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ABSTRACT 

U t i 1  i z a t i o n  o f  the e n o ~ o u s  potent ia l  of ter res-  
t r i a l  heat w i t h  today's technology i s  economically 
feas ib le  if a subsurface reservo i r  ex is ts  f r o m  
which a f l u i d  w i t h  elevated temperature can be 
produced, For d i s t r i c t  heating the minimum 
temperature i s  55-6OoC (130-140°F) and the 
production r a t e  around 70 m3/h (300 gpm); thus the 
reservo i r  must have high natural poros i ty  and 
permeabil ity, I n  impermeable rocks a r t i f i c i a l  heat 
ext ract ion loops can be created. 

Geothermal background t o  describe 1 owmtempera t u r e  
reservoirs i s  presented, The performance o f  ther-  
mal springs i s  described and production from deep 
aquifers and ho t  dry rocks i s  discussed i n  terms o f  
heat content, permeabi 1 i t y  and reservo i r  1 i fetime. 
Environmental aspects are addressed which show t h a t  
geothermal energy ex t rac t ion  w i l l  cause no c l  imat ic  
e f fects .  Chemical e f f e c t s  are the most s i g n i f i c a n t  
ones; more basic research i s  needed t o  predic t  the 
long-term chemical performance 
systems . 
1 , Def in i t ion,  C lass i f i ca t ion  

Random d r i l l i n g  deep enough i n t o  
would produce adequate heat f o r  
source. However, t h i s  heat 

of geothermal 

the earth's c r u s t  
a geothermal re- 
must be i n  an 

accessible and usable form. This implies ample 
poros i ty  and permeabil i ty t o  maintain the correct  
balance between a heat source and a working f lu id ,  
usual ly  hot water. The volume o f  t h i s  f l u i d  must 
be large enough t o  j u s t i f y  the e f f o r t  o f  i t s  
explorat ion and explo i ta t ion.  A1 though the 
c r i t e r i a  on heat content and volume may have been 
met, the working f l u i d  must no t  be i n  a form t h a t  
i s  corrosive o r  h igh i n  dissolved sol ids. 
Therefore, a geothermal resource w i l l  be defined as 
a region w i t h i n  the ear th 's  crust  tha t  has 
s u f f i c i e n t  porosity, permeabil Sty, heat content, 
water content, volume and a c c e s s i b i l i t y  w i t h  the 
water i n  such a s tate t h a t  i t  can be exploited 
pro f i tab ly ,  

Geothermal resources can be divided i n t o  two broad 
classes (Muffler, 1976): 1 } resources re la ted t o  
young igneous in t rus ions  i n  the upper crust, and 
2) resources n o t  re la ted  t o  young igneous i n t r u -  
sions. The f i r s t  class can be fu r ther  subdivided 

i n t o  three types o f  resources: a )  mag~a, b) ho t  dry  
rock, and c )  convecting h y d r o t h e ~ a l  systems, The 
second class can be subdivided i n t o  four  resources 
types: a) resources i n  a low p e ~ e a b i l i t y  conduc- 
t i v e  environment (=warm o r  hot  d ry  rock, depending 
on depth), resources i n  a low p e ~ e a b i l i t y  environ- 
ment ~ d i f i e d  by c i r c u l a t i o n  o f  meteoric water 
(e,g, thermal springs), c )  resources i n  a h igh 
p o ~ s i t y / p e ~ e a b i l i t y  environment (confined or  un- 
confined deep aquifers), and d) resources i n  a 
high-porosity environment a t  pressures great ly  i n  
excess o f  hydrostat ic (="geopressurized") . 
I n  our  ons side rations o f  low t ~ p e r a t u r e  reservoirs 
we focus on the'types 2a-c. The lowest t ~ p e r a t u r e  
leve l  f o r  e l e c t r i c i t y  generation (by the  b inary 
cyc le}  f o r  g e o t h e ~ a l  f l u i d s  i s  around 150°C 
(300°F), the lowest l i m i t  fo r  e c o n ~ i c  u t i ~ i z a t i o n  
f o r  space heating i s  about 55°C (13OoF), Fluids a t  
even 1 ower temperatures can (under c e r t a i n  
circumstances) be u t i 1  ized f o r  a g r i c u l t u r a l  
appl icat ions (Fig. 11, 
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Fig. 7 Temperature ranges f o r  possible uses o f  geo- 
thermal energy ( from Jonsson 1976) 

2, Geothermal Background 

The i n t e r i o r  o f  the ear th  i s  an enormous reservo i r  
o f  heat; the t o t a l  heat content i s  estimated t o  be 
4.1011 TWa (3*10z4 kWh). This heat resu l ts  mainly 
from the decay o f  the na tura l l y  rad ioact ive e le-  
ments uranium, thorium and potassium and i s  trans- 
mi t ted  t o  the ear th 's  surface a t  a r a t e  o f  about 
1O2lJ/a by three mechanisms: 1) conduction, 
movement o f  water, 3) movement o f  magma. For 
temperature resources the  f i r s t  two categories 
o f  signif icance. 

2) 
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The conductive heat f low towards the surface i s  re- 
l a t e d  t o  the geothermal gradient (increase o f  tem- 
Eerature w i t h  depth, dT/dz, usual ly  given i n  
C/km). The conductive heatflow q i s  equal t o  

K*dT/dz, where K i s  the rock thermal conductivi ty. 
Temperature estimates f o r  a given depth z can be 
calculated i n  purely conductive regimes by 

where To i s  surface temperature, Az and K denote 
thickness and thermal conduct iv i ty  o f  the ind i -  
vidual s t r a t a  i n  question, 

Although a l i n e a r  gradient i s  a f i r s t  approximation 
only (considerable curvature o f  the temperature- 
depth curve i s  o f ten  encountered i n  the u p p e r ~ s t  
300-500 meters (1000=1600 f t ) )  i t  i s  customary t o  
c l a s s i f y  regions i n  geothermal terms i n t o  the f o l -  
1 owing three broad categories : a)  "hyperthermal re- 
ions (gradient >8O0C/km), b)  "semi thermal '' regions 9 gradient 40-8O0C/km; 2.2-4.4°F/100 ft) and c)"nor- 

mal'' regions (gradient <4O0C/km). I n  the fo l lowing 
we w i l l  address resources associated w i t h  the 
l a t t e r  two categories, 

Even i n  noma1 regions and i n  many rocks which are 
o f t e n  regarded as impermeable, s i g n i f i c a n t  t rans fer  
o f  heat can occur by convection o f  ground water: 
meteoric water can penetrate, along f a u l t s  and 
fractures, t o  depths o f  several kilometers, acquire 
heat by conduction from rocks, and r i s e  t o  the 
surface along conduits of r e l a t i v e l y  r e s t r i c t e d  
cross sections. Heat f low and temperature gradient 
are enhanced above the r i s i n g  l imb o f  the convec- 
t i o n  c e l l  and depressed above the sinking limb. 
The convective heat f low component i s  

n L 3tO.C 100.c 

qconv = 'wvfe 

where cw i s  the volumetric heat capacity o f  the 
r i s i n g  hot water (J/m3,KW), ' v the water ve loc i ty  
(given i n  m/s o r  as the flow r a t e  per u n i t  cross 
sectional area, m3/s,m2) and Te the excess temper- 
ature o f  the r i s i n g  f l u i d ,  Thermal springs (see 
next section) are typ ica l  examples f o r  t h i s  k ind o f  
heat transfer, 

Local geothermal anomalies, caused by contrasts i n  
thermal conduct iv i ty  and/or i n  radioactive heat 
generation, can be found even i n  purely conductive, 
"normal regions Relat ive ly  high temperature 
gradients can be encountered. i f  a low-conductivi ty  
sediment (Ks)  blanket i s  present, covering high- 
conduct iv i ty  basement ( Kb). Depending on the loca l  
heat low q and the sediment thickness D the temper- 
ature anomaly AT ( r e l a t i v e  t o  uncovered basement) 
a t  the bottom o f  the blanket w i l l  be 

Kb - Ks ( 3 )  AT = Dq -- 
Ks + Kb 

Increased rad ioact ive heat generation i n  basement 
rocks (eog. grani tes)  can also cause p o s i t i v e  geo- 
thermal anomalies, An example i s  given i n  Fig. 2 
(together w i th  the sediment blanket effect).  From 
the geothermal po in t  o f  view optimum targets  i n  
"normal" areas are a t  locations o f  t h i c k  accumula- 
t ions  o f  sediments o f  r e l a t i v e l y  low thermal con- 
duc t iv i  ty  over ly ing basement rocks o f  r e l a t i v e l y  
high heat generation, For the condit ion charac- 
t e r i s t i c  o f  the eastern United States, see papers 
by Glover and Costain i n  t h i s  volume, 

TEMPERATURE 'C 
200.C 

Fig. 2 Temperature-depth curves f o r  d i f f e r e n t  one-dimensional steady-state models showing the e f f e c t  
o f  increased heat production i n  basement rocks (e.g. grani te  bathol i ths)  and the blanketing 
e f f e c t  o f  sediments. Curves 1 and 2: basement wi th  zero and 10 HGU (heat generation u n i t s )  
(= 4.18 uW/m3) heat production and without sediment cover, curve 3: blanketing e f f e c t  of a 
2 km t h i c k  sediment cover. 
(= 75.2 uW/m2). 

Calculated w i th  a surface heat f low o f  1.8 HFU (heat f low u n i t s )  
1 TC = 0.418 W/m, K (from Rybach 1978) 
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watero inus nigner temperatures and i n  many cases 
higher f low rates as well  can be achieved by 
tapping the source more close t o  i t s  reservo i r  
a f t e r  de ta i led  exploration, Besides de ta i led  in-  
vest igat ion o f  the fau l  t / f r a c t u r e  pa t te rn  i n  the  
area of i n t e r e s t  geochemical methods a r e  now f r e -  
quently used t o  answer basic questions o f  such ex- 
~ l o r a t o r y  studies: a) d e t e r m i ~ t i o n  o f  reservo i r  
s ize  and temperature, b) i d e n t i f i c a t i o n  o f  recharge 
and source areas o f  thermal water, c) residence 
time o f  thermal water i n  the  subsurface, d)  
determination of the extent of mixing o f  thermal 
water w i t h  near-surface ground water. An 
excel lent  account alung these f i n e s  can be found i n  
€dmunds e t  at, (1977). 

so Thermal Springs 

Thermal springs ind ica te  the presence o f  greater 
quant i t ies  o f  water a t  depth. S u f f i c i e n t  v e r t i c a l  
permeabil i ty (often a t  the in te rsec t ion  of steeply 
dipping f a d  t s  and/or fractures) can lead t o  the 
formation o f  thermal springs. These occur a t  
places where buoyant~y r i s i n g  hot  water reaches the 
earth's surface again, a f t e r  i t  has i n f i l t r a t e d  i n  
the recharge area down t o  greater depths. Obvious- 
l y  a t  such laces the heat f low regime i s  strongly 
influenced gy the convecting thermal water: the 
heat car r ied  by the water which depends on f low 
r a t e  and t~mpera ture  ( c f  a equa 2) may be large i n  
comparison w i t h  the conductive heat f low f i e l d ,  

A study o f  the  d i s t r i b u t i o n  o f  thermal springs i n  
Switzerland revealed t h a t  the absence o f  springs i n  
the s e d i ~ n t a r y  Molasse basin can be a t t r ~ b u t e d  t o  
the lack  o f  v e r t i c a l  permeabil i ty i n  t h i s  area (due 
t o  impervious shaly fomat ions i n  the sedimentary 
sequence); on the other hand the springs w i t h  the 
highest temperatures (up t o  62°C; 145°F) and f low 
rates (up t o  400 tfmin; 700 gpm) are  s i tuated i n  
the area o f  elevated se ismic i ty  (Ja f fe  e t  al., 
1976a) where the channels o f  ascent i n  dense rocks 
are kept open by the natural seismic a c t i v i t y .  

I n  many cases a deeper-lying reservo i r  w i t h  high 
t e m p ~ r a t u ~ e s  e x i s t  from wbich the thermal waters 
emerge t o  the surface; s ign i f i can t  cool ing can oc- 
cur  during ascent due t o  the mixture of co ld  ground 

--- I 
HEAT 

I 

Thermal springs have been u t i l i z e d  f o r  medical 
purposes since ancient times. In addit ion, they 
can contr ibute ~ i g n i f i c a n t l ~  t o  loca l  energy needs 
f o r  space heating, A recent example i s  t h e  devel- 
opment o f  the Lavey spring (Valais/Swi tzerland) 
Detai led hydrogeological and geophysical expl ora- 
t ion,  fol lowed by d r i l l i n g  and pump tests ,  l e d  to 
an increase i n  i t s  t ~ ~ e r a t u r e  from 42°C (108°F) tu 
62°C (144°F) and i t s  discharge r a t e  from 60 Lfmin 
(15 g m) t o  400 L/min (100 gpm) (Ja f fe  e t  a l e s  
1976by. The thermal energy of the  spring (1.5 MW 
above ambient temperature) i s  u t i  1 ized i n cascades 
t o  heat a bu i ld ing  complex, two indoor and outdoor 
s w i ~ i n g  pools and t o  preheat the domestic w a ~  
water consumed i n  the complex (Fig, 3), 

SUBMERGED PUMP 

L+ 
TO THE HEATING SYSTEM 

NDOOR 

- I C  

R SYSTEM 

Fi9. 3 U t i l i z a t i o n  of thermal spring water i n  cascades (Lavey/Switzerland, i n s t a l l a ~ i o n  i n  operation 
since 1978) 
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4, Deep Aquifers 

In s e d i ~ ~ ~ ~ ~  basins deep w a t ~ ~ s ~ e a r i ~ g  f o r ~ t i o n s  
can be present w i t h o u t  displaying any surface ac- 
tivity. The heat content of these aquifers can be 
of economic interest: developments in the Paris 
basin (see Rybach, t h i s  v ~ l ~ e ~  and i n  ~ u n g a r ~  
clearly indicate that for district heating and 
agricull tural appl ications a ~ o ~ m ~ t i ~ n  ~ ~ ~ e ~ ~ t ~ ~ e  
range of 55'(13O"F) - 80% (176°F) a t  flow rates of 
about 100 m 3 f h  (440 gpm) per p ~ d ~ c i n g  well ( = 5 4  
W thermal output1 above ambient ~ ~ p e r a ~ u r e )  can 
be o f   onom om^^ interest, 

Whereas the formation temperature depends on the 
~e~thermal situation i n  a gjven area the flow rate 
and performance of a deep aquifer depend on many 

IO00 2000 3000 4000 [m] 
DEPTH 

parameters: the volume of water (which i n  turn de- 
pends on porosi t y  ), the pressure conditions % the 
~ e ~ a ~ i l i ~ ~  of the formation, the physical re- 
strictions of the production we71 and casing (e,go 
diameter) and the type o f  c ~ p l e t j o n  equipment 
utilized (eogo pump), Production rates of the 
a ~ ~ ~ e ~ ~ n t j o n ~ ~  order can only be ~ i n t a j n e d  fur 
water-bgaring horizo~s o f  h igh  p e r ~ a b i l  i ty ,  The 
~ ~ e ~ ~ ~ ~ j ~ y  of s e d i ~ e ~ ~ ~ ~  r o d s  depends on the 
Interconnected pore space fraction as well as on 
the degree of fracturing (=secondary permeability)o 
The permeability (given in millidarcies (md), 1 md 
= l0-~%n2) usually decreases w i t h  depth (Fig 41, 
To obtain the ~ ~ o v ~ m ~ ~ t i o n e ~  extraction rate the 
transmissivity (aquifer thickness x permeability) 
must be i n  the order of several hundreds o f  md m, 

1000 3000 
DEPTH 

Fig. 4 Decrease of Permeability with depth i n  the Mofasse basin (Northern Foreland of We Alps) 

~ T h ~ ~ a l  o u t p u t ,  6 ~~~~ = 1.17 10% AT; where m is the rate o f  pro~uc t jon  ~ ~ ~ / ~ )  and a f  the useful 
t ~ p e ~ ~ t ~ r e  drop (deg) 
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disposes o t  dissolved so l ids which could create 
severe p o l l u t i o n  problems (see sect ion on Environ- 
mental Considerations) Reinject ing the used f l u i d  
a lso enables b e t t e r  thermal u t i l i z a t i o n  o f  the re- 
servoir:  on i t s  way from the r e i n j e c t i o n  t o  the 
p ~ d u c t i o n  wel l  the co ld i n l e t  water ext racts  p a r t  
of the heat contained i n  the rock matrix, A f t e r  a 
cer ta in  time w i t h  constant production temperature 
(= l i fe t ime o f  the doublet system) the thermal i n -  
f luence o f  the r e i n j e c t i o n  wel l  reaches the produc- 
t i o n  wel l  , causing a slow drawd~wn o f  temperature, 
The l i f e t i m e  depends on the reservo i r  thickness, 
porosity, temperature, ext ract ion r a t e  and produc- 
t i o n / r e i n j e c t i o n  wel l  spacing, Fig. 5 shows t h i s  
dependence ( r e s u l t  o f  model ca lcu lat ions)  f o r  a 
s ing le doublet , Considerable enhancement o f  the 
l i f e t i m e  can be obtained by m u l t i p l e  doublets 
(Gringarten 1978), The l i f e t i m e  can be up t o  30% 
higher than shown on Fig, 5 due t o  the changing 
v iscos i ty  o f  re in jected water on i t s  way t o  the 
production wel l  (t. Bjelm, personal communication). 

I n  general, cost  o f  d r i l l i n g  t o  tap the reservo i r  
increases w i t h  depth but t h i s  increase i s  balanced 
by the greater value o f  heat a t  the higher water 
te~pera ture ,  I f  several aqui fers  w i t h  comparable 
reservo i r  ' p e r f o ~ a n c e  are present a t  d i f f e r e n t  
depths i n  the sedimentary column, econo~ ic  
considerations w i l l  lead t o  the optimum one. 

The s t a t i c  heat content o f  aquifers i s  eas i l y  ca l -  
culated from formation temperature and poros i ty  
data. However, only a f r a c t i o n  o f  t h i s  volume i s  
ext ractable s ince d i s t i n c t i o n  must be made between 
s ta t i c ,  e l a s t i c  and dynamic reserves as we l l  as o f  
the explo i  tab1 e reserves ( f o r  a deta i led discussion 
see Franko & Nucha, 1976). The maximum explo i tab le 
quant i ty  o f  water (m) a t  constant temperature (i ,eo 
wi thout  thermal drawdown) depends on the heat f low 
(9) a t  the aqu i fe r  base and i s  given by 

where R i s  t h e  radius o f  the piezometric depression 
cone ( t o  be determined by pumping tests), cw the 
volumetric heat  capacity o f  water and AT the useful 
temperature drop (aquifer temperature m i  nus surface 
temperature). P r i o r  t o  the economic exp lo i ta t ion  
the reservo i r  must be characterized by the above- 
mentioned parameters. A good example i s  the docu- 
mentation o f  the aquifers i n  the Paris basin 
(Housse & Maget , 1976) 

A standard t e c h n i ~ u e  o f  exp lo i ta t ion  o f  deep 
aqui fers  i s  t h e  'doublet'' method: a p a i r  ( o r  pa i rs)  
of production and r e i n j e c t i o n  wells. The re in jec-  
t i o n  (af ter  heat ex t rac t ion  by heat exchangers) 
maintains constant reservo i r  pressure and a1 so 

POROSITY ( d l  
Inn 0 -tn 

0 0 0  
8.- N M  

OURAT ION OF PRODUCT I O N  

AT CONSTANT TEMPERATURE 

(YEARS) 

RATE OF EXTRACTION ( m  3 / h )  
0 0 0 0  0 
*tocoo VI 

0 
0 
0 
N 

Q O O O O O  
0 0 0 0 0 0  
N M cj. \o "E, 
DOUBLET SPACING (ml 

Fig. 5 System l i f e t i m e  f o r  a doublet as a funct ion o f  reservo i r  thickness, porosity, temperature, 
wel l  spacing and ext ract ion r a t e  (from "La geothermie en France", 1975) 
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5. Hot Dry Rock (HDR) 

I n  most "normal 'I continental areas geothermal heat 
i s  present i n  great  quant i t ies  a t  depths which are 
accessible w i th  today's d r i l l i n g  technology, even 
when working f l u i d s  are absent due t o  the low 
natural permeabil i ty o f  the deep strata, From such 
HDR resources heat could be extracted by establ ish- 
ing a r t i f i c i a l  f l u i d  c i rcu la t ion ,  , One possible 
c i r c u l a t i o n  system i s  now under development a t  the 
f i e l d  t e s t  stage i n  New Mexico, USA and i s  known as 
the "LOS Alamos HDR Concept" (see e.9, Smith 1978). 
It requires d r i l l  ing o f  two holes deep enough t o  
reach hot c rys ta l  1 ine rock, connecting them a t  
depth through a la rge  hydraul ic f rac tu re  (which 
serves as a heat exchange surface), and then 
c i r c u l a t i n g  pressurized water through t h i s  closed 
system t o  recover heat from the rock. The 
theoret ica l  value o f  HDR heat can be d ~ o n s t r a t e d  
by considering a 1 km3 (0.25 m i 3 )  cube o f  granite: 
i f  i t s  heat content could be "mined" over a useful 
temperature drop o f  200°C (390°F) t h i s  small volume 
would y i e l d  about 4-1017 Joules, equivalent t o  
1011 kWh o r  3.109 $. 

A HDR reservo i r  can mainly be characterized by i t s  
natural p e ~ e a b i l i t y  and heat content, The natural 
permeabil i ty a t  depth (= degree o f  f rac tu r ing)  i s  
ra ther  d i f f i c u l t  t o  be determined from the surface, 
I n  formation on the v a r i a t i o n  o f  f rac tu re  perme- 
a b i l i t y  with depth can be obtained from the inver- 
s ion o f  seismic re f rac t ion  data (Rybach e t  ale 
1978). The p o t e n t i a l l y  useful heat contained i n  a 
HDR reservo i r  can be evaluated from the tempera- 
ture-depth curve, T(z). For a given appl icat ion 
there i s  a lower temperature l i m i t  Ta (e.g. 150°C 
(300*F) f o r  e l e c t r i c i t y  generation by the  binary 
cycle), hence a minimum d r i l l i n g  depth, 2%' t o  
reach t h i s  temperature i n  the subsurface. The 
maximum reservo i r  temperature i s  defined for a 
given T(z) d i s t r i b u t i o n  by an assumed maximum 
economic d r i l l i n g  depth zm; the heat content Q per 
surface area above a minimum usable temperature 
Tmi.n i s  

'R 
where c v  i s  the volumetric heat capacity o f  the 
rock. This considerable heat content must be con- 
sidered only  as a resource base: only a small 
f r a c t i o n  o f  it ( i n  the order o f  0.1%) i s  expected 
t o  be technical l y  recoverable (Cummings e t  a1 . 
I f  the i n  s i  t u  permeabi 1 i ty (=natural f rac tu r ing)  
o f  the HDR reservo i r  i s  low, a r t i f i c i a l  f racture(s)  
must be created t o  expose c i r c u l a t i n g  f l u i d  t o  hot 
rock. The thermal output depends mainly on the 
f l u i d  flow ra te  fi, the f rac tu re  radius R, the tem- 
perature d i f ference AT ( i n i t i a l  rock temperature 
minus f l u i d  r e i n j e c t i o n  temperature) and varies 
w i t h  time t according t o  

1978) e 

R2 
P ( t )  = cw& ATerf [K -1 

m 4 T  

erned by the parameter R2/&; w i t h  medi um production 
rates quasi-stationary s tate can be established 
(e.g. 20 L/s (310 gpm) f o r  10 Mk4 (th)),  

I n  a deep reservo i r  w i t h  high natural permeabil i ty 
f looding techniques (known from o i l  production 
technology) using water d r ive  could be feasible, 
I n  any case the d e v e l o p ~ n t  o f  r e l a t i v e l y  small HRD 
un i ts  i n  the order o f  5-10 MW(e), which would 
supply 5,000-10,000 inhabitants, i s  envisaged, The 
Los Alamos pro ject  has so f a r  shown t h a t  the HDR 
concept i s  technica l ly  feasible; i t s  economic fea- 
s i b i l i t y  i s  s t i l l  t o  be demonstrated. Obviously 
d r i l l i n g  costs w i l l  be a major issue i n  investment; 
regions w i t h  rap id  increase o f  temperature w i t h  
depth are favorable i n  t h i s  respect. As i n  the 
case o f  deep aquifer appl icat ions a cer ta in  concen- 
t r a t i o n  o f  users i s  necessary i n  view o f  the con- 
siderable d r i l l i n g  and i n s t a l l a t i o n  costs f o r  a 
heat ext ract ion s i te ,  

6. Environmental Considerations 

F i r s t  o f  a l l  i t  must be c l e a r l y  stated t h a t  geo- 
thermal energy i s  not a renewable resourceo I n  
most cases the ex t rac t ion  o f  heat from the 
subsurface great ly  exceeds the r a t e  o f  
r e p l e n i s h ~ n t  by natura l  conductive heat flow; the 
l i f e t i m e  o f  economic ex t rac t ion  w i l l  depend on the 
resource size, On the other hand, cool ing o f  a 
geothermal area w i l l  not have d i r e c t  c l i m a t i c  
consequences since the temperature regime o f  the  
earth's surface i s  e n t i r e l y  governed by insulat ion. 

Environmental effects t o  various degree are t o  be 
ant ic ipated during the whole phase o f  geothermal 
development: from explorat ion through tes t ing  and 
construction t o  f u l l  production, Many o f  these im-  
pacts are very s i m i l a r  t o  o i l /gas explorat ion and/ 
o r  production. Subsidence e f fec ts  can be avoided 
by r e i n j e c t i n g  the waste f l u i d  a f t e r  heat extrac- 
t ion. Neither subsidence nor seismic e f fec ts  are 
known from the Par is  and Hungarian basin where 
f i e l d  experience ex is ts  over more than a decade, 
No detectable environmental e f fec ts  have been en- 
countered so f a r  a t  the HDR heat ext ract ion t e s t  
s i t e  a t  Fenton H i l l ,  New Mexico. 

The only severe problem t h a t  ar ises i s  a chemical 
one, Geothermal f l u i d s ,  especia l ly  those from deep 
aquifers, o f ten  contain dissolved so l ids i n  great 
amounts (up t o  30 g/L). This can cause, even w i t h  
r e i n j e c t i o n  o f  the waste f l u i d ,  severe corrosional 
problems of surface equipment . Furthermore the 
l i f e t i m e  o f  a doublet production system can be 
l i m i t e d  by the change o f  so lu t ion  e q u i l i b r i a  i n  
time rather  than by the thermal drawdown, Even i n  
the "freshwater" system o f  HDR heat ex t rac t ion  
s o l i d  outputs o f  1 - 10 tons per day o f  s i l i c a  o r  
calcium carbonate type material must be ant ic ipated 
(Cummings e t  al,, 1918). Considerably more re- 
search i s  needed t o  f u l l y  understand the manifold 
environmental aspects o f  geot~ermal energy u t i 1  iza- 
t ion, 

where cw i s  the volumetric heat capacity o f  water 
and K i s  a constant (includes material propert ies 
o r  rock and water). The thermal drawdown i s  gov- 
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