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The r e c o v e r a b i l i t y  f a c t o r s  used t o  es t imate  resources o f  hydrothermal 
convect ion systems i n  Nathenson and M u f f l e r  (1975) a r e  based 'on e x t r a c t i n g  
the  s to red  heat  from a volume o f  porous and permeable rock, neg lec t i ng  
recharge o f  heat by e i t h e r  conduct ion o r  movement o f  water (Nathenson, 
1975).  
i t  i s  very small compared t o  expected ra tes  o f  p roduc t ion  from any volume 
o f  rock g rea te r  than a few cub ic  k i lometers .  
water systems o f  the Uni ted States, the na tu ra l  d ischarge o f  thermal waters 
i s  low compared t o  reasonable p roduc t ion  ra tes ,  and, accord ing ly ,  the p o t e n t i a l  
f o r  heat  recharge by upf low o f  h o t  water t o  most rese rvo i r s  i s  probably  low 
and can be neglected. The v a l i d i t y  o f  t h i s  assumption can be assessed o n l y  
a f t e r  ex tens ive  p roduc t ion  h i s t o r i e s  have been obta ined f o r  a r e s e r v o i r .  
those systems i n  which heat recharge by upf low o f  ho t  water i s  shown t o  be 
important ,  r e c o v e r a b i l i t y  f a c t o r s  w i l l  have t o  be ra i sed  accord ing ly .  Al though 
the  recharge p o t e n t i a l  o f  heat  i s  neglected, the  p o t e n t i a l  and, i n  f 'act,  the 
need f o r  c o l d  water recharge a r e  no t .  

The p o t e n t i a l  f o r  heat recharge by conduct ion i s  neglected because 

Likewise, f o r  most o f  the ho t -  

I n  

Two poss ib le  methods f o r  e x t r a c t i n g  energy from a l i q u i d - f i l l e d  volume 
o f  porous and permeable rocks a r e  analyzed. The f i r s t  method assumes t h a t  
the porous, permeable volume i s  v i r t u a l l y  c losed t o  i n f l ow  of water and i s  
produced by b o i l i n g  t o  steam by us ing  the  energy i n  the  rock. The second 
method assumes t h a t  n a t u r a l  and a r t i f i c i a l  recharge o f  c o l d  water i s  used 
t o  recover much o f  the heat from the  r e s e r v o i r  by means o f  a sweep process. 

The f r a c t i o n  o f  s to red  energy recovered i n  the process o f  b o i l i n g  the  
water i n  a porous volume of rock depends on the  amount and pressure o f  the  
produced steam, which i n  t u r n  a r e  determined by the p o r o s i t y  and t h e . i n i t i a 1  
temperature o f  the  system. The pressure o f  the  produced steam must lie h i g h  
enough t o  d r i v e  the steam through the porous medium and up the  w e l l  a t  a 
s i g n i f i c a n t  ra te ;  a reasonable assumption i s  t h a t  the  pressure o f  the steam 
must be a t  l e a s t  8 bars. 
cons t ra ins  the  range o f  p o r o s i t y  f o r  which b o i l i n g  i s  a v i a b l e  recovery scheme. 
A t  2OO0C, the upper l i m i t  f o r  the p o r o s i t y  i s  about 0.05, and the f r a c t i o n  o f  
s to red  energy obta ined i s  about 0.2. 
i t y  i s  about 0.12, and the f r a c t i o n  o f  s to red  energy obta ined i s  about 0.4. 
A t  p o r o s i t i e s  below t h i s  l i m i t  t he  f r a c t i o n  of s tored  energy obta ined 
decreases w i t h  decreasing p o r o s i t y  i n  a nea r l y  l i n e a r  fashion.  Th is  produc- 
t i o n  scheme i s  severe ly  l i m i t e d  i f  the re  i s  s i g n i f i c a n t  recharge o f  water to 
the  r e s e r v o i r ;  recovery by b o i l i n g  i s  then poss ib le  o n l y  if steam i n  the  
d r i e d  zone and water i n  the  recharge zone a re  produced simultaneously i n  
o rder  t o  keep the zone o f  b o i l i n g  moving i n t o  new regions .of the  r e s e r v o i r .  
I n  summary, the r e s t r i c t e d  range o f  p o r o s i t y ,  temperature, and recharge over  
which the  b o i l i n g  method w i l l  work l i m i t s  i t s  a p p l i c a t i o n  t o  r a t h e r  spec ia l *  
circumstances, i n  p a r t i c u l a r  t o  vapor-dominated systems (see below). 

A t  a g iven  r e s e r v o i r  temperature, t h i s  r e s t r i c t i o n  

A t  250°C, the  upper l i m i t  f o r  the  poros-  
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The second produc t ion  scheme involves the use o f  na tu ra l  and/or a r t i -  
f i c i a l  recharge of c o l d  water t o  d r i v e  ho t  water i n  a rese rvo i r  t o  the 
producing we l l s .  As the water sweeps through the ho t  rock, i t s  temperature 
i s  ra ised  by removing energy from the rock. The in f luence o f  heat conduct ion 
on t h i s  process takes p lace on two length  scales. On the microscale o f  pores 
f i l l e d  w i t h  water i n  a rock ma t r i x ,  conduct ion makes the temperature o f  the 
rock and the pores come t o  e q u i l i b r i u m  i n  a mat ter  o f  a few minutes. On the 
sca le  o f  a volume o f  rock  several  hundred meters on a s ide  having one zone of 
co ld  water and rock and a second zone o f  ho t  water and rock, conduct ion w i t h  
no f l u i d  movement spreads o u t  an i n i t i a l l y  sharp change in temperature t o  a 
smooth t r a n s i t i o n  o f  o n l y  60 m th ickness i n  a per iod  o f  a decade. As co ld  
water sweeps i n t o  a h o t  r e s e r v o i r ,  conduct ion may be analyzed t o  a f i r s t  
approximation by superpos i t ion  on to  the movement o f  the temperature f r o n t ,  
r e s u l t i n g  i n  the premature breakthrough o f  coo le r  water i n t o  the h o t  zone. 
Another f a c t o r  i n  the  sweep process i s  the r o t a t i o n  o f  an i n i t i a l l y  v e r t i c a l  
i n te r face  between c o l d  water and ho t  water i n  a porous medium, owing t o  the 
d i f f e rence  i n  h y d r o s t a t i c  pressure on the two sides o f  the i n te r face .  
Al though t h i s  r o t a t i o n  i s  retarded by the energy stored i n  the rock,  i t  a l s o  
tends t o  cause premature breakthrough o f  co ld  water i n t o  the ho t  zone. 
processes can be combined q u a l i t a t i v e l y  t o  y i e l d  an est imate o f  energy t h a t  
can be recovered from a r e s e r v o i r  o f  porous, permeable rock i n  a hot-water 
s ys t em. 

These 

Vapor-dominated r e s e r v o i r s  a r e  assumed t o  conta in  steam a s  the pressure-  
c o n t r o l l i n g  phase, w i t h  l i q u i d  water immobil ized i n  the pores by surface 
forces (Truesdel l  and White, 1973). Product ion r e s u l t s  primairi l y  from the 
b o i l i n g  o f  t h i s  pore water t o  steam, a l though i n  l a t e r  stages there  may be 
some b o i l i n g  from an i n f e r r e d  deep water t ab le .  Because the l i q u i d  f r a c t i o n  
i n  a vapor-dominated r e s e r v o i r  i s  smal 1 ,  the pressure and temperature of 
steam produced i n  the b o i l i n g  process a re  gene ra l l y  c lose  enough t o  the 
i n i t i a l  values f o r  the system t h a t  ample pressure remains t o  d r i v e  the steam 
t o  and up the  w e l l .  The f r a c t i o n  o f  s to red  energy t h a t  may be recovered, 
ca l cu la ted  by cons ider ing  an energy balance f o r  the b o i l i n g  process, i s  
c r i t i c a l l y  dependent on the  average l i q u i d  sa tu ra t i on .  
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