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I N T R O D U C T I O N  
The vapor-dominated reservoirs of Larderello, 
Italy, The Geysers, California, and Matsukawa, 
Japan, have been under exploitation for several 
decades. Much geological, geophysical, geochemi- 
cal, and reservoir engineering information on these 
systems has been published in the technical litera- 
ture. Conceptual models have been developed 
which explain important physical and chemical 
conditions and processes in these systems (Ferrara 
et al., 1970; Sestini, 1970; White et  al. 1971; 
Truesdell and White, 1973; Weres e t  al., 1977; 
D’Amore and Truesdell, 1979; Pruess and  
Narasimhan, 1982). 

Vapor-dominated reservoirs are overlain by a 
caprock of generally low permeability, in which 
heat transfer occurs mainly by conduction. In the 
main vapor-dominated zone vertical gradients of 
temperature and pressure are small, so that  con- 
ductive heat flow is negligibly small. Heat transfer 
in these zones occurs by means of a vapor-liquid 
counterflow process known as “heat pipe” (White 
et  al., 1971; Martin et  al., 1976; Straus and Schu- 
bert, 1981; Pruess, 1985). Vapor originates at  
depth from boiling of liquid. It rises to  shallower 
horizons where i t  condenses, depositing its large 
latent heat of vaporization. The condensate then 
returns to  depth driven by gravity force. 

Little is known about fluid and heat transfer 
processes, and thermodynamic conditions of forma- 
tion fluids beneath the main permeable zones of 
vapor-dominated systems. Systematic long-term 
increases in production temperatures with strong 
superheating have been reported for Larderello 
(Sestini, 1970). These observations suggested that  
fluids with very high enthalpy can be delivered 
from greater depths (2-4 km). In recent years a 
programme of deep exploration has been carried 
out at Larderello by the En te  Nazionale per 
I’Energia Elettrica (ENEL), results of which have 

been presented by Cappetti et al.. (1985). Several 
wells have been drilled to  depths of 3000 m and 
more, and temperatures in excess of 300°C have 
been observed. More recently, similarly high tem- 
peratures and high-enthalpy fluids have been 
reported for a deep well a t  The Geysers (Drenick, 
1986). 

In this paper we present temperature data  for deep 
horizons a t  Larderello, and we attempt to  analyze 
the d a t a  with a view on identifying reservoir con- 
ditions and processes a t  depth. Of particular 
interest are the mechanisms and rates of fluid and 
heat flow in the natural state and in response to  
exploitation, and the permeability structure of the 
reservoir. 

D A T A  O N  D E E P  T E M P E R A T U R E S  
Temperature logs are run in Larderello wells dur- 
ing drilling stops mainly to  locate permeable zones. 
In some cases drilling stops are sufficiently long to  
permit bottom-hole temperatures t o  stabilize a t  
values indicative of formation conditions. For 
shorter drilling interruptions (24-48 hours) it is 
possible to estimate formation temperatures from a 
record of the temperature recovery a t  bottomhole 
(Barelli and  Palama, 1981; Grant et  al., 1982). 
Such estimation provides reliable results when for- 
mation permeability a t  bottomhole is low. After 
completion, temperatures tend to  stabilize 
throughout the depth of the borehole, but the 
presence of internal flows [with heat loss and boil- 
ing and condensation effects] generally make 
wellbore temperatures different from formation 
temperatures. In some wells high rates of internal 
flow between different permeable intervals are 
present in shut-in conditions, so tha t  in the vicin- 
ity of fluid entry points temperatures are relatively 
unperturbed by heat loss effects in the wellbore. 
However, due to  the predominance of fracture per- 
meability in Larderello it is generally not possible 
to correlate temperatures measured a t  a major 
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feed with formation temperatures at the same 
depth. 

Because of these difficulties, only few reliable 
measurements of formation temperatures are avail- 
able from Larderello. In Figure 1 we present 
temperature-depth da t a  obtained from three pro- 
ductive wells located in the central area of Lar- 
derello, which has been under production for some 
forty years. Note tha t  temperatures a t  any given 
depth are generally similar for the three wells. 
Down to approximately 500 m depth there is a 
conductive gradient of approximately 0.49 ' C/m. 
From 500 to 2400 m depth there is a very small 
gradient of 0 .015"C/m,  which is typical of the 
main zone of vapor-dominated systems. Substan- 
tially higher temperature gradients, approaching 
boiling point-for-depth (B.P.D.) conditions, are 
encountered at greater depth. 

The temperatures of the fluids produced at  Lar- 
derello have increased considerably over decades of 
exploitation (Sestini, 1970). It is not known how 
formation temperatures such as shown in Figure 1 
differ from the conditions that  were present before 
exploitation. 

HEAT FLOW ANALYSIS 
As an introduction into analyzing heat transfer 
conditions at depth we shall briefly discuss the 
natural s ta te  of a vapor-dominated system. The 
following observations and assumptions can be 
made: 

- in the natural undisturbed state,  heat transfer 
in vapor-dominated systems is essentially 
vertical; horizontal components of heat flux 
will only be significant at the reservoir mar- 
gins, where temperature gradients have large 
horizontal components; 

- in the natural state,  a reservoir is close to  
steady-state conditions of fluid and heat flow; 
this together with the assumption made above 
implies that  vertical heat flux is very nearly 
constant down to "great depth"; 

- total vertical heat flux contains conductive 
and convective components; convective heat 
transfer is accomplished by steam-water 
counterflow (heat pipe); 

in the natural state,  steam-water counterflow 
will be very nearly balanced, so that  net verti- 
cal fluid flux will be very small; 

- 

write the total vertical heat flux as a sum of con- 
ductive and  convective contributions (Martin et 
al., 1976). Assuming the z-axis t o  point downward, 
we have for upward heat flux: 

d T  
Q = Qconv + K - d2 (1) 

P Y  P1 

Here K is thermal conductivity, T is temperature 
in ' C ,  k is absolute permeability, p is density, 
hyI = h, - hI  is vaporization enthalpy, g is 
acceleration of gravity, p is viscosity, k, is relative 
permeability, and subscripts 1 and v denote liquid 
and vapor phases, respectively. 
From Eq. (2) it can be seen that  the heat flux asso- 
ciated with balanced liquid-vapor counterflow will 
tend to zero as temperatures approach the critical 
point (374.15 ' C for pure water). It is well known 
tha t  for a given convective heat flux a balanced 
liquid-vapor counterflow is possible in two distinct 
conditions, corresponding to vapor-dominated and 
liquid-dominated heat pipes, respectively (Martin 
et  al., 1976; Pruess, 1985). Formally, this can be 
seen from Eq. (2), which for given QcOnv has one 
solution in which krI is small and another in which 
kr, is small. In the vapor-dominated state the 
vertical pressure gradient is somewhat larger than 
vapor-static, so tha t  there is a large effective force 
for downward flow of liquid. A balanced 
counterflow of vapor and liquid is then possible for 
conditions of very small liquid relative permeabil- 
ity (large vapor saturation). Conversely, in the 
liquid-dominated state there is a large force for 
upward vapor flow, and under conditions of bal- 
anced counterflow both vapor saturation and 
vapor relative permeability are small. 

We have evaluated Eqs. (1) - (3) over a wide range 
of temperatures, assuming that  the sum of liquid 
and vapor relative permeabilities is equal t o  1, as 
is appropriate for a fractured medium (Pruess et 
al., 1983). Temperature and pressure dependence 
of water properties was computed from equations 

- the  reservoir is in  two-phase conditions all the 
way down to  great depth where supercritical 
conditions may be reached (Cappetti et  al., 
1985). 

given by the International Formulation Committee 
(1967). The results are Plotted in Figures 2 and 3. 
It is seen that  vapor-dominated heat pipes show 
only modest variations in heat transfer rates over 
the temperature range from 150 to 300 ' C. In con- 
trast ,  heat flux in liquid-dominated heat pipes has On the basis of these assumptions it is possible to  
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a fairly sharp maximum near 320'  C. However, no 
dramatic reduction in heat flux is observed for 
temperatures up to 350 ' C in either case. 

As an  alternative to Eqs. (1) - (3) one can write 

d T  Q - K -  
dz kk,,= e[l 1 hvl 

(---)(T+273.15) 
P Y  PI 

which expresses effective vapor permeability k*krV 
as a function of total heat flux, reservoir tempera- 
ture, and temperature gradient. (Note that  all 
water properties appearing in Eq. (4) are to be 
evaluated on the saturation line; i.e., they are 
functions of temperature only.) An analogous rela- 
tionship can be written for effective liquid permea- 
bility. For a vapor-dominated reservoir total heat 
flux is known from the conductive gradient in the 
caprock. With Eq. (4) it should then be possible to  
obtain estimates of vertical permeability for vapor 
and liquid from da ta  on temperatures and tem- 
perature gradients. If for relative permeabilities in 
a fractured system one further assumes that  
k,, + krl = 1 one could obtain absolute vertical 
permeability k at each depth level, and also liquid 
and vapor relative permeabilities separately. In 
practice, estimation of vertical permeability from 
Eq. (4) is problematic, even if good da ta  on  undis- 
turbed formation temperatures are available. We 
have performed numerical simulations of heat 
pipes of varying vertical permeability, and have 
analyzed the simulated temperature data  by means 
of Eq. (4) and  an  analogous relationship for 
effective liquid permeability. In a liquid-dominated 
heat pipe vertical pressure gradient deviates little 
from hydrostatic, so t ha t  small inaccuracies in 
temperatures translate into large variations for 
estimated permeabilities. In vapor-domin,qted heat 
pipes the deviations from a vapor-static gradient 
tend to be much larger, so that  practically useful 
permeability estimates may be possible. 

It is instructive to apply Eq. (4) t o  some of the 
temperature da t a  from Larderello, even though the 
assumptions on  which it is based are not valid in a 
producing reservoir, where there is a large net 
upward flow. Figure 4 shows results for vertical 
permeability obtained from well A temperat,ures, 
which are particularly interesting because the tran- 
sition to a higher temperature gradient is well 
defined near 2400 m depth (see Fig. 1). The per- 
meability values obtained represent lower limits, 
because the analysis did not take into account that  
vertical vapor fluxes are substantially increased in 
response to exploitation. An alternative estimation 
of vertical permeability near well A can be 
obtained by assuming that  vertical vapor flux is 
equal to  the stabilized long-term production rate 

a t  Larderello. This will provide an  upper limit for 
vertical permeability, because vertical flux will in 
fact diminish with depth as fluid is being released 
from storage. Furthermore, a t  shallower horizons 
the reservoir has evolved single-phase vapor condi- 
tions with smaller pressures and larger pressure 
gradients than  obtained from the assumption that  
pressures are equal to saturation pressures a t  given 
temperatures. Calculating permeability from a 
given vapor flux and a low estimate for pressure 
gradient will result in an  upper limit for permea- 
bility. Assuming a representative value of 100 
tonnes/hour/km2 for stabilized production rate a t  
Larderello results in estimates of vertical permea- 
bility approximately 40 times larger than  obtained 
from the assumption of undisturbed natural condi- 
tions (see Fig. 4). Actual vertical permeability 
should be intermediate between the two estimates, 
being closer to the values inferred from the stabil- 
ized production flux at shallower horizons, and 
trending more towards the values obtained from 
the natural s ta te  flow model a t  greater depth, 
where conditions are less severely affected by 
exploitation. 

NUMERICAL SIMULATIONS 
A more precise estimation of vertical permeability 
should be possible from numerical simulations. A 
numerical model for long-term field depletion must 
be consistent with the concepts of heat transfer 
outlined in the previous section, and i t  must ade- 
quately represent observed trends of production 
rates and flowing enthalpies, as well as reservoir 
pressures. The main constraints on a model are (1) 
the total vertical heat flux in the natural state,  
which is rather well known from the depth to  
reservoir top and the undisturbed temperature 
there [from well A da ta  we have Q = K . dT/dz 
= 2.3 x 0.49 = 1.12 W/m2]; ( 2 )  a rather rapid ini- 
tial decline in flow rate of most wells by a factor of 
typically 3-5 in the first few years of production, 
followed by a stabilization of rates; (3) a long-term 
rise in produced enthalpy, from initial values near 
2800 kJ/kg t o  values near 2900 kJ/kg and larger; 
and (4) a trend of increasing temperatures of prG 
duced fluids over some 20 years of exploitation, at  
a rate of 1 - 1.5 C/year (Sestini, 1970); presently 
temperatures a t  the reservoir top are near 240 C. 
Using LBL's geothermal reservoir simulator MUL- 
KOM (Pruess, 1983), we have performed numerical 
simulations of one-dimensional vertical sections 
which were designed to represent the important 
attr ibutes of the Larderello system in a generic 
way. Vertical permeability structure was chosen 
based on the results of the analysis presented 
above (see Fig. 4). Initial conditions are not known 
but can be reasonably well constrained from avail- 
able temperature da t a  and the heat pipe mechan- 
ism of vertical heat transfer. In Figure 5 we have 
plotted a temperature profile corresponding to  a 
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vapor-static pressure gradient, with T = 240 O C at 
500 m depth. Temperatures increase with depth by 
approximately 4 "  C per km. In realistic vapor- 
dominated heat pipe conditions temperature and 
pressure gradients may be 1.5 - 5 times larger 
(depending on heat flux and vertical permeability), 
but it is clear that  a vapor-dominated heat pipe 
can not reach temperatures of 300 C or more at 
3000 m depth as have been measured in the field. 
Clearly, therefore, at some depth a transition to  a 
liquid-dominated heat pipe must have been present 
in the natural state.  The depth at which this tran- 
sition occurred is unknown; i t  was chosen as 2100 
m in the simulations. This appears reasonable in 
view of measured temperatures, and the inferred 
reduction in vertical permeability near 2100 m 
depth (see Fig. 4). Ultimately, of course, this as 
well as other modeling assumptions and parame- 
ters need to be verified by comparison of simulated 
reservoir behavior with field data. 

Table 1 lists parameters used in the simulations, 
which are intended to  represent typical conditions 
at  Larderello; the large irreducible liquid satura- 
tion (80%) was chosen to approximately account 
for the large enthalpies of fluids produced from 
fractured-porous media. Selected results for pro- 
duction rates per km2, production enthalpies, and 
temperatures a t  reservoir top (at  500 m depth) are 
given in Figures 6 and 7 .  Before discussing these 
results we will briefly give a qualitative discussion 
of simulated reservoir response to  exploitation. 

In response t o  fluid withdrawal boiling will be 
induced in the reservoir, with accompanying 
increase in vapor saturation and decline of reser- 
voir pressure and temperature. These effects will 
be initially confined to  the vicinity of the produc- 
tion interval (reservoir top), but will over time 
propagate t o  greater reservoir depths. Important 
effects are induced when the disturbance in reser- 
voir conditions reaches the liquid-dominated heat 
pipe at depth. In this region large vertical pressure 
gradients are present, and a strong increase in the 
rate of vapor upflow will occur when vapor satura- 
tion and mobility increase. The upflowing vapor 
will in part condense at shallower levels, as a 
consequence of which temperature decline may 
slow down or even reverse in the condensation 
zone. 

In a porous medium model it is possible to  ade- 
quately represent the long-term trend of produc- 
tion rate, but produced enthalpies and tempera- 
tures at the reservoir top are underpredicted (see 
Fig. 6). We made various modifications to  parame- 
ters (see Table 1) in order t o  enhance rate and 
enthalpy of fluids rising from depth, including: 
increase in vertical permeability all the way to the 
upper limit obtained above (see Fig. 4); decrease in 
reservoir porosity; downward extension of the 
permeable reservoir t o  a depth of 4300 m, where 

temperatures in the liquid-dominated heat pipe 
reach 355.6 O C. These modifications were tried one 
a t  a time as well as in combination, but they were 
unable to deliver enthalpies as large as observed in 
the field. Simulated flowing enthalpies reached 
maximum levels of 2830 kJ/kg. 

In order to obtain higher-enthalpy fluids two possi- 
ble mechanisms can be considered. One possibility 
is t ha t  supercritical fluids of very high enthalpy 
may flow up from great depth and make increasing 
contributions to  production as shallower horizons 
are being depleted. Such fluids have been encoun- 
tered in the deep drilling a t  Larderello (Cappetti et 
al., 1985). An alternative possibility is that  fluids 
of very high enthalpy may be obtained from a pro- 
cess of enthalpy enhancement which is peculiar t o  
two-phase flow in fractured-porous media. When 
low-permeability rocks containing two-phase fluid 
are made to discharge into fractures, the flowing 
enthalpy of the discharge can be substantially 
enhanced by an interplay between two-phase flow 
and heat conduction in the rock matrix (Pruess 
and Narasimhan, 1982). 

Contributions of supercritical fluids are very 
difficult to evaluate. In the present work we have 
focussed on fracture effects for subcritical two- 
phase fluids. Several simulation runs were made in 
which fracture-matrix interactions were 
represented using a multiple interacting continua 
approach (MINC; Pruess and Narasimhan, 1982, 
1985). Results given in Figure 6 indicate that  sub- 
stantially higher flowing enthalpies (up to  2875 
kJ/kg) and higher temperatures at  the reservoir 
top were obtained. Figure 7 shows that  there is a 
complex structure to  reservoir depletion a t  
different depths, with important flow effects occur- 
ring in the vicinity of the original transition from 
vapor- to liquid-dominated conditions (2100 m 
depth). The depletion mechanism is rather 
different for fractured than for porous systems. 
The former permit far better access to  heat stored 
in deep reservoir rocks. We expect that  a satisfac- 
tory agreement between the predictions from a 
fractured reservoir model and field observations 
will be obtainable through a more extensive 
parameter search. 

The observed long-term rise in produced fluid tem- 
peratures has not yet been modeled. We believe 
tha t  this effect arises from localized boiling after a 
well is first opened, which causes a rapid initial 
temperature drop to  near 210 C; followed by re- 
heating of the formations by high-enthalpy fluids 
from depth. Modeling of these processes is in pro- 
gress; i t  requires a rather detailed spatial resolu- 
tion near the well feeds, especially for horizontal 
flow. 
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C O N C L U S I O N S  
We have presented a preliminary analysis of per- 
meability structure and fluid and heat flow condi- 
tions in the deeper horizons of the Larderello 
geothermal system. Our main observations and 
findings are: 

(1) Measurements in deep Larderello wells have 
indicated formation temperatures near 300 ’ C 
a t  3000 m depth, and even higher tempera- 
tures a t  greater depth. 

(2) From an  analysis of heat transfer mechanisms 
we suggest that  a transition from vapor- 
dominated to liquid-dominated conditions 
must have been present in the natural state of 
the Larderello geothermal system. No reliable 
determination of the depth a t  which this tran- 
sition occurred has yet been made, but a 
depth of approximately 2000 m or more 
appears most likely. 

(3) From temperature-depth data  in two-phase 
reservoirs it is in principle possible to  estimate 
vertical permeability. 

(4) For exploited reservoirs such as Larderello, 
reconstruction of permeability and tempera- 
ture trends with depth can be made 
indirectly, using numerical simulation. Our 
preliminary results indicate that  production of 
high-enthalpy fluids can be explained from 
two-phase flow effects in a fractured-porous 
medium. 
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Table 1. Parameters for Numerical Simulations* 

?arameter Value 

’ormation Parameters 
rock grain density 
rock specific heat 
formation heat conductivity 

formation porosity 
vertical permeability $ 
effective fracture porosity t 
rock matrix permeability t 
fracture spacing t 
depth of permeable reservoir 
liquid relative permeability 
vapor relative permeability 
capillary pressure 

2600 kg/m3 
920 J/kg . “ C  
2.3 W/m . ‘ C  (caprock) 
2.7 - 3.5 W/m . ’ C (reservoir) 
3 - 5 %  
0.1 - 24 x m2 
0.1 - 0.5% 
0.1 - 2.0 x IO-’’ m2 
50 m 
3200 - 4300 m 
k,, = (Si - 0.8)/0.2 
k,, = 1 - k,! 
0 

:nit ial Conditions 
temperatures** 240°C at 500 m depth; beneath 500 m heat pipe 

with a heat flux of 1.12 W/m2; vapor-dominated 
down to 2100 m depth, then liquid-dominated 

saturation pressures at prevailing temperatures pressures 

liquid saturation as obtained for steady-state heat pipe with heat 
flux of 1.12 W/m2 (slightly larger than 80% in 
vapor-dominated section; close to 100 % in liquid- 
dominated section) 

?reduction Specifications (“Wells”) 
flowing bottomhole pressure 5 bars 
productivity index # 4.88 x lo-’’ m3 

* 
$ 
t 
** see Figure 7; 

# 

parameters for which a range is given were varied in the simulations; 
variation with depth shown in Figure 4; 
for fractured medium simulations only; 

adjusted to obtain an early-time rate approximately four times larger than stabil- 
ized rate of 100 tonnes/hour/km2 
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Table 2. Speeiflcations of C M ~  ahown in Figures 0 and 7:. 

Cua A Case B 

reservoir description porow medium fract ured-pomw 
vertical permeability low* high' 
matrix porosity 5% 5% 
matrix permeability 
fracture porosity (no fractures) 0.1% 
depth to bottom of 3200 m 3200 m 

0.2 x 10"' mr 

I I permeable reservoir 

t additional speciEcationr m in Table 1. 
*see Figure 4 

I I I I 

-+- I "1 O W Y A  
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Temwalure ("C) 
IL I. a i r  

Figure 3. Heat flux for balanced steam- 
water counterflow in liquid- 
dominated conditions (permea- 
bility 10-'5rn2; formation beat 
conductivity 2.5 W / m  ' C). 

B 
r 
I 
I On 1 

Y 

a 1 
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Figure 1. Measured temperatures for three 
deep wells in the central area of 
Larderello. The  lines are drawn 
to guide the eye. 
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Figure 2. Heat flux for balanced steam- 
water counterflow in vapor- 
dominated conditions (permea- 
bility 10-15rnZ; formation heat 
conductivity 2.5 W/m, C). 

PemaabMy (10.'5 d) .B I. 1 I 

Figure 4. Vertical permeability distribu- 
tions as derived from tempera- 
ture da t a  for well A. Permeabil- 
i ty values used in numerical 
simulations are also shown. J slm -.-- O l e € d q  21mm Panflc.oapm 

..... mm 
7c.m 

Tffnperatwe ('C) m I?! SI6  

Figure 5. Temperature versus depth for 
boiling point-for-depth condi- 
tions beneath a vapor-static gra- 
dient. 
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Figure 6. Simulated results for flow rates, 
enthalpies, and temperatures of 
produced fluids. Parameters are 
defined in Tables 1 and 2 .  

Figure 7. Simulated temperature profiles, 
and heat and fluid flow rates, 
after 10 years of production. 
Parameters are defined in Tables 
1 and 2 .  The initial temperature 
profile corresponding to  a steady 
state heat pipe with a flux of 
1.12 MW/km2 is also shown. 
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