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Introduction 

Most Larderello wells produce superheated 
stem, with a noncondensible gas  content of  3-10 
percent by m i g h t ,  o f  rhich typ ica l ly  95 percent 
c o n s i s t s  of C02 (D'Amore and Trueadell, 
1984). 
deplet ion da te  are ava i lab le  the gas  content of  
t h e  discharge hows renarkably mall t q o r a l  
var ia t ions.  
chenges by no more than 10 t o  20 percent wer 
severa l  decades, and there a r e  only few m l l a  
where gas content changes by a s  nuch es a fac tor  
of 3, which is still a ra ther  modest change. In 
many wells there is a tendency for  gas content t o  
increase for  several  yeara, then s t a b i l i z e ,  and 
eventually decrease ( S e s t i n i ,  1970; D' Amore end 
Truesdell ,  1979; Calore et al., 1982). 

o r i g i n  o f  C02 i n  t h e  Larderello discharges 
from a reservoi r  engineering point o f  view. 
Spec i f ica l ly ,  we consider t h e  question of f l u i d  
reserves (water and C02) a t  Larderello,  and 
we car ry  out nunerical  a imula t ims  t o  obtain 
ins ight  i n t o  temporal t rends  of C02 released 
from idea l ized  models of  vapor-daninated syatsne. 
Important cons t ra in ts  i n  t h e  modeling a r i e e  from 
observed temperatures a d  en tha lp ies  at Larderello. 
Discharge enthalpies  are general ly  c l o s e  t o  those 
of  sa tura ted  stem near 250°C (2.8 HJ/kg), with 
some degree of auperheat which tends t o  increase 
with time. Flow rates of  most wells decreese 
rapidly during t h e  first few years of  production 
and subsequently decl ine v e r y  slowly (See t in i ,  
1970; Weres et el., 1977; D'kore n d  Trueadell, 
1979). 

For most wells for  which long-term 

In many caaes t h e  gas-atem ratio 

The present paper is concerned with the 

F l u i d  Reserves 

Total cunulat ive f l u i d  production from the 
Larderello reservoir  is large. Extrapolating d a t a  
given by Sest inb (1970) wc est imate  t h a t  approxi- 
mately 400 x 10 

2 t o  da te  from the central zone of Larderel lo  
which covers a area of approximately 20 icn . 
On t h e  bas is  of th ie  l a r g e  crnulative production, 
it has been concluded by several  authors t h a t  
most of t h e  f l u i d  reserves  were o r i g i n a l l y  i n  
place i n  l iqu id  form, because s torage of such 
f l u i d  q u a n t i t i e s  i n  vapor form would require  an 
unreasonably l a r g e  reservoir  thickness  (Jlmea, 
1968; Nathenson, 1975; Weres et el., 1977). In 
order t o  ca lcu la te  s p e c i f i c  f l u i d  depletion 

kg of f l u i d  have been ext rac ted  
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(i.e., mass of f l u i d  extracted per uni t  reservoir  
voluae), it is necessary t o  es t imate  t h e  average 
thickness  of t h e  productive formations, and t o  
allow for  t h e  fact  the t  t o t a l  drainage area w i l l  
be l a rger  than t h e  well f i e l d  area.  Adopting a 
value h = 1 km for  reservoir  thickness ,  and 
teking a conservative fac tor  2 f o r  reservoi r  
v o l m  t o  account for  production from grea ter  
depth, or frcm outs ide t h e  d r i l l e d  area, we 
obtain a s p e c i f i c  deplet ion t o  da te  of approxi- 
l a t e l y  10 kq/m3. For an estimated porosi ty  
o f  C 5 percent,  the vapor i n  place is 5 1 
kg@ ( f o r  a vapor density of pV 
kg/m3 a t  2M'C). I f  10 kg/m3 of f l u i d  a re  
extracted from boi l ing l iqu id  ( w i t h  a density 
of  P; 800 kg/m3 a t  25OoC), then t h e  
corresponding decrease i n  l i q u i d  sa tura t ion  
is AS; = 0.25. From these considerat ions we 
conclude t h e t  i n i t  i a l  (pre-exploitat ion) l i q u i d  
aa ture t ion  i n  the Larderello reservoir  has t o  
have been no less than S; = 0.25. 

20 

Let us now t u r n  t o  t h e  question of CO2 
reserves. 
f l u i d s  produced i n  Larderello is Xc = 5 
percent by mass, with nost individual wells 
f a l l i n g  i n  the range of 3% 5 Xc 5 10%. 
Could t h e  produced C@ have been s tored  i n  
the o r i g i n a l  reservoi r  f lu id?  In Figure 1 we 
have p lo t ted  C02 mass f rac t ions  of two-phase 
mixtures as a function of  -liquid sa tura t ion ,  wi th  
C02 p a r t i a l  pressure Pc as paraneter (tempera- 
t u r e  250.C). 
p a r t i a l  pressure o f  COz, t h e  C02 content o f  
ttm- hase f l u i d  decreases rapidly with increasing 

dependent. I f  temperature is incresaed the  CO2 
content of t h e  vapor phase diminishes, while t h a t  
of t h e  l i q u i d  phase increases.  A t  intermediate 
saturations 0.2 5 S; 5 0.5 these  phase d i s t r i -  
bution e f f e c t s  tend t o  cancel out ,  so t h a t  C02 
content i a  determined m o s t l y  by p a r t i a l  pressure,  
with l i t t l e  te rpera ture  dependence. 
lowest value of l i q u i d  sa tura t ion  rhich is 
coapat ib le  with cunulative f l u i d  production t o  
date, S: = 0.25, M everage C@ content of 
X, = 5 percent requires  a C 5  p a r t i a l  pressure 
of  Pc 15 bars.  Such p a r t i a l  pressures  a r e  
inconsis tent  with f i e l d  measurements of pressures 
and tanperatures  et Larderello.  Indeed, i n  zones 
which had not been heavily exploi ted the observed 
temperatures and pressures correspond ra ther  
c losely t o  the  saturated vapor pressure curve f o r  
water, Pv 

The average C02 content o f  t h e  

I t  is seen t h a t  for  a given 

l i q u  P d sa tura t ion .  The e f f e c t s  are temperature 

For t h e  

Psat (11, indicat ing tha t  CO2 
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p a r t i a l  pressure i a  mall (perhsps P, = 1-2 
bars ) .  From t h i s  ue conclude t h a t  only a mall 
f r a c t i o n  of t h e  produced CO2 a t  Larderel lo  
could have been or ig ina l ly  s tored i n  t h e  reser- 
v o i r  f luids .  
have been supplied either by an external  w u r c e  
(presmably located a t  g rea te r  depth),  or by an 
i n t e r n a l  aource (i.e., a mineral buf fer ) .  

Most of  t h e  produced C% has t o  

Nmerical  Simulations 

The conclusion reached above about t h e  
o r i g i n  of  COz i n  Larderel lo  discharges is 
supported by results of nunerical  simulations.  
The simulations demonstrate conclusively t h a t  
CO2 concentrations end t rends  i n  produced 
f l u i d s  can not be explained i n  terms of CO2 
content i n  place i n  t h e  o r i g i n a l  reservoi r  
f lu ids .  Before discussing t h e  nunerical  results 
it is appropriate t o  descr ibe t h e  general pa t te rn  
of  CO2 concentration chenge expected from 
two-phase flow and phase chmqe phenomena. 

re levsnt  t o  vapor-dominated sys t ems ,  t h e  mount 
of CO2 present i n  a unit  volune of gas phase is 
l a r g e r  by a fac tor  of &out 3 than t h e  amount 
dissolved i n  a uni t  volune of l iqu id  phase (see 
Figure 2) .  After depletion of a block of porous 
rock is i n i t i a t e d ,  t h e  l i q u i d  sa tura t ion  generally 
tends t o  decrease because of boilima. T h i s  en- 

For temperature and pressure conditions 

Larderel lo  wella, it is p p a r e n t  t h a t  t h e  aimu- 
l a t e d  changes i n  CO2 concentrationa are atronger 
n d  occur more rapidly than a r e  generally observed 
i n  t h e  f i e l d .  We do not consider t h i s  a aer ious 
shortcoming of the  ainulat ion.  Observed CO2 
concentrations i n  t h e  f i e l d  represent a average 
of  f l u i d  discharges from many matrix blocks. A s  
t h e  drainage volune of a mll  expands wi th  time, 

-matrix blocks at grea te r  dis tance from t h e  well 
w i l l  contr ibute  increasing CO2 concentrations,  
while matrix blocks near t h e  mll  w i l l  discharge 
f l u i d s  of decl ining CD2 content.  
pos i t ion  of these e f f e c t s  is expected t o  diminish 
and slow down C@ concentration chmges i n  
comparison t o  t h e  s i n g l e  block response shown i n  
Figure 3, giving a response more compatible with 
f i e l d  data.  

The super- 

A more ser ious  problem with t h e  simulated 
CO2 t rends  is the*absolu te  magnitude of C02 
mass f rac t ion ,  which is m a l l e r  than typ ica l  
f i e l d  values by a fac tor  of 20-30. 
aimulation we used a CO2 p a r t i a l  pressure of 1 
bar. In order t o  obtain CO2 mass f rac t ions  i n  
t h e  range of 5-8 percent,  as observed i n  t h e  
f i e l d ,  we would require  unreasonably la rge  
p a r t i a l  pressures. Alternat ively,  we could 
modify r e l a t i v e  permeability parmeters ,  or 
in-place l iqu id  sa tura t ions ,  t o  enhance gas phase 
flow i n  comparison t o  l i q u i d  flow i n  t h e  matrix. 
(For t h e  conditions chosen i n  t h e  simulation, t h e  
gas  phase contains  i n i t i a l l y  approximately 5 

In t h e  

hances gas phase mobiii ty ( re la t ive-perme&il i ty) ,  percent COz'by mass.) 
causing CO2 concentrations i n  t h e  f l u i d s  d ischargedto  other  problems, which are discussed below. 
from rock matrix blocks t o  rise. However, t h e  
boi l ing  l i q u i d  is less rich i n  C02 than t h e  i n i t i a l  

However.,. t h i s  gives  rise 

The most se r ious  f a i l u r e  of t h e  simulation 
gas  phase, so t h a t  CO2 concentrations i n  t h e  gas 
phase decl ine during depletion. This e f f e c t  
slows down t h e  increase i n  discharged CO2 
concentrations brought about by enhanced gas 
mobil i ty ,  and eventually reverses  t h e  t rend,  
causing discharged CO2 concentrations t o  
decl ine.  
flow and phase change e f f e c t s  is expected t o  
y ie ld  C 9  t rends  compatible with f i e l d  observa- 
t i o n s  for  many Larderel lo  wells: m i n i t i a l  
period of increasing Co2 concentrations,  
followed by a period of approximately constant 
composition, and an eventual decl ine i n  CO2 
concentrat  ions. 

Therefore, t h e  combination of  two-phase 

The general  t rends described h o v e  a r e  borne 
out  by nunerical  simulations.  
H20/Ch version of Lawrence Berkeley Laboratory's 
general  purpose simulator MULKOH (Pruess, 1983a; 
O'Sulliven et el., 1983) t o  study f l u i d  discharges 
from porous matrix blocks of  low permeability. 
The simulations were made with t h e  nethod of 
mult i p l e  in te rac t ing  continua (MINC; Pruess and 
Narasimhan, 19821, and d i f f e r e n t  levels of  apace 
d i s c r e t i z a t i o n  were used t o  verify t h a t  s p a t i a l  
t runcat ion e r r o r s  were negl igible .  Figure 
3 shows simulated CO2 t r a n s i e n t s  for f l u i d  
discharge from s porous cube of 50 m s i d e  length 
w i t h  parameters given i n  Table 1. 
t i o n  r a t e  spec i f ied ,  t o t a l  block deplet ion takes  
51.9 years. 
almost a factor  of 3 for t h e  f i r e t  f i v e  years,  
and subsequently decl ine,  a s  expected. 
these result8 wi th  typ ica l  f i e l d  data  for  

We have used t h e  

A t  t h e  produc- 

CO2 concentrations increase by 

Comparing 

occurs with regard t o  flowing enthalpy. 
shows t h a t  i n i t i a l  discharge enthalpy is as low 
a s  1.07 HJ/kg. 
are required before enthalpy approaches a value 
of  2.8 HJ/kg which is compatible with f i e l d  
obervations. 
ant ic ipated.  
because of t h e  low matrix block permeabili ty a 
s t rong conductive enhancement of flowing enthalpy 
would take  place,  so t h a t  superheated vapor would 
be discharged even a s  l i q u i d  is mobile and flowing 
i n  t h e  matrix (Pruess, 1983b). In te res t ing ly ,  
however, the  presence of CO2 suppresses t h e  
mechanism of enthalpy enhancement described by 
Pruess (1983b). As discharge from t h e  matrix 
block is i n i t i a t e d ,  a gradient i n  CO2 p a r t i a l  
pressure is estebl ished inside t h e  matrix block, 
which is e n t i r e l y  s u f f i c i e n t  t o  dr ive  mass flux 
a t  t h e  desired r a t e  of f l u i d  discharge. 
period of several  years t h e  gradient of vapor 
pressure remains negl igibly small i n  comparison 
t o  t h e  gradient of CO2 p a r t i a l  pressure. 
Therefore, tecnperature gradients  ins ide  the  
matrix block a r e  a l s o w r y  m a l l ,  and conductive 
enhancement of  flowing enthalpy is negl igible .  

The only way t o  obtain discharge enthalpies  
near 2.8 M/kg i s - t o  adjust  parameters in such a 
way t h a t  l iqu id  is immobile i n  t h e  matrix. How- 
ever ,  i n  simulations w i t h  immobile l i q u i d  we 
invariably obtain a rapid decl ine of CO2 con- 
cent ra t ions  with time, caused by d i lu t ion  o f  
t h e  gas phase from boi l ing l iquid.  
period required t o  deplete  t h e  or ig ina l  gas 

Figure 3 

Approximately 6 years of discharge 

This enthalpy behavior was not 
Rather, we had expected t h a t  

For a 

Over t h e  time 

f 

\ 

2 



phase i n  place, CO2 concentration6 decline by (I 

factor  o f  mpproximately 30. 

The conclusion from t h e m  a i w l a t i o n  r tud iea 
confirms the resu l t  from the a a l y a i s  o f  f l u i d  
reserves, above. N r e l y ,  the concentration md 
trends o f  CO2 i n  Larderel lo discharges cm not 
be explained by asauning that  produced CO2 
or ig inates from the reaervoir  f lu id .  

Mineral Buffer fo r  co2 

The discueaion o f  f l u i d  reaerves m d  the  
nuner ical  s imulat ion resu l t s  given b v e  ind icate 
that  most o f  the CO2 produced at Larderel lo 
or ig inates e i the r  from external or from i n te rna l  
(mineral bu f fe r )  sources. We consider the 
external  source hypothesis (CO2 supplied from 
beneath the main reservoir)  t o  be rather improb- 
able. Observed temporal var iat ions i n  C02 
content o f  discharges are generally m a l l  over 
aeverel decades, while flow rates o f  i nd i v idua l  
wel ls o f ten  chmge by an order o f  magnitude or 
more. 
would be d i f f i c u l t  t o  explain i n  a model with 
external  source, while i t  follows na tu rs l l y  when 
a mineral buf fer  i s  assuned. 

The r e l a t i v e  constancy o f  C% content 

Several authors have suggested that  non- 
condensible gas concentrations i n  geothermal 
reservoirs,  and i n  pa r t i cu la r  CO2 p a r t i a l  
pressures, are contro l led by equ i l i b r i un  reac- 
t ions invo lv ing mineral assemblages (Giggcnbach, 
1981; Cavarretts et  el., 1982; Arnorsson et  el., 
1983; Ciggenbach, 1984). 
(1982) showed that the CO2 p a r t i s l  pressures at 
Larderel lo and Serrazzsno sre close t o  aqu i l i b r i un  
f o r  the resct ion  

Cavarrett a et  a l .  

2 c l i nozo is i t e  + 3 quartz + 2 c a l c i t e  

(1 1 = 3 prehni te + 2 C02 

Following these authors we have conaidered a 
deplet ion model w i t h  a mineral buf fer  88 given by 
Equation (1). 
k i n e t i c  ra tes o f  reactions such as (1). 
adopted a f i r s t  order r a t e  law ed hoc, aSSUning 
t ha t  the volunetr ic ra te  o f  COz release from 
minerals i s  proport ional  t o  the difference 
between eau i l i b r i un  and actual  D a r t i a l  Dresaure 

Very l i t t l e  i s  known b u t  the 
We have 

o f  coz: 

An in te rna l  CO2 aource 88 given by Equation (2) 
wss incorporated i n t o  the MILKOM a im le to r .  It 
i s  believed that the mineral bu f fe r  r e a t i o n  
Equation ( I )  c m  only proceed i n  the presence o f  
l i q u i d  water. Therefore, thC ra te  constant 

i n t o  account i n  our simulations by replacing 
a + a Sr/O.O5 fo r  Sa 4 0.05. 
dependence o f  PEqis expressed by an empirical 
f i t  t o  data f o r  the react ion (11, which were 
provided t o  us by C i m e l l i  (pr ivate comunication, 

should go t o  zero fo r  Sr + 0. This i s  taken 

The temperature 

1984). The re la t ionehip ia:  

log P F  = 1.437 x 1 - 1.4 x lo-' 1'- 2.81 (3)  

R e r t i o n  (1) and Equation (3) are considered 
v d i d  i n  the 250-35O.C tsrperature range and for  
t he  deeper layere o f  the reservoir  (metamorphic 
bmaanent) of  Larderello. Lacking more detai led 
i n fomat ion  on poesible mineral buf fers  i n  
d i f f e ren t  parte o f  the reservoir  and i n  d i f f e ren t  
temperature ranges, at  present we have oeauned 
tha t  a re la t ionehip l i k e  Equation ( 3 )  could be 
considered v a l i d  f o r  t he  en t i re  reservoir  and i n  
a wider temperature range (2OO'C < T 350'C). 

It is in terest ing t o  note tha t  over the 
temperature i n t e r v a l  200.C < 15 3OO.C the 
r a t i o  of equ i l i b r i un  p a r t i a r  pressure of COz, 
66 predicted by Equation 
vapor pressure is prac t i ca l l y  constant. 
have 

( 3 ) ,  t o  the saturated 
We 

From t h i s  i t  fol lows that equ i l i b r i un  COP mass 
f ract ions i n  vapor are independent o f  temperature 
( f o r  2OO'C 5 T 5 30O0c), i f  i n  fact  C O ~  p a r t i a l  
preasure i s  cont ro l led by the react ion (1). 

Using the above model of. a f i n i t e  ra te  
mineral buf fer,  we have simulated the depletion 
o f  ind iv idual  matrix blocks. In  the simulations 
i t  was necessary t o  l i m i t  t ime steps t o  a modest 
saturat ion chmge per t ime step, because o f  the 
dependence o f  buf fer  ra te  upon l i q u i d  saturation. 
Simulation resu l t s  should be considered i l l u s t r a -  
t i v e  o f  lDechanimns rather then quant it s t  ive, 
because o f  the uncertaint ies involved i n  the 
parmatera f o r  the mineral buf fer.  

bu f fe r  was performed w i t h  the sene pareneters as 
i n  Table 1, except f o r  i n i t i a l  Pc, which was 
aaaued equa t o  the equ i l i b r i un  value at 240°C 

included i n  the simulations. 
standard conditions (O'C, 1 atm.) o f  D, = 1.38 
x 
dependence o f  the type 

Simlation o f  block deplet ion wi th  mineral 

(0.6798 x 10 f Pa). Binary d i f f u s i o n  was also 
A d i f f u s i v i y  a t  

&/a and a temperature end pressure 

Pa 1.91 

D(T,P) = D a ~  (TI 
8 

w i t h  T = absolute temperature, were easuned 
(Perry, 1963). 

are &own i n  Figure 4. 
t o  d i f f e r e n t  values o f  the ra te  constant a o f  
Equation ( 2 ) .  

(a3*a*Pa)], the CO2 content i n  the produced 
f lu id ,  a f te r  an i n i t i a l  t ransient,  reaches values 
which are comparable w i t h  those observed i n  the 

Som resu l t s  fo r  simulated block depletion 
The four curves correspond 

For high values o f  a - hl/ 
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f i e ld ,  but the CO2 f rac t i on  remains p rac t i ca l l y  
constant up t o  the  complete deplet ion o f  the  
block. With lower a values wc obtain a t rend 
more s im i la r  t o  tha t  observed i n  many Larderel lo 
wells, but ,the naximun values are s ign i f i can t l y  
lower than i n  the  f i e ld .  

Enthalpy r i s e s  faster than i n  the case 
without mineral buffer, end the more rap id  
increases are obtained w i t h  higher values o f  a. 
This i s  due t o  the fact  tha t  CO2 generation 
tends t o  reduce P,-gredient, ao tha t  conductive 
enthalpy enhmcanent i s  stranger. D i f f us ion  also 
contr ibutes t o  reduce the Pc gradient. 

The i n i t i a l  values o f  CO2 concentration 
and enthalpy appear s t i l l  too low i n  comparison 
w i t h  real data due t o  the  i n i t i a l  l i q u i d  f low out 
o f  the  block, which i n  these simulations i s  
r e l a t i v e l y  high, an i n i t i a l  l i q u i d  saturat ion o f  
0.8 being assuned. 
both CO2 mass f rac t i on  and enthalpy are obtained 
w i t h  a lower i n i t i a l  water saturat ion (Figure 5). 
Now the  CO2 content o f  the  produced f l u i d  does 
not show the fast  decrease which occurred without 
mineral buf fer.  With the i n i t i a l  l i q u i d  satura- 
t i o n  used i n  t h i s  case (0.6) the  deplet ion time 
i s  s t i l l  about 38 years. 

Higher i n i t i a l  values o f  

Figure 6 shows the cunulat ive CO2 mass 
generation per unit volune as a function o f  
distance from the  block surface fo r  the four 
cases o f  Figure 4. 
s u f f i c i e n t l y  smooth, but the  cases with higher 
a require a f i ne r  space discret izat ion.  
curves show d i f f e ren t  trends a t  short distances 
from the  block surface. With a very high a, the  
strong C02 generation tends t o  maintain every- 
wtiere i n  the two-phase zone a P, close t o  the 
equ i l i b r i un  value, preventing the propagation o f  
Pc drawdown ins ide  the  block. 
t h a t  strong generation rates occur i n  a narrow 
zone close t o  the  saturat ion f ron t  only. In such 
condi t ions t o t a l  CO2 generation depends mainly 
on the ve loc i ty  o f  saturat ion f ron t  displacement. 
This ve loc i t y  increases as the  f ron t  moves away 
from the  block surface, due t o  the decreasing 
l i q u i d  saturat ion and the consequent lower l i q u i d  
f low from the inner most par ts  o f  the block. 
With low a, on the  contrary, a s ign i f i can t  
P, gradient i s  established throughout the block 
and C02 generation begins very ear ly also at  
po in ts  d is tan t  from the saturation, front.  
generation i s  always d i f fused over a r e l a t i v e l y  
large volune. 

Moving away from the block surface, the 
per iod o f  CO2 generation increases as drying 
occurs l a te r ,  but the  everage generation r a t e  
decreases due t o  the  lower average P, drawdown. 
The e f f e c t  o f  the  increasing period o f  generation 
preva i l s  at intermediate distances from the  block 
surface, while the  decrease o f  average generation 
r a t e  general ly p reva i l s  i n  the innermost par ts  o f  
the  block. 

I n  a l l  cases the  curves are 

The 

The resu l t  i s  

CO2 

Conclusions 

Overal l  mass balance considerations and 
numerical simulations o f  reservoir  deplet ion show 

tha t  only a m a l l  f r ac t i on  o f  the CO2 produced 
i n  Larderel lo could have been o r ig ina l l y  stored 
i n  the  reservoir  f luid. Host o f  the produced 
CO2 was supplied h i the r  by m external source, 
or by m i n te rna l  source (i.e., a mineral bu f fe r ) .  
The l a t t e r  p o s s i b i l i t y  appears more l i ke l y ,  
because of the small, temporal var iat  ions in  CO2 
content o f  well discharges, even as production 
rates change by large mounts. 

Numerical simulations Were performed t o  
study CO2 discharge from rocks o f  low perme- 
a b i l i t  y, w i t h  a temperat ure-dependent prehnit e/ 
c l i nozo is i t e  mineral buf fer.  Simulated discharge 
charact.erist ics were found t o  be i n  approxi- 
mate agreement w i t h  t y p i c a l  CO2 trends observed 
f o r  Larderel lo wells. However, observed CO2 
concentrations tend t o  be somewhat larger than 
the simulated values, suggesting tha t  addi t ional  
minerals are par t i c i pa t i ng  i n  buffer ing COz. 
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Table 1: Parameters for  Simulation 

~~ 

Matrix 

rock gra in  density 2500 kg/m3 

rock spec i f i c  heat 960 J/Kg°C 

rock heat conductivity 2.8 W/m°C 

porosity .05 

permeabili ty 10-l~ m2 
e- 

relet ive permeability Corey curves 
S = 0.30 
Sir = 0.05 
g r  

Frac tures  ( three perpendicular sets) 

spacing 50 m 

s o 1  

(. 

- i! 
g 001 

0 0 0 1  
0 01 0 2  0 3  0 4  O S  0 6  0 7  0 8  0 9  10 

bqd muration 
scc wu.iaui 

Figure 1. CO2 mass f r ac t ion  i n  two-phase 
f l u i d  a8 a function o f  l i qu id  sa tura t ion .  

1 0 ,  I 

s e 

I n i t i a l  Conditions 

temperature 24oOc 

1 iquid sa tu ra t ion  0.80 

CU p a r t i a l  pressure lo5 Pa 2 

0 i scha rge 
Figure 2. 

Pc = 1 bar. 

Ef fec t ive  density o f  CO2 i n  gas 
Constant volumetric r a t e  2 10-8 kg/s.m3 and l i qu id  phases a t  a p a r t i a l  pressure o f  
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Time (verrr) 
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0 3  I 
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Figure 3 .  Simulated CO2 
t r a n s i e n t s  fo r  f l u i d  d isc  
block o f  low permeability. Time (years) 

Time (years) 
XEL 051 -811D 

Time (years) f igu re  4. Block deple t ion  model with mineral 
buf fer  given by Equation (1) .  CO2 mass 
f r a c t i o n s  ( a )  and enthalpy (b)  t rends  fo r  t h e  

t i o n  r a t e  constant of 10-10, 10-12, lo-% and 

xeL 851 -8807 

f i g u r e  5. Simulated C02 and enthalpy discharged f lu id .  Cases 1 t o  4 with a enera- 
t r a n s i e n t s  f o r  f l u i d  discharge from a porous 
block with CO2 i n t e r n a l  source and i n i t i a l  
l i qu id  sa tu ra t ion  o f  60%. 

kg/ ( d * s . P a )  respec t ive ly .  

Distance from block surface (m) 
x u  e5t  -m 

Figure 6. 
un i t  volume f o r  t h e  four cases  o f  f i g u r e  4. 

Cumulative CO2 mass generation per 
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