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Geoheat i s  now be ing  e x t r a c t e d  f o r  e l e c t r i c a l  power genera t i on  
f rom a number o f  resources i n  t h e r m a l l y  a c t i v e  reg ions .  The most 
n o t a b l e  examples a r e  The Geysers, C a l i f o r n i a ;  L a r d e r e l l o ,  I t a l y ,  
and Wai rake i ,  New Zealand. Common t o  a l l  these cases i s  t h a t  t he  
energy i s  be ing  e x t r a c t e d  f rom n a t u r a l  hydrothermal resources on the  
bas i s  o f  f r e e  f l o w i n g  boreholes.  T h i s  type  o f  o p e r a t i o n  may be termed 
a s  f r e e  geoheat p roduc t i on .  

Large sca le  space hea t ing  by geoheat has been c a r r i e d  o u t  i n  
I ce land  f o r  more than t h r e e  decades. The Reyk jav ik  D i s t r i c t  Heat ing  
System, which now supp l i es  energy f o r  domestic hea t ing  f o r  more than 
100,000 people,  i s  a low- temperature o p e r a t i o n  where l a r g e  s c a l e  
resource  s t i m u l a t i o n  by boreho le  pumping i s  be ing  a p p l i e d .  

The f r e e  and s t i m u l a t e d  p r o d u c t i o n  methods a s  desc r ibed  above 
a r e  based on t h e  presence o f  n a t u r a l  f l u i d  conduct ing  openings i n  t h e  
resource  fo rmat ions  and on a n a t u r a l  recharge o f  t he  wi thdrawn f l u i d .  
One can a l s o  e n v i s i o n  f o r c e d  geoheat e x t r a c t i o n  systems (FGES)  w i t h  
an a r t i f i c i a l  recharge o f  t h e  heat  e x t r a c t i n g  f l u i d  which f l ows  t o  
some e x t e n t  th rough a r t i f i c i a l  openings c rea ted  by h y d r a u l i c  f r a c -  
t u r i n g  or o t h e r  p r e s s u r i z i n g  opera t i ons .  For  t h e  o p e r a t i o n  o f  such 
systems t o  be success fu l ,  t h e  openings have t o  p r o v i d e  adequate 
c o n t a c t  areas o r  c o n t a c t  volumes between t h e  f l u i d  and t h e  rock  such 
t h a t  a s u f f i c i e n t  amount o f  heat  can be e x t r a c t e d  f rom t h e  h o t  
f orma t i ons . 

I n  t h e  f o l l o w i n g ,  we w i l l  d iscuss  a number o f  economical and 
p h y s i c a l  aspects  o f  FGES w i t h  emphasis on heat  e x t r a c t i o n  f rom sheet-  
l i k e  n a t u r a l  f l u i d  conductors  i n  v o l c a n i c  fo rmat ions  such as s u f f i -  
c i e n t l y  open (conduct ing)  f a u l t  zones, d i kes  and fo rmat ion  con tac ts .  
We e n v i s i o n  a p p l i c a t i o n s  o f  our  r e s u l t s  i n  some reg ions  i n  t h e  western 
U. S . ,  t h e  P a c i f i c  Nor thwest ,  i n  p a r t i c u l a r .  

L imi  t a t  ions on Geoheat TransDort 

Thermal waters  and n a t u r a l  steam a r e  bu lky  heat  c a r r  
cannot be t r a n s p o r t e d  economica l l y  over  long d i s tances .  I n  
o f  power genera t i on  t h e  l i m i t s  a r e  o f  t h e  o rde r  o f  a few k i  
o n l y .  For d i r e c t  uses such as space hea t ing ,  t h e  maximum d 
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may i n  extreme cases amount t o  a few tens o f  k i l omete rs .  A t  t h e  
present  s t a t e - o f - a r t  where o n l y  n a t u r a l  convec t i ve  t ype  sources a r e  
be ing  harnessed, geoheat u t i l i z a t i o n ,  n o n - e l e c t r i c a l  uses, i n  p a r t i c u l a r ,  
a r e  t h e r e f o r e  seve re l y  l i m i t e d  by t h e  low t r a n s p o r t a b i l i t y .  The 
major  convec t i ve  sources a r e  no t  f a v o r a b l y  l oca ted  w i t h  regard  t o  t h e  
heat  market. There i s  consequent ly  a g r e a t  i n t e r e s t  i n  t h e  p o s s i b i l i t y  
o f  e x t r a c t i n g  geoheat a t  s u i t a b l e  temperatures over  much w ide r  areas 
than has been p o s s i b l e  so f a r .  

FGES i n  Regions o f  Moderate ly  H igh  t o  Normal Heat Flow 

The FGES which we e n v i s i o n  i n v o l v e  t h e  c i r c u l a t i o n  o f  a heat  
e x t r a c t i n g  f l u i d  th rough ho t  fo rmat ions  a t  depth between se ts  o f  i n -  
j e c t i o n  and p r o d u c t i o n  boreholes.  The p r i n c i p a l  f a c t o r s  t h a t  have t o  
be considered i n  t h e  des ign o f  such systems a r e  t h e  f o l l o w i n g :  

( 1 )  thermal p r o p e r t i e s  o f  t h e  format ions 
( 2 )  f l u i d  c o n d u c t i v i t y  a t  t h e  depth o f  i n t e r e s t  
(3 )  
( 4 )  

( 5 )  f l u i d  losses,  s c a l i n g .  

d r i  1 1  i n g  and equipment cos ts  
pumping power r e q u i r e d  t o  p r o v i d e  the  necessary penet ra -  
t i o n  and c o n t a c t  area 

Minimum Contact  Area 

The s i z e  o f  t h e  f l u i d - r o c k  con tac t  area r e q u i r e d  t o  produce a 
s u f f i c i e n t  amount o f  h o t  f l u i d  t o  amor t i ze  a g i ven  system investment 
depends c r i t i c a l l y  on f a c t o r s  ( 1 )  t o  ( 5 )  above. The minimum economic 
area can be es t imated  on t h e  bas i s  o f  an i d e a l i z e d  model. We assume 
t h a t  t h e  c i r c u l a t i n g  f l u i d  i s  water  absorb ing  heat f rom the  rock  i n  
u n i f o r m  and u n i d i r e c t i o n a l  f l o w  through an i n f i n i t e s i m a l l y  t h i n  f r a c -  
t u r e  i n  a l a r g e  volume o f  homogeneous rock  which i s  i so thermal  a t  t h e  
i n i t i a t i o n  o f  t h e  process. Using t h e o r e t i c a l  r e s u l t s  by Bodvarsson 
(1974) ,  t he  c o n t a c t  area as a f u n c t i o n  o f  p l a n t  investment and va lue  
of t h e  energy produced can e a s i l y  be c a l c u l a t e d .  The r e s u l t s  f o r  a 
s i n g l e  bo reho le -pa i r  p roduc ing  heat  f o r  b u i l d i n g  h e a t i n g  a r e  shown 
i n  F i g .  1 and t h e  corresponding r e s u l t s  f o r  e l e c t r i c a l  power gener- 
a t i o n  a r e  shown i n  F ig .  2. I n  b o t h  f i g u r e s  t h e  u s e f u l  l i f e  o f  t h e  
system i s  assumed t o  be 20 years,  t h e  i n t e r e s t  on c a p i t a l  8% and the  
o p e r a t i o n a l  and maintenance cos ts  a r e  10% o f  c a p i t a l  per  annum. 
Other  f a c t o r s  a r e  g i ven  i n  t h e  f i g u r e s .  I n  t h e  e l e c t r i c a l  case, t h e  
r e q u i r e d  power per  boreho le  p a i r  amounts t o  a few MW. 

S u i t a b l e  F l u i d  Conductors 

There a r e  two main p o s s i b i l i t i e s  o f  r e a l i z i n g  FGES o f  t h e  above 
type,  v i z . ,  by us ing  (a) n a t u r a l  subsur face f l u i d  conductors  o r  (b) 
a r t i f i c i a l  conductors  ob ta ined  by h y d r a u l i c  f r a c t u r i n g .  The second 
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p o s s i b i l i t y  i s  now under thorough i n v e s t i g a t i o n  i n c l u d i n g  f i e l d  t e s t i n g  
by t h e  Los Alamos S c i e n t i f i c  Labora tory  Dry-Hot-Rock Group i n  Los Alamos, 
N.M. (ERDA, 1976).  I n  t h i s  no te  we w i l l  concen t ra te  on t h e  n a t u r a l  
conductors .  The r e s u l t s  f o r  t h e  minimum c o n t a c t  area g i v e n  i n  F ig .  1 
and 2 w i l l  o b v i o u s l y  app ly  t o  b o t h  cases (a)  and ( b ) .  

The n a t u r a l  f l u i d  conductors  which have t h e  p o t e n t i a l  o f  p ro -  
v i d i n g  s u f f i c i e n t  f l u i d - r o c k  con tac t  and some r e l e v a n t  da ta  a r e  l i s t e d  
i n  Tab le  1 below. 

Due t o  g r e a t  h o r i z o n t a l  e x t e n t ,  major  open f a u l t  zones and 
b a s a l t i c  d i k e s  have very  l a r g e  w a l l  sur faces  which i n  a s u f f i c i e n t l y  
ho t  environment cou ld  be used f o r  heat  e x t r a c t i o n  p rov ided  an adequate 
and s u f f i c i e n t l y  u n i f o r m  l o n g i t u d i n a l  f l u i d  c o n d u c t i v i t y  i s  a v a i l a b l e .  
I t  i s  t o  be emphasized t h a t  t h e  f l u i d  c o n d u c t i v i t y  can be enhanced 
by an increased i n j e c t i o n  pressure.  

Tab le  1 

P o t e n t i a l  F l u i d  Conductors 

F i e l d  obse rva t i ons  on l a r g e  Role i n  geoheat 

( 1 )  F a u l t  zones 

( 2 )  B a s a l t i c  
d i k e s  i n  
f l o o d -  basa 1 t 
areas 

( 3 )  Other  
i n t r u s i o n s  

( 4 )  Format i o n  
con t ac t s 

( 5 )  Sedimentary 
ho r i zons  

s c a l e  f l u i d  c o n d u c t i v i t y  

Many major  geothermal 
systems a r e  c o n t r o l l e d  
by f a u l t s ,  e.g. i n  t h e  
Basin and Range Pro- 
v ince .  

Many geothermal systems 
i n  I ce land  a r e  c o n t r o l l e d  
by d i k e s .  

Few da ta  a v a i l a b l e ,  b u t  
columnar s t r u c t u r e  poss i -  
b l y  i n d i c a t i v e  o f  con- 
d u c t i v i t y .  

Lava-bed c o n t a c t s  a r e  
major  a q u i f e r s  i n  t h e  
f l o o d - b a s a l t  p l a t e a u  o f  
I ce 1 and. 

Many major  sed 
bas ins  c o n t a i n  
umes o f  therma 

menta r y  
l a r g e  v o l -  
water .  

e x t r a c t  i on  

Borehole p r o d u c t i o n  
ob ta ined  by i n t e r -  
s e c t i n g  f a u l t  zones. 

Boreholes i n  Cen t ra l  
Nor th  I ce land  produce 
by i n t e r s e c t i n g  d i k e s .  

Some p r o d u c t i o n  i n  
I ce land  appears t o  be 
ob ta ined  f rom t h i n  
b a s a l t i c  s i l l s .  

Major p r o d u c t i o n  i n  
Southwestern I ce land  
ob ta ined  f rom lava -  
bed con tac ts .  

Large s c a l e  f o r c e d  geo- 
heat  p roduc t  i o n  from 
sedimentary bas ins  i n  
France (DGRST,  1976) .  
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Factors  A f f e c t i n g  t h e  E f f i c i e n c y  o f  FGES 

The es t imates  g i ven  i n  F i g .  1 and 2 a r e  based on an i d e a l i z e d  
model. Dev ia t i ons  from t h e  assumed c o n d i t i o n s  w i l l  i n  one way o r  an- 
o t h e r  a f f e c t  t h e  r e s u l t s  and w i l l  have t o  be considered c a r e f u l l y .  

F i r s t ,  rock  temperatures a re  g e n e r a l l y  n o t  un i fo rm.  The water  
may t h e r e f o r e  f l o w  a long  rock  sur faces  where the  temperature v a r i e s  
i n  t h e  d i r e c t i o n  o f  f l o w .  Second, the  load on FGES w i l l  va ry  con- 
s i d e r a b l y ,  i n  p a r t i c u l a r  i n  cases where t h e  heat  i s  t o  be used f o r  
b u i l d i n g  hea t ing .  A v a r y i n g  p roduc t i on  r a t e  w i l l  u s u a l l y  be r e q u i r e d  
i n  such cases. A somewhat more e l a b o r a t e  computer model ing i n d i c a t e s  
t h a t  these two e f f e c t s  w i l l  no t  be o f  major  importance and can q u i t e  
e a s i l y  be taken i n t o  account. 

O f  g r e a t e r  concern i s  t h e  r a t h e r  complex i n t e r a c t i o n  o f  t h r e e  
phenomena a f f e c t i n g  t h e  f l o w  o f  thermal water  i n  subsur face n a t u r a l  
conductors ,  v i z . ,  ( i )  n a t u r a l  f l o w  channel ing,  ( i  i )  t he rmoe las t i c  
e f f e c t s  and ( i i i )  buoyancy o f  convec t i ve  e f f e c t s .  The q u a n t i t a t i v e  
theo ry  o f  these e f f e c t s  i n  t h e  n a t u r a l  environment i s  bo th  u n c e r t a i n  
and b a s i c a l l y  d i f f i c u l t .  By na tu re ,  these f l o w  phenomena a r e  non- 
1 i nea r  e f f e c t s .  

Tab le  2 has been designed t o  f u r n i s h  a ve ry  b r i e f  q u a l i t a t i v e  
overv iew o f  t h e  adverse i n f l u e n c e  o f  t h e  above t h r e e  f l o w  e f f e c t s  
on t h e  des ign  f a c t o r s  l i s t e d  i n  s e c t i o n  ( 3 )  above. 

Exper imenta l  P r e l i m i n a r y  Design o f  a Sheet -Cont ro l led  FGES 

The f l u i d  conductors  under (1 )  t o  ( 4 )  i n  Tab le  1 appear s u i t e d  
f o r  t h e  t y p e  o f  FGES under cons ide ra t i on .  The b a s i c a l l y  h o r i z o n t a l  
conductors  such as t h e  fo rma t ion  con tac ts  and i n t r u s i v e  s i l l s  have, 
however, ve ry  f r e q u e n t l y  t h e  disadvantages o f  n o t  be ing  d i r e c t l y  
observable.  Lack o f  f i e l d  da ta  can i n  such cases g r e a t l y  reduce t h e  
p o s s i b i l i t i e s  f o r  a r r i v i n g  a t  a r a t i o n a l  des ign  o f  t h e  heat  e x t r a c t i o n  
system. T h i s  t ype  of d i f f i c u l t y  i s  of  much l e s s  concern i n  t h e  case 
o f  t h e  q u a s i - v e r t i c a l  conductors ,  such as (1)  and (2) i n  Tab le  1 ,  
where sur face  ou tc rops  can be inspected.  Q u i t e  f r e q u e n t l y  t h e  p o s i t i o n  
of  such conductors  can be mapped w i t h  cons ide rab le  p r e c i s i o n .  

We have t h e r e f o r e  chosen t o  base o u r  f i r s t  a t tempt  a t  t h e  des ign  
o f  a FGES on t h e  assumption o f  a s u f f i c i e n t l y  open q u a s i - v e r t i c a l  
conductor  such as a b a s a l t i c  d i k e  o r  a f a u l t  zone. We make t h e  ad hoc 
assumption t h a t  such a conductor  i s  a v a i l a b l e .  Depending on t h e  p o s i -  
t i o n  o f  t h e  i n j e c t i o n - p r o d u c t i o n  boreholes,  t h e  main f l ow  i n  systems o f  
t h i s  t ype  can be v e r t i c a l l y  up (F ig .  3 ) ,  v e r t i c a l l y  down ( F i g .  4)  o r  
q u a s i - h o r i z o n t a l .  Consider ing t h e  va r ious  phenomena i n d i c a t e d  i n  Tab le  
2 t h e r e  appear grounds f o r  assuming t h a t  t h e  up - f l ow  systems w i l l  ex- 
h i b i t  t h e  h i g h e s t  degree o f  f l o w  s t a b i l i t y  and thereby  ach ieve  t h e  most 
favo rab le  c o n d i t i o n s  f o r  heat  e x t r a c t i o n .  

-- 
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PRODUCTION 

F i g u r e  3. Upf low system. 

PRODUCTION 

F i g u r e  4.  Downflow system 

S 

F i g u r e  5.  An e x p e r i m e n t a l  d e s l g n  of a m u l t i h o l e  FGES system f o r  b u i l d i n g  
h e a t i n g .  The minimum f l o w  p e r  b o r e h o l e  p a i r  i s  25 kg/sec.  
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Table 2 
Adverse f 1 ow phenomena 

P o t e n t i  a1 e f fec t s  
Ine f f i c i en t  
hea t  ex t rac t ion  Pumping  power Water losses  __ 

- Type o f  phenomena 
( 1 )  Non-uniform Potent ia l ly  major  High pumping pres- Can be a major  f ac to r  

quired t o  overcome cold water o u t  of t he  
conductivity,  f ac to r  sure  may be re- i n  channeling in jec ted  
f 1 ow channel - 
i n y  non-uniformity. heating zone. 

May increase water 
e f f e c t s  i n g  o f  water f r ac tu res  carrying losses by enhanced 

( 2 )  Thermoelastic Enhances channel- Narrowing  o f  

colder  t h a n  t he  water ho t t e r  t h a n  channeling. 
rock. the  rock requires 

increasing pump- 
i n g  pressure. 

( 3 )  Buoyancy and Enhanced channel- 
convection i n g  i n  down-flow 

systems 

Downward convect i  ve 
penetration of col d 
water may enhance 
1 osses . 

A preliminary experimental design of a multihole upflow FGES 
is shown in Figure 5. The system is to produce water in the temperature 
range 130- 1 OO°C for bu i 1 d i ng heat i ng purposes. The sys tern i s env i s i  oned 
to operate in an environment where the geothermal gradient is 5OoC. 
The effective contact area per borehole pair is to amount to 0.5 km , 
the flow per hole is 25 kg/sec and the effective thermal power relative t o  
an 

2 

effluent temperature of 40°C is 3 . 1  MW. 

Phys i ca 1 Pa rarneters 

The following rock and fluid parameters were used in the compu- 
tations underlying Figures 1 and 2; rock thermal conductivity kr = 2 . 1  
W/(m.deg), density p = 2700 kg/m3, specific heat of rock Cr = 1000 J/ 
(kg.deg), and specific heat of water C, = 4186 J/(kg.deg). The injec- 
t ion temperature was 3 O o C .  

Ep i 1 ogue 

Having come to the conclusion that the estimated subsurface 
dimensions of the FGES under consideration are not unreasonable, our 
principal task will be to demonstrate that nature complies with our 
basic assumptions. 
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