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ABSTRACT 

The production h i s to ry  of most of 
the Larderel lo wells, both the 
older ones and the recent ones, 
tha t  we have produced a t  constant 
pressure, i s  characterised by a 
rap id  i n i t i a l  decline. 
I n  t h i s  study such a decl ine i s  
interpreted as the consequence of 
on o r ig ina l  f low regime of the 
"depletion" type being followed 
by a "d i f fus ion"  type regime. 
Such an in terpretat ion,  which 
does prove consistent wi th  the 
phenomenology of the geothermal 
f i e l d ,  was suggested by the 
resu l t s  of the analyses of the 
well-closure tes ts  carr ied out i n  
the North zone of Larderel lo and 
i n  the Travale f i e l d .  

THE DECLINE I N  PRODUCTION 

The production of steam i n  the 
Larderel lo geothermal f i e l d  
depends f o r  over one t h i r d  of the 
t o t a l  on a group of ninety wells 
located i n  the northern par t ,  
near the township the f i e l d  i s  
named af ter .  
The analisys of the decl ine i n  
production as described i n  t h i s  
study i s  mainly ,based on 
measurements taken on these 
par t i cu la r  wells, f o r  the reason 
tha t  t h e i r  number has remained 
constant over two . long, and 
qui te  d i s t i n c t  time-peciods; 
the decl ine has- theref ore 
depended sol e l  y on the physical 
processes . regulat ing the 
production of the reservoir. 
This feature i s  not t rue  f o r  the 
other areas of Larderello. 
The h i s to ry  of production (Fig.1) 
i s  characterised by two peaks 
corresponding t o  the years 52-56 
and 65-67 due t o  the contr ibut ion 
of the wel ls  b u i l t  i n  those years 
i n  the areas known as Valle 
Secolo and Gabbro (Gennai, 1964; 
Celat i ,  1976). 

Other features of the 
production h i s to ry  are: 
- a uni formi ty  of supply pressure 

(* 5 bar) i n  the wel ls  ( 1 ) .  
steady bver long time-spans; 

- the contr ibut ion made by the 
re in jec t i on  of condensate 
waters, as of the year 1979; 

- the l im i ta t i ons  put on the f low 
from 1980 onwards, wi th  the aim 
of increasing the pressure i n  
the reservoir. 

The f a l l  i n  production has 
already been analysed by various 
authors wi th  methods based on 
Arps r6; corre la t ions and other 
kinds (Atkinson, 1978; Celat i ,  
1976; Gennai, 1964). Gennai and 
Sest in i  come t o  the  conclusion i n  
t h e i r  study tha t  the law of 
decl ine i s  of a harmonic type, 
but such a conclusion i s  not very 
convincing due t o  the poor 
resolut ion of the method of 
graphic smoothing used. 
Atkinson e t  a l .  found tha t  the 
whole family of curves proposed 
by Arps have t o  be used t o  
describe the drop i n  f low of some 
Larderel lo wells s i tuated i n  the 
Serrazzano area, thus f a i l i n g  to 
come t o  any conclusions about the 
type of decline. 
However i n  tha t  study l i t t l e  
consideration was given t o  the 
e f fec ts  of interference between 
wells, which can modify the 
typology of the:..decline when they 
come i n t o  play. 
I n  t h i s  analysis we are therefore 
considering .wells or groups of 
wells which can. be considered 
isolated.- .:One- example o f  the 
decl ine i n  'the f low of an 
" isolated". . well, which has 
produced . - a t  a- more or le55 

.. 

(1) An exception t o  t h i s  i s  the 
group i n  the Gabbro area 
which produce a t  pressures a 
few bar higher. 
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constant pressure, is provided by 
Well VC 10. The law of decline 
turns out to be of an exponential 
type over the first ten years or 
so of production (Fig. 2) .  
Thereafter the flow remains 
almost constant, with the same 
type of decline as the older 
we1 1 s have. 
The entire decline can be 
described in a single analytical 
function of the type: 

6-Gm = (Go - Gm) - Exp(-t/T) (1) 

which however does not satisfy 
the condition of zero flow at 
t -> m, which we would expect on 
the strength of plausible 
physical considerations. 
To check if the decline of Well 
VC 10 were characteristic of the 
wells of Larderello North too, it 
was decided to subdivide those 
wells into homogeneous groups, 
according to their topographical 
location and their year of 
construction; this was done with 
the aim of overcoming 
difficulties of interpretation 
caused by interference phenomena. 
In this way two groups of wells 
selected in Larderello North, the 
first being a group of seventy 
wells mostly in the Valle Secolo 
area, and built before 1956, and 
the second being the five wells 
located in the Gabbro area. 
For both of wells the decline in 
flow is characterised initially 
by a law of exponential type 
(Fig. 3,4) .  
Such behaviour could to some 
extent be influenced by the fact 
that the we1 1s under 
consideration began producing 
over a time-span which is not 
negligible in respect of the time 
constant of the decline. Noting 
however that the time- 
constants of the single wells 
have similar readings, we must 
conclude that the exponential 
nature of the decline is real, 
and not the result of a 
manipulation of data. 
Once again we find that a 
function like the (1) 
interpolates excel lent 1 y the 
ex per i men tal data. 
Considering that an exponential 
decline is typical of a 
reservoir in depletion, the 
period of decline successive to 
it might be the manifestation of 

a new production phase of the 
reservoir. The levelling-out of 
the curves showing declining flow 
could indicate the presence of a 
recharging of the reservoir, 
manifesting when the depletion 
has brought about some drop in 
the pressure. Such a recharge 
could be caused by a deep water 
table feeding the upper part of 
the reservoir, (Truesdell, 1973) 
or by meteoric surface waters 
located on the outer edges of the 
geothermal field, as has been 
proposed by various authors 
Gelati , C71, 1976; Petracco, 
1975). 
But some indications provided 
recently by the drilling of wells 
more than 3000 m. deep (Cappetti, 
1985) go against the previous 
hypotheses, whereas the results 
of some closure tests carried 
out si mu1 taneousl y on groups of 
wells (see Ch.3 and Neri, 1985) 
indicate the existence of a 
diffusive flow regime in the 
pressure transients. 
For this reason we have looked 
for the existence of such a flow 
regime in the history of 
production, plotting the flows as 
a function of t-=’=. 
One can recognise in the decline 
of production illustrated in Fig. 
5 that at the end of the 
depletion phase the flow falls 
linearly as a function of t-x’z, 
and that the lSine interpolating 
the graph of Fig.5 satisfies the 
condition G = 0 for t -> m, as 
considerations of a physical 
nature would demand. This means 
that a diffusive flow regime is 
set up within the reservoir. 
This interpretation of the 
decline in flow leads to a 
conception of a reservoir 
behaving firstly with a more or 
less constant volume (depletion 
phase) and then continually 
variable (diffusion phase). 
The diffusive condition seems 
moreover to manifest in a 
vertical direction, for the 
second group of wells under 
consideration - the one which 
started up production a few years 
later than the first group - 
possesses the same features. 
But over and beyond these 
considerations, which may have a 
great importance in the 
elaboration of a conceptual 
model, we are also interested in 
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making forecasts f o r  production 
based on past records. 
With t h i s  aim i n  mind i t  may be 
useful t o  describe the decl ine 
with a s ing le  analy t ica l  function 
tha t  nevertheless s a t i s f i e s  the 
cond i t i  ons 

G f 1/It f o r  t >> 7 

The most simple function t o  
sa t i s f y  these conditions i s  

G P J0 / J(1 + t / 0 )  0 = r / 2  

which i s  up t o  describing the 
en t i re  decl ine i n  production of 
the wel ls  being considered and 
has been put forward by A. 
B a r e l l i  ( 2 )  as a so lut ion t o  a 
f low problem i n  which the 
reservoir and the production 
pressures are constant, but the 
resistance t o  f low increases i n  
l inear  fashion with the mass 
produced. 
An ana ly t i ca l  funcion describing 
the decl ine i n  flow, and wi th  the 
correct boundary conditions, can 
acquire the signif icance of an 
inf luence function, a t  constant 
pressure, of the l inear  f low 
equation - i f  one ex is ts  - 
governing production. 
If we admit the existence of an 
equation of t h i s  kind, a t  least  
i n  tha t  period of production with 
a d i f f u s i v e  condition, then the 
function 

can be considered an inf luence 
function of the reservoir. 
We shall therefore wr i t e  tha t  the 
flow G ( t ) ,  a t  constant supply 
pressure PT, i s  rendered by 

G ( t )  = (Po= - PI’) * A / J t  

where Po i s  the i n i t i a l  s t a t i c  
pressure. 
From the slope of the l i n e  i n  
Fig. 5 we have 

(PO2-P~=) *Rz 3- l Q a  (tons/Jh) 

Along with the influence function 
a t  constant pressure, can be 

( 2 )  Pr ivate communication. 

considered the analogous function 
Fo ( t )  a t  constant f low defined as 

(P,’+TZ(t)) = G - Fer(t) 

From the theory 

Fo( t )  = aJt ; a = 2/(n*R) 

Knowing about the two inf luence 
functions allows us t o  describe 
the evolut ion of the reservoir i n  
the two possible management 
scenarios of imposed f low or 
pressure. Assuming tha t  Po=-PIz 
i s  i n  the order of 1Q3 bar’ we 
can calculate 

a 2 2 - lo-= (bar=-Jh/tons) 

and the response function a t  
constant f low tu rn  out t o  be 

This r e s u l t  can be used t o  
forecast the recovery of pressure 
i n  the reservoir,  caused by a 
closure of the wells f o r  a time 
at, small w i th  respect t o  the 
production time preceding the 
closure, and during which the 
f low can be held t o  be constant. 
Applying the p r inc ip le  of 
superposition, and ind ica t ing  
with t’ the time the closure 
occured in ,  measured as from the 
start-up of production, the 
reservoir pressure P ( t )  f o r  t>t’ 
i s  given by 

P”(t)-P’(t*) = 2 - 
t*) 

lo-= G(t’) 4t- 

Put t ing 

G(t’) = 950 t /h, P(t’)=6.5 bar 

we get approximately 

6P = P(t)-P(t’)Z-l5+-t-) 

THE FLOW REGIME AND PRESSURE 
TRANSIENTS 

From the year 1980 onwards, 
closure tes ts  have been carr ied 
out f o r  e n t i r e  groups of wells. 
The f i r s t  of such test ing5 
concerned the Travale f i e l d  
(Neri, 1985), and the second the 
Larderel lo North f i e l d  - t h i s  
carr ied out wi th  the aim of 
assessing the p o s s i b i l i t y  of 
managing the reservoir a t  a 
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pressure higher than the one a t  
present. 

The Larderel lo North Well-Clo- 
sure Test 

The t e s t  involved the closure, 
w i th in  the span of two hours, of  
51 wel ls which were producing 950 
t /h  of steam. 
During the closure period, which 
had a durat ion of  20 days, the 
pressure a t  the head of a l l  the 
closed wel ls  was measured da i l y ,  
and then measurements continued 
in te rm i t ten t l y  a t  the 19 contro l  
wel ls a f t e r  the reopening of the 
producing wells. 
A t  the reopening phase the f low 
was regulated a t  the  l eve l  
per ta in ing before closure; i n  
some cases the well-head valves 
were throat t led.  
The pressure build-up curves of 
the 70 wel ls involved i n  the t e s t  
(Fig. 6 . 7 )  reveal a homogeneous 
behaviour, wi th  just a few 
exceptions due t o  phenomena of 
condensation or such. 
The homogeneity of behaviour 
ind icates the existence of a 
s ing le  law of pressure build-up 
one which has turned out t o  be of 
a d i f f u s i v e  type, as can be seen 
i n  Fig. 7, i n  which the pressures 
are p lo t ted  as a funct ion of the 
square roo t  of closure time. 
The major i ty  of  the closure 
curves l i e  between 4 and 7 bar, 
w i th  a slope of 0.05 ba r / (h ) l f 2 ,  
three times less  of tha t  
calculated. A l im i ted  number of 
12 wel ls  l i e  outside these 
margins, wi th  slopes of a s im i la r  
value. 
These are wel ls  located fu r ther  
out from those w i t h  lower 
pressure, and a few hundred 
metres deeper. 
The t e s t  d id  not po in t  t o  
phenomena of r a d i a l  f low between 
the edges of the reservo i r  and 
i t s  centre, ne i ther  d i d  the 
storage capacity of the reservo i r  
t u rn  out t o  be very s ign i f i can t .  
The t e s t  r e s u l t s  demonstrate 
ra ther  tha t  there i s  a f low 
regime of a d i f f u s i v e  nature 
throughout the reservoir ,  w i th  
neg l i g ib le  storage, and tha t  i t  
i s  developping i n  a v e r t i c a l  
d i  r e c t i  on. 

Compressibi 1 i t v  and D i f  f u s i v i  t y  

During the drilling of new wells 
in the Larderello North Zone, it 
has recently been found that 
there exists, in the most heavily 
drilled area,a vertical pressure 
gradient of 0.01 bar/m. 
Given that the reservoir produces 
in a semistationary state, this 
gradient determines the current 
flow of vapour according to 
Darcy's law 

q U) * grad (PI 
LL 

Assuming a 1 inear f low model, the 
increase 6P of pressure during 
the closure of the wells, i s  
rendered by 

6P = 2q (E) .I(*) 
K lr 

Combining the two equations we 
see tha t  the d i f f u s i v i t y  depends 
only  on the pressure gradient (3) 
and on t h  slope of  the build-up 
curves. 
The value o f  5 - lo-= mz/s, 
coming from the ca lcu lat ion,  i 5  

two scales lower than the 
previous estimates m a d e  by 
analyzing the build-up of s ing le  
we1 1s. 
The estimation of  pc does not  
come as read i l y  as tha t  of  the 
d i f f u s i v i t y .  We need t o  postulate 
a f low surface, tha t  we w i l l  
suppose equal t o  the 
topographical one ( 5  km=) over 
which the wel ls  are located. So 
we get 

K z 10-a m=/Pa - s) 
V 

Pc "_ 2 - lo-* Pa-a 

A f i g u r e  of t h i s  k ind f o r  Pc, i s  
more compatible wi th  a biphase 
f l u i d  than wi th  superheated 
steam. 

Inf luence Functions a t  Constant 
F A  

The r e s u l t s  of  the c losure tes ts  
show tha t  the re la t ionsh ip  which 
ex i s t s  between increase of  

(3) The dependence i s  quadratic, 
and so i n  the ca lcu lat ion o f  

q the uncertainty over the 
f i g u r e  f o r  the gradient gets 
amplified. 

-184- 



pressure and time of closure i s  
of the type 

6(P”) = G - Fe(6t) 

were Fo( t )  i s  the inf luence 
function a t  constant flow, which 
i s  

Fo(Gt) = -6546t /G 

The inf luence function can be 
used t o  simulate reservo i r  
manegement scenarios, wi th  
variable f low regimes; i n  
par t i cu la r  i t  can be used t o  
calculate the f a l l  i n  pressure 
during the period fo l lowing the 
reopening of wells. Given the 
invariance of the flows we sha l l  
wr i te  

6 (P=) =. 65CJ6t - J(6t-T”) 3 ; 
; 6 t  > T* 

T’ = Closure time 

The theoret ica l  var ia t ion  i n  
pressure which i s  calculated with 
the above equation i s  shown i n  
diagramatic form i n  Fig. 8, 
together wi th  the pressures of 
the contro l  wells. 
The s i m i l a r i t y  between the 
theoret ica l  curves and the 
measurement graphs i s  
considerable and shows the 
v a l i d i t y  of the theoret ica l  
approach used. 
A more deta i led analysis of the 
various curves shows (Fig. 9 )  
tha t  the measured decl ine of 
pressure i s  not, i n i t i a l l y ,  of a 
d i f f u s i v e  type, nor i s  i t  from 
storage. It might rather be 
caused by a phenomenon of 
evaporation of the steam 
condensed during the closure. 
This consideration would explain 
also the difference-between the 
coef f i c ien t  a as mesasured, and 
tha t  as estimated from the 
production decline. 

CONCLUDING CONSIDERATIONS 

The decl ine i n  production of the 
Larderel l o  reservoir i s  
interpreted i s  t h i s  study as the  
consequence of two production 
regimes, defined as the depletion 
and the d i f f us ion  regimes. The 
d i f f us i ve  ver t ica l - f low regime 
has been experimentally confirmed 
by the simultaneous closure tes ts  

of some f i f t y  wells. The resu l t s  
of tha t  test ing, along wi th  the 
measurements of the  ve r t i ca l  
pressure gradient made possible 
by the recent d r i l l i n g  of deeper 
wells then those cur ren t ly  i n  
production, have enabled us t o  
establ ish f igures  f o r  the 
d i f f u s i v i t y  and compressibi l i ty 
of the reservoir f l u i d .  
Regimes of depletion and 
d i f f us ion  had already been 
considered by W. Brigham and the 
author (1980) t o  elaborate a 
production model f o r  one pa r t  o f  
the Larderel lo reservoir,  ge t t ing  
some excel l e n t  concordance 
between ca lcu lat ions and 
measurements. Hovever, i n  tha t  
study the ma jo r  fac to r  
cont r ibut ing t o  the depressuriza- 
t i o n  a t  the top of the reservoir 
was seen t o  be mainly due t o  a 
d i f f us ion  process ongoing since 
the start-up of production. I n  
t h i s  present analysis, on the 
other hand, the i n i t i a l  
depressurization i s  held t o  due 
t o  a depletion production regime. 
The studies tha t  we have 
described were motivated by needs 
of an i ndus t r i a l  nature. 
I f  we consid’er from t h i s  po in t  of 
view the resu l t s  which have been 
obtained, solme useful ind icat ions 
can be extracted f o r  the 
management IDf the geothermal 
f i e l d ’ s  explloitation. 
F i r s t  of a l l ,  as f a r  as the 
prac t ica l  problem of production 
forecasts i s  concerned, the  Arps 
fami ly  of an.alytica1 equations i s  
of l im i ted  use. A fami ly  of 
equations of t h i s  kind bears upon 
the exponenkial decl ine wich 
occurs during the depletion 
production regime, but cannot 
describe the decline tha t  occurs 
once the regime becomes a 
d i f f u s i v e  onip. 
The equations tha t  we have 
proposed do have a more general 
u t i1  i t y .  
A s  f a r  as the implications 
involved i n  a d i f f u s i v e  f low 
regime are concerned, one of the 
main ones i ! 6  the existence of a 
ve r t i ca l  pressure gradient, as 
has indeed been experimentally 
ver i f ied.  
It fo l lows tha t  a considerable 
increase of production - pressures 
might be obtained by deepening 
the present we1 1s. 
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Another feature of  a d i f f u s i v e  
production regime wi th  a biphase 
f l u i d  i s  the existence of an 
evaporation surface which i s  
s tead i l y  receding from the top of 
the reservoir  wi th  the passing of 
time. 
Therefore the upper pa r t  of  the 
reservoir  i s  no longer 
contr ibut ing t o  production now, 
since the reserve o f  l i q u i d  water 
which was i n i t i a l l y  there has run 
out. And so there should be large 
volumes of dry  rock s t i l l  a t  h igh 
temperatures (Cappetti , 1982). 
Thus, when a d i f f u s i v e  regime i s  
wel l  under way, condi t ions e x i s t  
i n  the reservo i r  which are 
p a r t i c u l a r l y  favourable f o r  
re in ject ion.  Such condi t ions do 
not ex i s t  when a reservo i r  i s  
producing i n  a deplet ion phase 
though, when water ex i s t s  i n  a 
1 i quid phase i n  the nei  ghbourhood 
of the well. 
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Fig. 6 Pressure graphs for the wells 
closed during the June '85. 
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Fig. 8 Pressure graphs of the control wells during the June '85 clo- 
sure of the production wells and in the period following their 
reopening. The curve marked M was calculated using the 
influence function of Well 85. 

Fig. 9 Bilogarithmic pressure graph of some of the control wells. 
The curve M was calculated as in Fig. 8. 
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