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ABSTRACT INTRODUCTION 

Hot Dry Rock (HDR) geothermal systems have The idea o f  using subterranean heat from 
been under i nves t i ga t i on  by research groups i n  formations t h a t  do no t  contain la rge  and 
several countr ies fo r  t he  past 18 years. This exp lo i tab le  volumes o f  water o r  steam has been 
work has cost i n  excess of $240 m i l l i o n  and discussed f o r  more than a century (Starkie- 
has probably u t i l i s e d  more than 1000 man years Gardner, 1885). However, modern i n t e r e s t  i n  
o f  e f f o r t .  However, t he  cent ra l  problem of Hot Dry Rock (HOR) systems r e a l l y  began i n  the  
developing an adequate heat ex t rac t i on  region l a t e  1960's w i th  t h e  pioneering work a t  t he  
with the  cor rec t  hydrau l i c  propert ies has Los Alamos National Laboratory, New Mexico 
s t i l l  no t  been solved. (Smith, 1973 1 and several countr ies have now 

supported major research p r o g r a m s .  Much of 
The r e s u l t s  from the  la rge  f i e l d  experiments t h i s  work has been presented comprehensively 
suggest t h a t  t he  heat t ransfer areas are by Armstead and Tester, 1987, i n  t h e i r  book 
formed by the  pre-ex is t ing  na tura l  f rac tu res  
i n  the  reservo i r  region and t h a t  HDR systems 
w i l l  be dependant upon the  na tura l  i n t e r -  r r e n t  concepts fo r  HDR systems 
connections i n  t h e  f rac tu res  forming flow nvest igat ion have three common 
paths t o  ex t rac t  t he  heat. This means t h a t  t he  factors: 

t he  main focus o f  
disagreement s t i l l  

rm o f  t he  reservo i r  

t r i b u t i o n s  t o  nat ional  
s items l i k e  the  OECD 
i o n  ? )  and expenditure 

i n  the  USSR. 
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In te rna t iona l l y ,  t he  current annual spend i s  
approximately $15 m i l l i on .  

The major i t y  o f  t h i s  money has been spent by 
nat ional  government research programmes with 
research organisations and, generally, they 
have studied various aspects o f  generating the  
necessary heat t rans fe r  area w i t h i n  the  body 
o f  hot  rock. 

However, despite the  very considerable e f fo r t  
(say 1000 man years) and obvious in te rna t iona l  
f i nanc ia l  support, t he  o r i g i n a l  goal o f  
f i nd ing  an engineering so lu t i on  f o r  t h e  
reservo i r  c rea t ion  phase has no t  been reached. 
A t  t he  current leve l  o f  comprehension of the  
behaviour o f  f rac tu red  rocks a t  depth, i t  
seems c lear  t h a t  a less  ambitious approach may 
be more successful. 

The one common fac to r  t h a t  has emerged i n  most 
o f  the  la rger  scale f i e l d  programnes w i th  
wellbore i n t e r l i n k i n g  has been t h a t  the  flow 
paths were formed by the  n a t u r a l l y  occurring 
j o i n t s  and f rac tu res  despi te l oca l  a r t i f i c i a l  
f rac tu r i ng  near the  wellbore. The research 
programme i n  the  UK was s p e c i f i c a l l y  planned 
t o  e x p l o i t  the  na tura l  fractures, whi le the  
programmes a t  Los Alamos, USA, Mayet de 
Montagne, France and Fa1 kenberg, West Germany 
were o r i g i n a l l y  planned t o  create 'penny- 
shaped' a r t i f i c i a l  f rac tu res  i n  s o l i d  rock. 

The main imp l ica t ion  o f  t he  observation t h a t  
the  natural  j o i n t s  dominate the  system 
behaviour i s  t ha t  the  maximum accessible heat 
t rans fe r  area i s  predetermined by the  chosen 
pos i t i on  o f  the  i n j e c t i o n  and production wel l  
locat ions i n  the  ex i s t i ng  j o i n t  network. A l l  
the  f a r  f i e l d  l i n k s  i n  the  j o i n t s  w i l l  already 
be i n  place, even though the  i n i t i a l  apertures 
may be too  small f o r  adequate f l ow  behaviour. 

The i n  s i t u  stress f i e l d ,  t he  i n  s i t u  f l u i d  
pressure and the  d i s t r i b u t i o n  and extent of 
the  j o i n t i n g  are the  key factors t h a t  must be 
known o r  modelled f o r  any given s i t e  before 
the  reservo i r  geometry can be considered. This 
top i c  i s  discussed fu r the r  i n  the  paper by 
Ledingham and Lanyon ( t h i s  volume) a t  t h i s  
meeting but, i n  p r inc ip le ,  HDR systems i n  
j o in ted  rocks are as s i t e  dependant as any 
other form o f  geothermal o r  mineral 
exp lo i ta t ion .  The problem i s  t o  quant i f y  t he  
nature and extent o f  geo log ica l l y  su i tab le  
s i t e s  before considering the  mod i f i ca t ion  o f  
t he  na tura l  charac ter is t i cs  o f  j o i n t s  
themselves. This geological cons t ra in t  i s  a 
possible r e s t r i c t i o n  on the  o r i g i n a l  concept 
of HDR systems t h a t  could be placed anywhere 
and simply d r i l l e d  t o  a depth necessary t o  
reach the  desired temperature. A t  the moment 
there  i s  i n s u f f i c i e n t  informat ion t o  know i f  
t h i s  i s  an onerous r e s t r i c t i o n .  

We decided t o  constraln the  spec i f i ca t i on  o f  
t he  reservo i r  by matching a po ten t ia l  power 
sales contract  t o  the  idea l  system behaviour 
before attempting f u r t h e r  hypothetical 
modell ing o f  reservo i r  behaviour. The key 

issue was t o  t i e  a spec i f i c  p lan t  behaviour t o  
HDR systems w i th  various features and 
determine the  required performance character- 
i s t i c s  o f  the  system t o  achieve f i nanc ia l  
v i  abi 1 i ty . 
POWER SALES CONTRACT 

The UK e l e c t r i c i t y  u t i l i t i e s  are cur ren t ly  
s ta te  owned but, i n  1990/91, t he  government 
have planned stock f l oa t i ons  t o  make them 
p r i va te  companies. Reta i l  sales of . 
e l e c t r i c i t y  w i l l  be handled by l oca l  
d i s t r i b u t i o n  companies who w i  11 purchase the  
power from any o f  the  generator companies 
provided t h a t  20% o f  t h a t  power i s  from 'non 
f o s s i l  sources'; i n  r e a l i t y ,  t h i s  i s  
p ro tec t ion  f o r  t he  nuclear power plants ra ther  
than any attempt t o  support large scale HDR 
developments! The d i s t r i b u t i o n  companies w i l l  
a lso be able t o  generate power and pa r t i c i pa te  
i n  generation projects. 

Looking a t  t he  market po ten t i a l  f o r  HDR i n  the  
UK's p r i va t i sed  system, there  are two major 
po in ts  which have t o  be noted: 

i The p r i va t i sed  generating Companies w i l l  
contain the  o l d  base load foss i l - fue l led  
and nuclear generating capacity. These 
w i l l  s t i l l  be the  r o l l i n g  giants which work 
on very long payback periods, although 
changes are being made i n  order t o  a t t r a c t  
investment. 

ii The emphasis f o r  new generating capacity i n  
the  UK i s  aimed a t  t he  load between base 
and peak demand. It fo l lows t h a t  t a r i f f  
negot iat ions f o r  power purchases are going 
t o  be f a r  more l u c r a t i v e  i n  t h i s  sector and 
small payback periods may we l l  be 
achievable, e f f e c t i v e l y  c rea t ing  the  r e a l  
competit ion i n  the  supply industry. 

This means tha t  t he  prov is ion  o f  small base 
load generating capaci ty by HDR, o r  i n  fact  
any other source, w i l l  no t  be supported 
na t iona l l y .  Arguments based on spec i f i c  l oca l  
demands' w i l l  s t i l l  ho ld  f o r  Cornish HDR i n  
such a system, but any consideration of 
widespread development i n  t h e  UK must be 
h igh l y  u n l i k e l y  unless the  la rge  generating 
u t i l i t i e s  take r e s p o n s i b i l i t y  f o r  t he  
development a t  some stage. 

We have considered an HDR system based i n  
Cornwall which i s  more than 200 mi les from t h e  
nearest major power p lan t  and has the best 
prospects fo r  a deep HDR system i n  the  UK 
(Batchelor, 1987). 

The purchase t a r i f f s  i n  the UK f o r  the  energy 
and capaci ty payments have a premium scale 
based on t ime and durat ion re la ted  t o  both 
na t iona l  and loca l  demand p ro f i l es .  Typ ica l l y  
t he  va r ia t i on  can be from 1.7 p (3  c )  t o  
17.1 p (31 c )  per kWh. However, i n  leve l i sed  
terms inc lud ing  capacity, f o r  a s ta t i on  
running a t  constant output, t he  p r i ce  i s  
l i k e l y  t o  be 2.7 p/kWh (4.8 c). This may no t  
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be the  best method fo r  operating ah H6R plant.  ' Basic capacity payment f o r  proven 

The desirable contract  has the  fo l low ing  
e 1 ement s : O 6onus capacity payment f o r  proven ex t ra  

performance. 

performance a t  set  times. 

82MWe GROSS 

1st SEPARATCX 

+= 
FROM , 
MOWLCS 2.3 

100 kgh 

1 

INJECTION M U  
300 kgh 

PRESSURE MPo ABSOLUTE 

FIGURE 1 A CONCEPNAL 63 #e W E T  DiXJBLE Fuu( Pulcl YITn hN HOR S Y S T U  IN CORNK4LL 
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O Energy payments based on set demand 
patterns. 

O Bonus payments f o r  energy delivered a t  peak 
times on notice f r o m  the u t i l i t y .  

Depth In jec t i on  wel ls 
(m) 

5000 Mb4.467 
5500 Mb5.12 
6000 Mf5.8 

The typ ica l  diurnal var iat ions i n  energy 
payment are between approximately 1.7 p (3 c )  
and 7.9 p (14 c )  between night and day during 
the high demand periods o f  November t o  
February. 

The t a r i f f s  are designed t o  a t t rac t  generation 
systems that  can fo l low demand without major 
capi ta l  investment i n  excess capacity. To 
maximise revenue f r o m  such a t a r i f f ,  an HDR 
system needs the capabi 1 i ty  t o  vary i t s  output 
s ign i f icant ly  . 
THE DOUBLE FLASH HDR SYSTEM 

Figure 1 shows a conceptual double f lash 
system f o r  UK conditions coupled t o  an HDR 
system using twelve wel ls i n  three modules o f  
four wells. The gross power from the plant i n  
t h i s  example i s  82 MWe wi th  a paras i t ic  power 
o f  19 MWe f o r  the c i r cu la t i on  pumps. 

Sens i t i v i t y  t o  temperature, hence depth 

Production wel ls 

Mf4.533 
Ms4.88 
Mf5.6 

Part of the sens i t i v i t y  analysis was based on 
varying the production temperatures from 150 
t o  250°C t o  i d e n t i f y  the influence o f  the 
depth and temperature on performance. Figure 2 
shows the speci f ic  br ine requirements for  
power generation under loca l  conditions and i t  
can been seen that  moving t o  4500 m a t  15OOC 

> 180 200 220 240 260 
PRODUCTION TEMPERATURE (c) 

FIWRE z SPECIFIC BRINE CoIIsLPIpmn AS A FUNCTION o RESERVOIR 
TEMPERATURE FOR A DOUBLE FLASH PUllT IN CoRllwL 

would reduce the gross power by a factor of 
three because the speci f ic  br ine consumption 
increases from 11 kg/sMW t o  33 kg/sMW. 
However, the paras i t ic  power remains s imi lar  
so the net power varies f r o m  63 MWe t o  8 We 
or  nearly an eight f o l d  reduction i n  saleable 
power. - 
D r i l l i n g  costs as funct ion o f  depth 

We $hose t o  cost each well on an AFE basis 
rather than use a d r i l l i n g  cost algorithm o f  
uncertain accuracy. This exercise required 
great .patience from the suppliers once the 
engineering studies had established the 
l im i ta t i ons  t o  the wel l  designs. The major i ty 
o f  t h i s  work was undertaken by Southern 
Internat ional  and was based on actual 
experience gained during the d r i l l i n g  o f  the 
Gravberg #1 well a t  S i l j a n  i n  Sweden. 

. 
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a 20-25% paras i t ic  power for  pumps 

Six years t o  b u i l d  a system 
System costs f2200 ($40001 t o  f3000 ($5400) 
plus per kW 
95-98% avai 1 abi 1 i t y  

.. 

OVERALL MODEL 

Figure 3 shows an overal l  model o f  the system 
where the gross power from the plant i s  a 
l i nea r  function o f  mass f low ra te  a t  a given 
temperature but the pa ras i t i c  power i s  a power 
funct ion o f  the mass flow rate. Typically, 
the value o f  the index i s  between 1.5 and 2.5 
f o r  the systems studied. 

.I 

I i 

FIWRE 3 H6Utl. ELUENTS ff AN IfM SYSTEW 

on well behaviour 

The f i e l d  work shows tha t  i n jec t i on  pressures 

approximately 10 MPa i n  t h i s  case. 

For the conceptual design a t  6000 m, the . 

anticipated least stress i s  70 MPa wi th  an 
i n  s i t u  f l u i d  pressure o f  56 MPa. This means 
that  the maximum overpressure during operation 
a t  the i n l e t  point  t o  the reservoir  i s  14 MPa. 
The head losses i n  the i n jec t i on  well are 
anticipated t o  be 4 MPa, hence 5.4 MW o f  
hydraulic power are needed per module and 
19 MWe o f  prime mover power are needed f o r  the 
three modules. 

12 7 / 

FIGURE 4 MATER LOSS RATE AS A mcritm OF IIWECTIOII PRESSURE AT 

Production we1 1 performance 

A f lashing wellbore simulator was used t o  
predict  wel l  behaviour set t ing f l o w  rates t o  
100 kg/s and surface, flashed conditions t o  
0.5 MPa, 75 psi. The simulator i s  based on 
t h a t  from Parlaktuna, 1985. 

MKMIV(0yES 

The flowing downhole pressures can be seen i n  
the example here t o  be 52 HPa or  4 MPa below 
the i n  s i t u  formation pressure. I n  t h i s  way 
i t  i s  possible t o  have a degree o f  control 
over the losses that  may be anticipated from 

l a t i o n  loop. The v a l i d i t y  o f  the 
behaviour has been tested against 
data and well tests run by GEO i n  

wel ls up t o  3000 m deep. I t s  v a l i d i t y  i n  
i n  a 6000 m wel l  i s  

hat i s  enhanced by the . The actual pressure 
the  reservoir  w i l l  be 
0 MPa wi th  flow path 
t o  0.2 MPa/kg/s, values 

t h a t  have not yet  been attained i n  practice. 

ange o f  
ow ra te  

I s  decreased substant ia l ly  then the heat 
losses i n  the wellbore w i l l  reduce the output 

t o  cut  the pa ras i t i c  power by reduced pumping. 
A t  the moment when the pumps are cut the peak 
output w i l l  reach some major f rac t i on  o f  the 
gross power and t h i s  w i l l  then diminish as the 
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production r a t e  f a l l s .  Figure 5 shows the  
f l ow  reduction fo l low ing  a pump r a t e  change a t  
Rosemanowes. . It can be seen t h a t  a 60% 
reduct ion i n  i n j e c t i o n  resu l ted  i n  only a 15% 
loss o f  production a f te r  24 hours. 

This production i s  coming from stored f l u i d  
t h a t  i s  not necessar i ly  i n  the  main f l ow  
channels and could be ex t rac t i ng  heat from 
regions not cooled by steady c i rcu la t ion .  The 
f lowing ' hu f f -pu f f '  mode could be enhanced by 
d i ve r t i ng  more power t o  the  c i r c u l a t i o n  pumps 
a t  n igh t  dur ing the  low t a r i f f s  t o  maximise 
revenues during the  day. I n  times of severe 
demand f o r  one t o  two hour peaks when the  
maximum possible value i s  attached t o  the  
power ( ten  times the  basic rate),  the f u l l  
power output from the  p lan t  could possibly be 
achieved by stopping the  pumps f o r  a short 
period. 

0 

F I W R E  5 INJECTIOR I D  PROWCTIQI FLOWS BEFORE I D  K T E R  INJECTIoll 
RAE mp 

Various models show t h a t  t he  annual revenue 
from load fo l low ing  could be enhanced by 25 t o  
50% on the  correct  t a r i f f  s t ruc tu re  t o  s u i t  an 
HDR Operation. Even so, t he  cap i ta l  cost  of 
t he  conceptual p ro jec t  i s  estimated a t  
E145 m i l l i o n  ($253 m i l l i o n  or $4027/kw) and 
the  best predicted annual gross revenues are 
only f18 m i l l i o n  ($31 m i l l i o n ) .  While t h i s  
might represent a reasonable p ro jec t  i n  a 
mature industry w i th  we l l  understood r i sks ,  i t  
i s  not a v iab le  operation today without 
government development support. 

SIZE OF THE RESERVOIR 

The ex t rac t ion  o f  900 kg/s a t  225°C i s  a 
thermal power production o f  727 MWt or 242 MWt 

per module. Over 25 years, cool ing t o  200"C, 
1.43 x 10 MJ w i l l  be extracted from each 
module. To support such an ex t rac t ion  the  
rock volumes associated w i th  the  f lowing 
pathways i n  the j o i n t  network need t o  be 
between 1500 m i l l i o n  and 6000 m i l l i o n  cubic 
metres o f  rock. This i s  much la rger  than some 
o f  t he  o r i g i n a l  ca lcu la t ions  based on simple - 
models. This wide va r ia t i on  depends on the  
assumptions i n  the various thermal modelling 
methods. The volume can be represented by 
cubes o f  1100 m t o  1800 m i n  length or slabs 
300 m wide and 2200 m t o  4400 m square. This 
imp l ies  in te rwe l lbore  distances o f  the  order 
o f  600 m t o  1000 m t o  avoid using too  small a 
volume o f  rock. 

The Ledingham and Lanyon paper ( t h i s  volume) 
h igh l i gh ts  t h e  p robab i l i t y  o f  forming a 
' sho r t - c i r cu i t '  with interne11 distances o f  
the  order o f  300 m because o f  t he  low number 
o f  f rac tu res  involved. A t  the  distances 
mentioned above, some 8 t o  10% o f  the 
f rac tu res  could be involved and the  short 
c i r c u i t  r i s k  i s  reduced. 

REALITY 

The various st imulat ions used t o  date have not 
achieved low resistance wellbore l i n k i n g  w i th  
adequate surface areas, even a t  d$stances of 
300 m despite the  f a c t  t h a t  they were some of 
t he  la rges t  massive st imulat ions ever 
attempted. The r e a l i t y  i s  t ha t  t he  sheer 
scale of the  d i l a t e d  reservo i r  volume , 2000 
t o  6000 cubic metres, p lus the  losses, means 
t h a t  t he  pumping requirements and job 
durations become u n r e a l i s t i c a l l y  large if 
attempted i n  one operation. It i s  possible 
t h a t  cumulative, smaller st imulat ions, as 
proposed o r i g i n a l l y  by LANL, may be used t o  
reach the  desired volume but i t  i s  d i f f i c u l t  
t o  envisage r e l i a b l e  completion systems. 

However, i f  the  f a r  f i e l d  na tura l  f rac tu re  
system already contains an adequate 
d i s t r i b u t i o n  o f  f rac tu res  and st imulat ion i s  
only necessary t o  form a l oca l  e f fec t i ve  
access t o  the  j o in t s ,  t he  problem appears more 
t rac tab le .  Further work, as ou t l i ned  by 
Ledingham and Lanyon, i s  already undemay t o  
determine the  j o i n t  and f rac tu re  patterns tha t  
w i l l  support HDR operations wi thout t he  need 
f o r  massive s t imu la t ion  operations and t h e i r  
associated geophysical monitoring. This w i l l  
enable the  basic reservo i r  requirements t o  be 
assessed i n  comparision t o  those avai lable 
from nature. 

To support t h i s  work, an explorat ion we l l  t o  
6000 m i n t o  a region o f  the  gran i te  i n  
Cornwall t ha t  i s  known t o  be heav i l y  f rac tu red  
near surface has been planned. v i s  wel l  i s  
l i k e l y  t o  be d r i l l e d  as pa r t  o f  another RbD 
pro jec t  but the  data may be used t o  determine 
i f  condi t ions would warrant f u r the r  work i n  
the  UK. 

c 
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CON LUSIONS 

We be l ieve  tha t  t he  grand dream o f  HDR i s  
approachable i n  the  long term i f  simple and 
less glamourous steps are taken f i r s t .  

The understanding o f  how natura l  ' f rac tu re  
systems l i n k  t o  form f low ing  reservo i rs  i s  a 
major goal o f  most geothermal operations, ye t  
an understanding o f  those f rac tu re  patterns 
tha t  are l i k e l y  t o  be successful f o r  HDR has 
not been achieved. 

The f a i l u r e  o f  t he  various attempts t o  create 
commercial s ized reservo i rs  by massive 
s t imu la t ion  means i t  i s  worth reconsidering 
the  idea o f  HDR systems t h a t  do not need such 
st imulat ions, eg the  GEO-HEAT idea, 
Bodvarsson, 1974 and 1975. Once the  condi t ions 
f o r  possible success have been iden t i f i ed ,  i t  
w i l l  be feas ib le  t o  review the  r e s t r i c t i o n s  
t h a t  may be placed on t h i s  c lass of HDR 
system. 

HDR must be seen t o  de l i ve r  a success i n  the  
near term a f t e r  t he  huge expenditures t o  date. 
It seems r e a l i s t i c  t o  seek ho t  and f rac tu red  
condi t ions t h a t  requ i re  no o r  l i m i t e d  
s t imu la t ion  f o r  an operational p ro jec t  wh i le  
the  basic understanding o f  f l ow  i n  f rac tu red  
systems i s  developed. The ex i s t i ng  base of 
dry geothermal we1 1 s provides an idea l  
opportuni ty t o  move the  technology ahead a t  
leas t  cost  and r i s k .  

The system studies show t h a t  the  power can be 
sold p r o f i t a b l y  i f  a reservo i r  can be 
generated whose performance meets o r  exceeds 
the  values used i n  t h i s  paper. 

The next steps t o  move HDR ahead towards such 
a goal are suggested t o  be: 

6eneric - Operate an HDR loop i n  a hot 
f rac tu red  formation w i t h  minimum stimulat ion. 

S i t e  spec i f i c  - D r i l l  a s ing le  hole t o  f u l l  

esources we 

depths and temperatures and t h e i r  help i s  
acknowledged along w support of 

of 

This version o f  the  paper should be considered 
a d r a f t  and it may be amended i n  the  f i n a l  
version. 
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