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COMPARISON OF TWO HOT DRY ROCK GEOTHERMAL RESERVOIRS 

H. D. Murphy, J. W. Tester ,  and R. M. Pot te r ,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Alamos S c i e n t i f i c  

Laboratory,  Los Alamos, New Mexico 87545 

Two ho t  d r y  rock  (HDR) geothermal energy r e s e r v o i r s  were c rea ted  
by h y d r a u l i c  f r a c t u r i n g  o f  g r a n i t e  a t  2.7 t o  3.0 km (5000 t o  10 000 
f t )  a t  t he  Fenton H i l l  s i t e ,  near t h e  Va l les  Caldera i n  nor thern  New 
Mexico. Both r e s e r v o i r s  a re  research rese rvo i r s ,  i n  the  sense t h a t  
bo th  are f a i r l y  smal l ,  genera l l y  y i e l d i n g  5 MWt o r  less ,  and a re  
intended t o  serve as t h e  bas ic  b u i l d i n g  b locks  o f  commercial-sized 
r e s e r v o i r s ,  c o n s i s t i n g  o f  10 t o  15 s i m i l a r  f r a c t u r e s  t h a t  would y i e l d  
approx imate ly  35 MWt over  a 10 t o  20 y r  per iod.  Both research reser -  
v o i r s  were c rea ted  i n  t h e  same w e l l - p a i r ,  w i t h  energy e x t r a c t i o n  w e l l  
number 1 (EE-1) serv ing  as the  i n j e c t i o n  we l l ,  and geothermal t e s t  
we l l  number 2 (GT-2) se rv ing  as t h e  e x t r a c t i o n ,  o r  product ion,  we l l .  
The f i r s t  r e s e r v o i r  was c rea ted  i n  t h e  low pe rmeab i l i t y  host rock  by 
f r a c t u r i n g  EE-1  a t  a depth of 2.75 km (9020 f t )  where t h e  indigenous 
temperature was 185°C (364°F) . Reservo i r  performance was evaluated by  
a 75-day l ong  pe r iod  of c losed- loop opera t i on  from January 28 t o  A p r i l  
13, 1978. Hot water f rom the  p roduc t i on  w e l l  was d i r e c t e d  t o  a 
wa te r - to -a i r  heat exchanger where t h e  water was cooled t o  25°C before  
r e i n j e c t i o n .  The r e l a t i v e l y  low power produced d i d  no t  economical ly  
j u s t i f y  t h e  convers ion o f  t h e  geoheat t o  b e n e f i c i a l  usage, so i t  was 
s imply  d i s s i p a t e d  t o  the  atmosphere b y  t h i s  heat exchanger. 
cooled water, i n  a d d i t i o n  t o  t h e  makeup water t h a t  was requ i red  t o  
rep lace  downhole losses  t o  t h e  rock  surrounding the  f r a c t u r e ,  was then 
pumped down t h e  i n j e c t i o n  we l l  and then  through t h e  f r a c t u r e  system. 
Heat was t r a n s f e r r e d  t o  t h e  water by  means o f  conduct ion w i t h i n  the  
n e a r l y  imperv ious rock  cont iguous t o  t h e  f r a c t u r e  sur faces and t h e  
heated water was withdrawn by  means o f  t h e  produc t ion  we l l .  Resu l ts  
o f  t h e  75-day assessment o f  t h e  f i r s t  r e s e r v o i r  were presented by  
Murphy e t  a l .  (1978), Tes ter  and A1 b r i g h t  (1979), and Murphy and 
Tes ter  (1979) b u t  a re  sumnarized f o r  comparison w i t h  t h e  second 
r e s e r v o i r  be l  ow. 

e x i s t i n g  f r a c t u r e  a t  2.93 km (9620 f t )  i n  t h e  i n j e c t i o n  we l l  about 100 
m deeper and 10°C h o t t e r  than the  f i r s t  r e s e r v o i r .  
l a r g e  f r a c t u r e  propagated upward t o  about 2.6 km (8600 f t )  
peared t o  have an i n l e t - t o - o u t l e t  spacing o f  300 m (1000 f t ) ,  more 
than t h r e e  t imes t h a t  o f  t h e  f i r s t  f r a c t u r e .  Comparisons a r e  made 
w i th  the  f i r s t  r e s e r v o i r  i n  Table 1. Eva lua t i on  o f  t he  new r e s e r v o i r  
was accomplished i n  two steps: (1 )  w i t h  a 23-day heat  e x t r a c t i o n  
experiment t h a t  began October 23, 1979, t h e  r e s u l t s  o f  which a re  
descr ibed by  Murphy (1Y80), and ( 2 )  a-second, longer - te rm heat ex- 
t r a c t i o n  exper iment s t i l l  i n  progress,  which as o f  November 25, 1980 
has been i n  e f f e c t  f o r  260.days. The r e s u l t s  of t h i s  c u r r e n t  exper i -  
ment a re  compared wi th  ear‘l’ier exper iments be l  ow. 

The 

A second, l a r g e r  r e s e r v o i r  was formed by extending a smal l ,  

The r e s u l t i n g  
and ap- 
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TABLE 1. 

CHARACTERISTICS OF R E S E R V O I R  SYSTEMS STUDIED 
WITH FIRST PAIR OF WELLS 

F i r s t  Reservoir Second Reservoir 
Charac te r i s t ic  May 1977 - Jan. 1979 Jan. 1979 - Present 

E E - 1  in jec t ion  hole Before recementi ng After recementi ng 
condition 

Main in jec t ion  zone 
location in E E - 1  

2.75 km (9020 f t )  2.93 km (9620 f t )  

Main production zone 2.6 - 2.7 km 2.6 - 2.7 km 
locat ions in GT-2 (8600 - 8850 f t )  (8600 - 8850 f t )  

Average we1 1 bore 
separation between 
EE-1  and GT-2 in  
the production 
interval  

100 m (300 f t )  300 m (900 f t )  

RESERVOIR GEOMETRIES AND FLOW PATHS 

Figure 1 shows the inferred geometry of b o t h  f ractures .  
f i r s t  f rac ture ,  whose or ig in  was a t  2.75 km in E E - 1 ,  i s  shown a s  the  
small ver t ica l  f rac ture  and the new f rac tu re  i s  shown t o  the l e f t  as  
the la rger  one. Both f r ac tu res  a re  shown as nearly ver t ical  because 
the planes of  hydraulic f r ac tu res  a re  orthogonal t o  the minimum ( l e a s t  

The 

Fig. 1. Inferred reservoi r  geometry. 
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compressive) component o f  t h e  t e c t o n i c  e a r t h  s t ress .  I n  t e c t o n i c a l l y  
r e l a x e d  g e o l o g i c a l  s e t t i n g s  t h i s  s t r e s s  i s  expected t o  be a h o r i z o n t a l  
one a t  depths g r e a t e r  than about 1 km and, i n  f a c t ,  i t  has been shown 
[Murphy e t  a1 ., 1 Y 7 7 )  t h a t  t h e  minimum h o r i z o n t a l  s t r e s s  a t  t h e  Fenton 
H i l l  s i t e  i s  o n l y  one-ha l f  t h e  v e r t i c a l  overburden s t r e s s  a t  a depth  
o f  2.7 k m .  The g r a n i t i c  r o c k  i n  which these f r a c t u r e s  were c r e a t e d  i s  
f a i r l y  homogeneous and u n s t r a t i f i e d ,  so i t  i s  assumed t h a t  a l l  t h e  
f r a c t u r e s  discussed here a r e  approx imate ly  c i r c u l a r  i n  shape, r a t h e r  
than r e c t a n g u l a r  as i s  u s u a l l y  assumed f o r  o i l  and gas r e s e r v o i r s  i n  
sedimentary format ions.  A l l  f r a c t u r i n g  o p e r a t i o n s  were performed w i t h  
water alone; no v i s c o s i t y  i n c r e a s i n g  agents,  l o s s - o f - f l u i d  agents, o r  
proppants were added. Subsequent pumping t e s t s  suggested t h a t ,  upon 
d e p r e s s u r i z a t i o n ,  t h e  induced f r a c t u r e s  remained p a r t i a l l y  open due t o  
t h e  " s e l  f -p ropp ing"  o f  t h e  m i s a l  igned rough sur faces  produced d u r i n g  
f r a c t u r i n g .  The second r e s e r v o i r  was c r e a t e d  b y  i n j e c t i n g  a t o t a l  o f  
1360 m3 (48 000 f t 3 )  o f  water,  r a i s i n g  t h e  downhole pressure by 200 
b a r s  (3000 p s i )  above t h e  h y d r o s t a t i c  l e v e l .  

t i o n  w e l l ,  GT-2, i s  complex and was s t u d i e d  w i t h  temperature drawdown 
and recovery  measurements, we1 1 bore  f l  ow r a t e  measurements, v i  s i  b l  e 
dye and r a d i o a c t i v e  NH,Bre2 t r a c e r  measurements, and o t h e r  l o g g i n g  
methods. T h i s  c o n n e c t i v i t y  a p p a r e n t l y  c o n s i s t s  o f  a s e t  o f  nonver- 
t i c a l  n a t u r a l  f r a c t u r e s  o r  j o i n t s  w i t h  a d i p  o f  approx ima te ly  60" t h a t  
i n t e r s e c t  b o t h  t h e  v e r t i c a l  f r a c t u r e s  and t h e  GT-2 we l lbore .  These 
j o i n t s  appear t o  be ex tens ions  o f  t h e  same ones t h a t  formed t h e  con- 
n e c t i o n s  between t h e  f i r s t  f r a c t u r e  and GT-2. The downhole tempera- 
t u r e s  and v e l o c i t i e s  o f  t h e  water  i n  t h e  connect ing  j o i n t s  were mea- 
sured a t  t h e  j o i n t / w e l l  i n t e r s e c t i o n s  w i t h  a combined temperature 
( t h e r m i s t o r )  probe and f l o w  r a t e  ( s p i n n e r )  l o g g i n g  t o o l ,  which was 
used t o  determine temperature and f l o w  r a t e  p r o f i l e s  i n  t h e  open h o l e  
r e g i o n  o f  GT-2. Both p r o f i l e s  were used t o  i n f e r  t h e  depth  o f  t h e  
connect ing  j o i n t s  and a l s o  t h e  r e l a t i v e  f l o w  r a t e  c o n t r i b u t i o n s  com- 
municated b y  each j o i n t .  

The manner i n  which t h e  f r a c t u r e s  a r e  connected w i t h  t h e  produc- 

THERMAL URHNDUWN 

D u r i n g  heat e x t r a c t i o n  t e s t s  o f  b o t h  r e s e r v o i r s ,  t h e  downhole 
temperature and f l o w  r a t e  t o o l ,  when n o t  a c t u a l l y  l o g g i n g  t h e  w e l l  , 
was p o s i t i o n e d  a t  a depth o f  2.6 km (8500 f t )  i n  t h e  p r o d u c t i o n  w e l l ,  
j u s t  above a l l  t h e  known produc ing  j o i n t s  t h a t  i n t e r s e c t  t h e  produc- 
t i o n  w e l l .  I n  t h i s  manner t h e  mixed mean o u t l e t  temperature o f  t h e  
p r o d u c t i o n  f l o w  r a t e s  converg ing  upon GT-2 was n e a r l y  c o n t i n u o u s l y  
measured. F i g u r e  2 shows t h e  temporal  d e c l i n e  o f  t h i s  temperature.  
The abrupt  change i n  c u r v a t u r e  f o r  t h e  f i r s t  r e s e r v o i r  t h a t  occurs a t  
day 25 i s  due t o  t h e  d o u b l i n g  o f  t h e  p r o d u c t i o n  f l o w  r a t e  a t  t h a t  t i m e  
f rom 6 t o  13 t / s  (100 t o  220 gpm). D e s p i t e  t h e  thermal drawdown t h i s  
inc rease i n  f low r a t e  r e s u l t e d  i n  a r o u g h l y  cons tan t  power l e v e l  a f t e r  
t h e  f i r s t  25 days. Peak power was 5.1 MWt  and t h e  average power was 
about 4 MWt. The thermal d e c l i n e  o f  t h e  f i r s t  r e s e r v o i r  was 100°C i n  
75 days. 

I n  comparison, as o f  November 2 5 ,  1980 t h e  mean o u t l e t  tempera- 
t u r e  o f  t h e  second r e s e r v o i r  had drawdown o n l y  5°C a f t e r  260 days of  
heat  e x t r a c t i o n  a t  a f l o w  r a t e  o f  6 t / s .  The i n i t i a l  temperature o f  
t h e  second r e s e r v o i r  was 157"C, 1 7 ° C  c o o l e r  t h a n  t h a t  o f  t h e  f i r s t  
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SECOND RESEARCH RESERVOIR, RUN SEOMENT 6. 
(MAR 10 - OCT 27, 19801 

MEASURED DATA THEORY. EFFECTIVE HEAT 
v TRANSFER AREA = 6O.OOO rn* 

FIRST RESEARCH RESERVOIR, RUN SEGMENT 2 
(76 - DAY TEST, JAN 27 - APR 13, 19781 

I- 100 

TRANSFER AREA= 0.000 m' 

m 1w 1w m 260 m 

Time (Days) 

Fig. 2. Comparison of thermal drawdowns, 1st  and 2nd reservoirs. 

reservoir. This difference in i n i t i a l  temperature i s  due t o  the 
thermal interaction between the closely spaced reservoirs (Figure 1 ) .  
As a consequence of the drawdown and  subsequent thermal recovery =f 
the f i r s t  reservoir, i t  i s  estimated t h a t  the temperature of the 
second reservoir was disturbed by 15 t o  20°C. These d a t a ,  in concert 
with the thermal drawdown analysis models of  Harlow and Pracht ( 1 9 7 2 )  
and McFarland and Murphy (1Y76),  resu l t  in estimates of 8000 a n d  5U 
UUU rn2 (8b UUU and 540 000 f t ' )  respectively, for  the effective heat 
t ransfer  areas o f  the two reservoirs. 

FLOW CHARACTERISTICS 

Residence Time Studies. Reservoir vol umes and dispersion char- 
ac t e r i s t i c s  were measured by injecting t racers ,  e i ther  the vis ible  dye 
Na-fluorescein, or radioactive N H , B r e 2 ,  in the injection well and 
m o n i t o r i n g  the concentration-time behavior a t  the production well 
[Tester, Potter and Bivins, 19791. 
each reservoir and t h e  ave rage  modal vol umes are presented i n  T a b l e  2 ,  
accompanied by the ea r l i e r  estimate of heat t ransfer  areas, and the 
fracture aperture derived from the r a t i o  of fracture volume and area. 
These fracture apertures are i n  accord w i t h  estimates based u p o n  
sel f-propping caused by misal igned fracture surface roughness. Pro- 
filorneter measurements on core specimens taken a t  2.7 kin in GT-2, t h a t  
i1t'i-e fractured a f te r  coring, showed t h a t ,  on a very f ine scale, rough-  
ness asper i t ies  of 0.2 m, typical of the rock grain s ize ,  were spaced 
every 0.5 mm a l o n g  the face; b u t  on a larger scale the specimens had 
surface waves of the order of 1 mn on a 10 mn spacing. Agreement of 
measured and estimated sel f-propped apertures during these t e s t s  i s  
expected because fracture f 1 uid pressures were maintained a t  level s 
below the minimum earth s t ress .  

Four injections were conducted in 

Flow Impedance. Flow impedanc.e i s  defined as the pressure d r o p  
t h r o u g h  the fracture system connecting the two wells, divided by the 
production flow rate.  As shown in F i g .  3 the impedance of the f i r s t  
reservoir declined nearly continuously and a t  the end of the experi- 
ment was less  t h a n  one-fifth i t s  i n i t i a l  value. Even impedances as 
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I 1 I I I 1 1 J 
io 20 3 0 4 0  5 0 6 o f 0 8 0  

TIME (days) 

F ig .  3. Temporal v a r i a t i o n  o f  f l o w  impedance, 1 s t  rese rvo i r .  

h igh  as t h e  i n i t i a l  value, about 17  bars  per  L/s (16  psi/gpm) a re  
s u f f i c i e n t l y  low f o r  i n d i v i d u a l  f r a c t u r e s  conta ined i n  l a r g e r  
mu1 t i p l e - f r a c t u r e  systems o f  commercial s ize.  The t r e n d  o f  impedance 
reduc t i on  i s  we l l  c o r r e l a t e d  w i t h  t h e  thermal drawdown shown i n  Fig.  1 
and i s  probably  associated w i t h  t h e  p a r t i a l  shr inkage o f  f r a c t u r e  
faces away f rom each o the r  caused by coo l ing .  Th is  e f f e c t  i s  p a r t i c u -  
l a r l y  impor tan t  near t h e  f r a c t u r e  o u t l e t s ,  where prev ious f l o w  t e s t i n g  
had i d e n t i f i e d  l o c a l i z e d  impedances associated w i t h  t h e  j o i n t s  pro- 
v i d i n g  conmunicat ion between GT-2 and t h e  f i r s t  h y d r a u l i c  f rac tu re .  
I n  fac t ,  temperature surveys i n d i c a t e d  t h a t  severa l  c losed o r  sealed 
j o i n t s  e v e n t u a l l y  opened t o  t h e  p o i n t  where they  began t o  produce 
f l u i d .  

e s s e n t i a l l y  constant  a t  16 bar  per  11/s d u r i n g  bo th  heat e x t r a c t i o n  
t e s t s ;  no reduc t i on  w i t h  t ime  has been observed as occurred i n  t h e  
f i r s t  r e s e r v o i r ,  presumably because t h e  thermal drawdown o f  t h e  second 
r e s e r v o i r  i s  n e g l i g i b l e .  Th is  rough equivalence o f  impedance f o r  t he  
two r e s e r v o i r s  r e s u l t s  desp i te  t h e  f a c t  t h a t  t h e  f l o w  paths i n  t h e  new 
r e s e r v o i r  are several  t imes longer ;  t h e  d i s tance  between t h e  i n l e t  and 
o u t l e t s  i s  3 t imes longer  and t h e  heat  t r a n s f e r  area and volume a r e  6 
and 10 t imes l a r g e r ,  r e s p e c t i v e l y .  

I n  c o n t r a s t  t h e  impedance o f  t h e  second r e s e r v o i r  has remained 

Water Losses. 
75-day t e s t  o f  t h e  f i r s t  r e s e r v o i r ,  1 Y O O  m3 permeated i n t o  t h e  sur-  
rounding format ion.  I n i t i a l l y  t h e  r a t e  o f  l o s s  was h i g h  b u t  then i t  
dimin ished,  so t h a t  a t  t h e  end o f  t h e  t e s t  t h e  r a t e  was on ly  0.13 L / S  
( 2  gpm), o r  1% o f  t h e  produced f l o w  ra te .  A t  t h e  end o f  t h e  23-day 
t e s t  o f  t h e  second r e s e r v o i r  t h e  water l o s s  r a t e  once again dec l ined,  
t h i s  t ime  t o  a value o f  1.3 a / s  ( 2 0  gpm) o r  20% o f  t h e  produced f l o w  
ra te .  For  comparison purposes the  l o s s  r a t e  from t h e  f i r s t  r e s e r v o i r  
a f t e r  23 days was 0.7 a / s  (12 gpm). 

O f  t h e  68 000 m 3  o f  water c i r c u l a t e d  du r ing  the  

Therefore,  t h e  water loss r a t e  
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from the second r e s e r v o i r  was on ly  tw ice  t h a t  of the f i r s t  r e s e r v o i r  
a f t e r  an equ iva len t  per iod of t i m e ,  d e s p i t e  a 6- fo ld  inc rease  i n  
r e s e r v o i r  a r ea  and a 10- fo ld  i n c r e a s e  i n  volume. Furthermore i t  i s  
emphasi zed t h a t  these a r e  shor t - te rm water 1 o s s e s ;  s u s t a i n e d  hea t  
e x t r a c t i o n  o p e r a t i o n s  over  a per iod  of y e a r s  would result i n  add i t ion -  
a l  d e c l i n e  of  l o s s  r a t e s  a s  the p o r o s i t y  o f  the surrounding rock i s  
s a t i s f i e d ,  [F isher ,  19771, and i n  f a c t  our  current t e s t i n g  shows t h a t  
the  water l o s s  r a t e  f o r  the second r e s e r v o i r  i s  on ly  0.4 k l s  (6  gpm) 
a f t e r  235 days. 

TABLE 2 

RESERVOIR SIZE ESTIMATES 

E f f e c t i v e  Average 
Heat T rans fe r  Mod a1 

Area Vol ume 

(2) 2 Test ( m  ) 

First r e s e r v o i r  
(75-day t e s t )  

Second r e s e r v o i r  
(23-day t e s t )  

AC KNO WL E DG ME NTS 

8000 11.4 

50 000 111 

Average 
Ape r t ure 

0 
1.4 

2.0 
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