fluid from the shallower source, which
contains a high percentage of condensated li-
quid water. The relative increase in the gas/
steam ratio is governed by the contribution
from the deepest source, consisting essential~
ly of an NaCl-enriched brine. In well VC/10,
which is the deepest of the wells chosen for
our study, this 'brine' probably contributed
to production right from the start, so that
there is only a small increase in its gas/
steam ratio. This well also has a temperature
of about 260°C from the beginning, and shows
no dramatic decrease in flow-rate as observed
in the other wells. Its H_BO, content also
tends to increase, and is clearly affected by
the increase in the contribution of the 'brine'
to production with respect to the two-phase

. zone of the reservoir.

m

_ The value of the parameter ;E —Q— (in Fig.1l)

, 19

calculated for well ALR gives roughly the

same information as y, but exaggerating the
temporal trend. During the first period of
production, when the contribution from the two-
phase zone increases, the liquid mass tends to
decreaqe with respect to the rock mass; on the
other hand, when the contribution of 'brine'
tends to increase significantly, the mr/m1
ratio also shows a strong decrease since the
'brine® is probably liquid water for the most
part.
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Well QER shows an atypical trend, with a de-
crease in gas/steam ratio and a high constant
HC1 value; the trend of y is also constant at
the beginning and then decreases strongly.

The main source right from the start of pro-
duction is, in this case, probably the brine.

To conclude, the temporary trend of y confirms
that several sources, that is several zones of
the reservoir having differing chemical and
physical characteristics, may contribute to
production.

In the case of a shallow well, such as ALR
and BEL, at least three sources are the main
suppliers over a certain period. Since the
third source, the 'brine', is quite distant,
flow-rate will, according to Darcy's law, be
very small, albeit nearly constant.

Generally the faster the increase in y the
faster is the decrease in flow-rate.

A correlation was also observed between flow-
rate Q and y. Figure 10 gives, for some wells,
the initial y and Q values (circles) and the
y and Q values when Q tends to stabilize (x),
but before the decrease in y. For comparison
this Figure also includes well T22 (TR) from
the Travale geothermal field, Tuscany, whose
flow-rate and y are nearly comstant with time
(very high flow-rate and relatively small y).
A certain correlation between Q and y was also
noted at The Geysers (Fig.ll). Local permea-
bility is obviously another parameter capable
of influencing the different flow-rates. (For
The Geysers field we considered the average
values of 4 years of production in the south-
ern zone of the field). At low Q any mineral
buffer for CO; has a stronger effect (excess
CO, then higher y). Q is low because the boil-
ing source (where the buffer acts) is far from
the wells (in the-new unit considered at The
Geysers the source is closer and thus y is
smaller), and the volumetric rate of boiling
is small. :

INTERPRETATION OF VAPOR FRACTION

It was shown above that there is a strong cor-
relation between vapor fraction y and other
parameters of well discharge. While this ob-
servation gives general support to a multiple
source model, the.quantitative significance
of y for reservoir parameters and processeé
is less clear. It has usually been aééﬁmed_in
the literature that the various gaseous spe-
cies involved in the determination of y are
in chemical equilibrium in the 'ultimate'
fluid source in the reservoir, but do not re-
equilibrate as the fluid flows towards the
well, even though phase change may occur. If

these assumptions are correct, then the vapor
fraction y as computed from mol fractions of
non-condensible gases in well discharges rep-
resents an instantaneous flowing steam quality
in the source. This then would permit an esti-
mate of the ratio of liquid and vapor relative
permeabilities in the source:

kl M1 8y !
X =ﬂ—'?—(; -1) (4)
v v°l

Inserting values representative of Larderello
(t = 280°C, y = 0.35) we obtain kl/kvc'.o.éz.

If one further assumes k. + k =1, as is usual~
ly done for fractured reservogrs (Pruess et
al., 1983), one could obtain absolute values
for k. and kv' However, estimates of in-place
vapor saturation can only be made if the fun~
ctional form of saturation dependence of k

and k is known. No relative permeability
functions have yet been determined for Lar-
derello reservoir. If the relative permeabili-
ties used by Pruess et al. (1984) for the frac-
tured two-phase reservoir at Krafla, Iceland,
were applicable to Larderello, then k /kv =
0.42 would correspond to an in-place vapor
saturation of sz 0.43.

It is difficult to ascertain to what extent
the above-stated assumptions regarding chemi-
cal equilibrium are correct. Clearly, if any
re-equilibration during flow to the wells were
to occur it could at most be partial, because
the well feeds in Larderello are surrounded by
extensive regions of single-phase vapor, so
that we would observe y = 1 if complete re-
equilibration were taking place. The fact that
y is substantially smaller than 1 suggests
that the kinetics of the gas phase reactions

used to obtain vapor fractions are 'slow'.

Consequently one should expect in-place re-
equilibration in response to exploitation-in-
duced changes in phase and chemical composition
also to be partial at most. It appears, there-
fore, that the two assumptions of perfect
chemical equilibrium in-place, and no re-equi-

" libration during flow to the well, are incom-

patible in a reservoir which has undergone
significant discharge.

Let us know consider a hypothetical model with

"no’re-equilibration whatsoever and no rock-

fluid interaction. As a reservoir region is
being depleted, the cumilative production of
each chemical species will then approach the

- total amount of that species originally stored

in the reservoir fluids. Therefore, the aver-
age mol fractions obtained from the cumulative
discharge will approach the original in-place
mol fractions, so that the "cumulative" vapor
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fraction y computed from average mol frac-
tions will approach the original in-place
steam quality Q, = M.v/(Mv + M ). (Here M is
mass in place). From this one can obtain the
in-place liquid saturation

‘- i - ycum)/ 31
1 ycum/9v +a- ycum)/91

(5)

Results for "cumulative" vapor fraction, us—
ing average mol fractions, are shown for well
ALR in Fig.l2. It is seen that ycumf;O.BO;

similar values are also obtained for other
wells. Inserting typical values of t = 280°C,
Y eum = 0.35 into Equation(5), we obtain

S. = 0.08, which is substantially smaller
tﬁan the range of values compatible with to-
tal fluid extraction to date in the central
zone of Larderello (S, 2= 0.25; cf.Pruess et
al., 1985). This discrepancy indicates that
the assumptions made in our hypothetical mod-
el are wrong. We conclude from this tha either
there is partial re-equilibration in the
single-phase vapor zones near the wells, or
there is non-equilibrated "excess" CO, pres-
ent in the produced fluids, which is released
from minerals during exploitation (or both).
The latter possibility seems quite realistic,
as reservoir engineering studies have demon-—
strated that only a small fraction of the CO,
produced in Larderello could have been origi-
nally stored in the reservoir fluids (Pruess
et al., 1985).

Usually 90%Z of the main gas is CO,, especial-
ly in the vapor-dominated geothermal field at
Larderello. In the present paper we assume
that the CO, concentration, and hence the gas/
steam ratio, may be controlled by local min- -
eral buffers. As early as 1979, D'Amore &
Truesdell hypothesized that the fluid at well-~
head may have originated from various sources
with different physical and chemical charac-
teristics, sited at differing depths within
the reservoir. Now, different buffers could
exist or act with different kinetics in the
various parts of the reservoir. Imagine two
different parts of the reservoir which have
identical phase compositions (in-place as well
as flowing), but different mineral buffers.
The gas/steam ratios will, therefore, be dif-
ferent and the resulting y values, determined
for instance by eq.(3) at a given temperature,
will also differ, unless (ZH_ ) x (gas/steam)

= constant, and CH,/CO_ = constant, These
conditions will on?y bg fulfilled if the ki-
netics of the gas reactions are fast compared

to the kipetics of the mineral buffer. If, on
the other hand, the mineral buffer is faster,
then different y values will be obtained, even
though all phase compositions may be identical.

In the uppermost part of the reservoir, con-
sisting of dolomites, anhydrite and calcite,
one possible reaction capable of buffering

C02 is calcite hydrolysis:

CaCO. + 2 B = ca’t + H 0 + CO (6)
a3 2 2 2

Analysing the last thirty years of production
at Larderello, we calculated that the total
CO,_ produced by this reaction has led to the
destruction of less than 1 meter of limestone
throughout the 200 km? of this field. This is
effectively a very small quantity.

In the deepest part of the reservoir, consist-
ing of quartzitic phyllites, the following
reaction is likely to occur between epidote,
calcite, quartz and prehnite:

2 i i =
Ca2A13813012(OH) + ZCaCO3 + 5102 + ZHZO

3Ca_Al,51.0 (OH)2 + 2C0

272773710 M

2
Utilizing clinozoisite activity, with a pista-
cite molar fraction of 0.275 (average at Lar-
derello), we obtain the following equation cor-
relating the CO, partial pressure to tempera-

2
ture t °C:

log P = -2.81 + 1.437 x 10 %t - 1.4 x 10 °t°
co,
(8)
At 260°C, PCO 2zl bar, which is compatible with
2

the C02 pressure measured in the central part
of the field.

In other words, the calculated y at Larderello
may be affected by an excess of CO,. This con-
clusion derives from the observation that the
calculated y values are generally very high
(from 0.2 to 0.8), and liquid saturatiom, i.e.
the fraction of volume occupied by the liquid
in the reservoir, is far too small compared to
the cumulative production of many wells, since
most of the fluid produced must come from eva-
poration of the liquid fraction (usually less
than 5 Z at Larderello).

Figure 13 shows that the calculated yZ at both
Larderello and The Geysers is closely corre-
lated with the gas/steam ratio. -

The wells chosen at Larderello had temperatures
between 250° and 270°C. At The Geysers y was
calculated at 240°C. This could indicate a
mixing between fluids from differing parts of
the reservoir containing different percentages
of CO,.
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We considered an average composition typical
of the central area of the Larderello field:
co, = 90%; Hy = 1.9Z; H,S = 1.6%Z; CH, = 1.5Z.

Using eq.(3) we calculated y as a function of
temperature for different values of the gas/
steam ratio, from 1 to 50 Nl/kg (Fig.l4).
Figure 15, on the other hand, was based on
eq.(2), using a known function of tempera-
ture for oxygen partial pressure (see D'Amo-
re & Gianelli, 1984):

log Poz = -3.808 - 13708.3/T - 2.075 x 106/'1‘2
€))

Note first of all the strong variatiom in y
with gas/steam ratio. For example, at 260°C
from 20 to 30 Nl/kg, y varies from 0.3 to
0.43. Moreover, the higher the gas/steam ra-
tios, the closer the correlation between y
and temperature. Thus, from 240° to 280°C,
at 30 Nl/kg, y varies from 0.54 to 0.34.

In the case of HZS (Fig.15), the dependence
of y on temperature is even more remarkable.
The point shown in the two figures represents
the average gas/steam ratio (25 N1/kg) and
average temperature (260°C) of the central
part of the field. The two methods give
roughly the same value of y, i.e. 0.35.

Solving eqs. (1),(2) and (3) simultaneously
as a function of T and y, we obtain:

(Z Hy8) (% CHp)
6 log +log = 25.72 - 8121.8 _
(2 Hy) (% COp)
4,74 log T + 6 log A - 6 log - log A
HZS AHZ CO2
+ log ACH4 (10)

This equation is of limited use for calcula-
ting y where the latter has high values or
temperature is low.

For example, at 260°C for various values of
y, the right-hand side of the equation gives
the following values (F):

y F

3.13
1 0.35
-1.89
-2.24
=-2.37
~2.44

i

- 0 00O0O0
w N - O
[=]

Using the same field data we used earlier,
we merely obtain 0.25 & y £ 0.50. However,

this is compatible with the results obtained
from Figs. 14 and 15.

CONCLUSIONS

In a qualitaiive sense, the temporal varia-
tions in vapor fraction for many wells are
strongly correlated with changes in gas/steam
ratio, chloride and boron concentrations, and
flow-rate decline. This striking correlation
supports the multiple source model of D'Amore
& Truesdell (1979).

For the above discussion it is also apparent,
however, that the quantitative significance
of y-values obtained at Larderello remains
uncertain at the present time. Observed vapor
fractions reflect several reservoir conditions
and processes, including (1) the 'memory' of
two-phase conditions with substantial liquid
in the (presumably) deep ultimate fluid sour-
ces; (2) the release of CO2 from minerals,
which equilibrates only in part or not at all
with other gaseous species; and (3) possibly
partial re~equilibration of non-condensible
gases in the single-phase vapor regions sur-
rounding the wells.
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Figure 2. Temporal trend for well BEL. See
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Figure 3. Temporal trend for well 145. See
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Figure 4. Temporal trend for well FAB. See
Fig.1l for legend.
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Figure 5. Temporal trend for well 80. See Fig.l
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Figure 6. Temporal trend for well G/9. See
Fig.l for legend.
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Figure 7. Temporal trend for well G/l. See
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Figure 8. Temporal trend for well VC/10. See
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Figure 9. Temporal trend for well QUE. See
Fig.l for legend.
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Figure 10. Relationship between flow-rate Q in
t/h and y% for some wells of the Larderello
field and including well T22 of Travale field
(TR). Open circles refer to values at start of
production and crosses to values when flow-
rate began to stabilize.
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Figure 11. Relationship between flow-rate and
y% for some wells in The Geysers field.
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Figure 12. Vapor fractions computed for well
ALR vs time. Circles: y computed from eq.(3);
dots: cumulative y (see text).
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Figure 13. Percentage of y (calculated from
eq.(7))as a function of gas/steam ratio ex-
pressed in Nl/kg (liters of gas at standard
conditions per kg of steam). Dots refer to

Larderello and open circles to The Geysers.
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Figure 1l4. yZ computed from eq.(3) at a given
composition (see text) as a function of tem-—
perature at different values of the gas/steam
ratio (expressed as Nl/kg).
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Figure 15. yZ computed from eqs(2) and (9) at
a given composition (see text) as a function
of temperature at different values of the gas/
steam ratio (expressed as N1/kg).
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