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I n  a p r e s e n t a t i o n  t o  t h e  F i r s t  S t a n f o r d  Geothermal Workshop 
l a s t  year ,  we o u t l i n e d  t h e  b a s i c  ph i l osophy ,  assumptions and 
genera l  approach t o  f i n d i n g  an o p t i m a l  r a t e  o f  energy e x t r a c t i o n  
f rom a h o t  water  geothermal f i e l d .  I n  t h i s  paper, we p resen t  
t h e  e x p l i c i t  r e l a t i o n s h i p s  govern ing t h e  p h y s i c a l  processes and 
economic f a c t o r s  o f  ou r  model, as w e l l  as t h e  m o d i f i c a t i o n s  t o  
t h e  model t h a t  have been necessary t o  accommodate t h e  more s p e c i -  
f i c  a r t i c u l a t i o n  of these r e l a t i o n s h i p s .  The conceptual  m o d i f i -  
c a t i o n s  o f  t h e  e a r l i e r  model a r e  s u b t l e ,  b u t  o f  g r e a t  importance 
i n  making ou r  work more u s e f u l  f o r  geothermal resource management. 

T h i s  s tudy  i s  concerned w i t h  t h e  o p t i m a l  management, and 
i n  p a r t i c u l a r  t h e  o p t i m a l  t i m i n g  o f  energy e x t r a c t i o n  from a 
geothermal r e s e r v o i r .  For t h e  conc lus ions  o f  t h i s  o p t i m i z a t i o n  
problem t o  be mean ing fu l ,  t h e  a n a l y s i s  must be c a r r i e d  o u t  i n  
t h e  c o n t e x t  o f  a p a r t i c u l a r  hydro- thermal  model. Fur thermore,  
some assumption r e g a r d i n g  t h e  f u t u r e  v a l u e  o f  geothermal energy 
must be made. A c c o r d i n g l y ,  we adopt t h e  hydro- thermal  model 
developed by G r i n g a r t e n  and Sauty ( l ) ,  and assume t h a t  t h e  v a l u e  
o f  geothermal energy i s  known as a f u n c t i o n  o f  t i m e  and t h e  
q u a n t i t y  o f  t h e  e x t r a c t e d  energy. We n o t e  however t h a t  o u r  
o p t i m i z a t i o n  model can be m o d i f i e d  t o  accommodate o t h e r  hydro-  
thermal models such as t h a t  o f  Kasameyer and Schroeder, which 
combines f r a c t u r e d  and porous media f l o w  ( 2 ) .  I n  v iew  o f  t h e  
i nc rease  i n  t h e  a t t r a c t i v e n e s s  o f  geothermal energy f o r  space 
h e a t i n g  ( 3 , 6 ) ,  we a l s o  assume t h a t  t h e  e x t r a c t e d  energy i s  used 
, f o r  g e n e r a t i o n  o f  steam t o  be used f o r  t h i s  purpose. However, we 
a r e  w e l l  aware t h a t  t h e  h o t  b r i n e ,  depending on t h e  parameters 
o f  a p a r t i c u l a r  f i e l d ,  may be more economica l l y  u t i l i z e d  f o r  
some o t h e r  purpose (e.g. ,  e l e c t r i c  power g e n e r a t i o n ,  d i r e c t  
u t i l i z a t i o n  o f  h o t  water  f o r  domest ic and i n d u s t r i a l  use, m i n e r a l  
e x t r a c t i o n  and d e s a l i n a t i o n ) .  I n  t h i s  paper,  we r e s t r i c t  o u r  
a t t e n t i o n  t o  t h e  case where t h e  d e c i s i o n  has a l r e a d y  been made 
t o  use t h e  geothermal energy f o r  space h e a t i n g .  

The q u a n t i t y  o f  t h e  e x t r a c t e d  energy i s  a f u n c t i o n  o f  b o t h  
t h e  r a t e  a t  which h o t  b r i n e  i s  e x t r a c t e d  and t h e  degree t o  wh ich  
i t  i s  cooled b e f o r e  r e i n j e c t i o n  i n  t h e  r e s e r v o i r .  Hence, we 
seek an e x t r a c t i o n  r a t e ,  a r e i n j e c t i o n  temperature and an economic 
l i f e  t h a t  maximize t h e  n e t  d i scoun ted  v a l u e  o f  t h e  e x t r a c t e d  energy.  
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The Hydro-Thermal Model 

The hydro-thermal model adopted f o r  t h i s  study was 
developed by Gr ingar ten and Sauty ( 1 ) .  I t  assumes a pumped 
produc t ion  w e l l  f o r  a s i n g l e  phase sa tura ted  conf ined ho t  water 
a q u i f e r  w i t h  a recharge w e l l  as shown i n  F ig .  1 ( a c t u a l l y  each 
w e l l  can represent a c l u s t e r  o f  w e l l s ) .  Al though the  a q u i f e r  
i s  conf ined v e r t i c a l l y ,  i t  i s  assumed t o  extend h o r i z o n t a l l y  
t o  i n f i n i t y .  

. .  . L - *  - .  
. . .  h . . . . . .  * . . .  0 .  

produc t ion  Figure ' r echa rge  

F l u i d  i s  withdrawn a t  the r a t e  Q and recharged a t  the  same 
The temperature o f  ex t rac ted  f l u i d  a t  t ime t is Tot. r a t e .  

Recharged f l u i d  en ters  the  ground a t  temperature T . t  a t  t ime t. 
I 

The r e c i r c u l a t e d  f l u i d  i s  heated by the a q u i f e r  m a t r i x  from 
T i t  t o  Tot (and t h i s  tends t o  cool  the  m a t r i x ) .  
years (0 <t g ) ,  To =Too where TOO i s  the i n i t i a l  e q u i l i b r i u m  
temperature o f  the  unexp lo i ted  anomaly and 'I denotes the  t ime u n t i l  
reduced f l u i d  temperature "breaks through'' t o  the  produc t ion  w e l l .  
The breakthrough t ime i s  f u n c t i o n  o f  Q and i s  descr ibed by: 

For the f i r s t  T 
t 

where t i s  a dimensionless expression f o r  t ime, 
U 
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h i s  the  th ickness o f  the a q u i f e r ,  D the w e l l  separat ion,  Q the  
pumping r a t e  and p c and p c the heat capac i t i es  o f  the  aqu i fe r  
m a t r i x  and the  flu?d: respec t i ve l y .  Thus T ( Q )  i s  i nve rse l y  
p ropor t i ona l  t o  Q. 

f f  

The temperature a f t e r  breakthrough i s  g iven by a f u n c t i o n  
- 
g ( T r t , t / t  ) which g ives the r a t i o  o f  the temperature drop through 
the heat Exchanger experienced by the  b r i n e  a t  the t ime t, t o  the 
analogous drop a t  t ime zero:  

t t 

0 t 
- t 

= g (Ti 9 t/tJ 
To - Ti 

T - Ti 
0 

I t  can be e a s i l y  shown t h a t  the v a r i a t i o n  i n  T. t  i s  smal l .  Hence, 
we have used the  r e s u l t s  o f  the hydro-thermal hodel t o  approximate 
9 by a f u n c t i o n  g which assumes T does not  vary  w i t h  time. However, i 
a l t h o u t h  T.  may be assumed constant w i t h  t ime, i t s  va lue does 
a f f e c t  heat removed per  u n i t  o f  t ime ( f o r  a g iven Q), and hence 
discounted ne t  revenues. That i s ,  f o r  a g iven steam temperature, 
lower values o f  T.  y i e l d  g rea ter  heat f lows per t ime bu t  r e q u i r e  
more expensive heat exchangers and a l s o  cause the  a q u i f e r  t o  cool 
more r a p i d l y .  

I 

The expression f o r  g has been developed (5)  and i s  g iven  by 

g W t u )  = II 
-8.006t/tu 

+l. 368e U 
-0.656t /t 

+O. 337e U 
-0.0138t/t 

0.338e 

if t l T .  

drops exponent ia l  l y  toward T.  t h  Therefore,  a f t e r  the T year, To 
a t  a r a t e  g ( t / t u )  as shown i n  F igure  2. I 

U 
0 

E+ 

Q) 
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a 

.) 

t ime, t T Figure  2 



The Economic Model 

We have now described the fundamental relationship between 
temperature and time for a given Q. Since extractable energy is 
proportional to T 
of the resource. As TAt+Ti 
increases and there is a time when it is no longer economical to 
extract more heat. Since a certain amount of heat i s  lost in 
transfer and transmission, we need the difference between the 
production and injection temperatures to reTain greater than a 
prespecified number 6. Thus we will need L", the optimal lifetime 
o f  the project, to be no greater than L where L is such that 

ToL& - T. = 6 and is a decreasing function of 6. 

- T., it is possible to take Tot as the quality 
the cost of heat extraction (per BTU) 0 

6' 6 

1 

There are at least two ways to consider the value of the 
energy. The first is to assume that the value of the energy 
increases with time at the rate of ert where r is the (continuous) 
rate of increase of real (as opposed to inflated) energy price 
with time, i.e. P = P ert where P is the value of the energy 
at time t and P 
of energy. The second approach is to assume that demand for the 
energy is price sensitive, using the area under the demand curve 
as an index of willingness to pay, and hence benefit or value t o  
society. I f  demand y ,  i s  price dependent, then we can write: 

t is detgrmined by the cost of alternative sources 
0 

This can be mathematically inverted, yielding: 

p=f  -l ( y )  . 
Then willingness to pay f o r  yoBTU/hr, w(y ) is: 

0 

0 0 
increases with time so that 

t (yo) 
We will assume w 

For the first criterion, the basic optimization problem ( 8  ) is then 
1 
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e1 : 

L 

L 

0 

sub jec t  t o  

TL - Ti 2 - 6 
0 

Cfpf 
where Q i s  the  e x t r a c t i o n  ra te ,  T the breakthrough t ime, 
the  heat capac i ty  o f  the  b r ine ,  i the  d iscount  ra te ,  L the 
economic 1 i f e  of the p r o j e c t  and C(Q,Ti) the f u n c t i o n  desc r ib ing  
the annual c a p i t a l  and o p e r t i n g  costs.  

For the  second c r i t e r i o n  the problem ( 0  ) i s  
2 

e 2  : 

L 

- 1 C(Q,Ti)e-itdt 

0 
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sub jec t  t o  T L - T  > 6  
0 i =  

A study o f  the var ious  components o f  the  produc t ion  and sur face  
equipment has es tab l i shed the  r e l a t i o n s h i p  between the  capac i ty  
o f  each component and the dec i s ion  va r iab les .  By combining these 
r e l a t i o n s h i p s  w i t h  empi r i ca l  cos t  data, we have obta ined the 
f u n c t i o n  C enabl ing us t o  o b t a i n  opt imal  so lu t i ons  t o  problems 
0 and 0 . The components o f  C a re  cos ts  for w e l l s  and casing, 
pipes an$ p ipe  c leaning,  heat exchangers, we1 1 assembl ies ,  pumps 
and pump opera t ing  cos ts .  The pump cos t  i s  dependent bo th  on 
the  f l ow  r a t e  and the drawdown generated i n  the  produc t ion  w e l l ,  
which i s  i n  t u r n  dependent on the f l o w  ra te .  An important p a r t  
o f  the  cos t  f unc t i on  i s  the r e l a t i o n s h i p  between heat exchanger 
area A and e f fec t i veness  o f  exchange: 

1 

- W Q  
E = l - e  

where k i s  a constant.  We have combined t h i s  w i t h  the  d e f i n i t i o n  
o f  e f fec t i veness .  

t o  incorpora te  heat exchanger area and T i n t o  the  cos t  f unc t  
A l i n e a r  demand curve has been assumed t o  so lve  0 

i 
2 '  

A f i n a l  no te  on the  o p t i m i z a t i o n  model i s  t h a t  the max 
poss ib le  f low,  c, from each produc t ion  w e l l  i s  determined no t  
by pump technology, but  by the requirement t h a t  the f l o w  i n t o  
the  produc t ion  w e l l  be laminar i n  o rder  t o  be cons is ten t  w i t h  

on. 

mum 
o n l y  

t h e  
assumption o f  the  Gringarten-Sauty model. 
t o t a l  f l ow  Q, i s  achieved by us ing  a number o f  w e l l s  d r i l l e d  
reasonably apar t  from each o the r  t o  minimize pressure i n te r fe rence .  
Each o f  these w e l l s  has an upper bound o f  5 on capac i ty .  

Hence, we assume the  

P ropos ed Work 

The next s tep  i n  our study i s  a s e n s i t i v i t y  ana lys i s  i n -  
d i c a t i n g  the r e l a t i v e  importance o f  the  phys i ca l ,  cos t  and economic 
parameters o f  our model i n  determin ing the opt imal  p o l i c y .  
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A l o g i c a l  extens ion o f  our work i s  the  development o f  a 
dynamic dec i s ion  process i n  which the e x t r a c t i o n  r a t e  Q w i l l  be 
al lowed t o  vary w i t h  t ime. An e x t r a c t i o n  s t ra tegy  i s  then 
de f ined i n  terms o f  a vec tor  o f  pumping ra tes :  

QL) Q = (Q,, Q, ,........., 
t h  where Q i s  the pumping r a t e  i n  the t year. We w i l l  seek an 

opt imal  s t ra tegy  t h a t  maximizes the  t o t a l  d iscounted n e t  revenues. 
I n i t i a l  cons idera t ion  o f  t h i s  extens ion has shown t h a t  the  dynamic 
programming approach, suggested i n  l a s t  y e a r ' s  presentat ion,  i s  
no t  cons i s ten t  w i t h  the  Gr ingar ten & Sauty model. Th is  i s  because 
the  d e r i v a t i v e  o f  T w i t h  respect t o  t ( t>- r )  i s  dependent on the 
h i s t o r y  o f  Q (;.e. Qt-,, Qt-21 ......a,) i n  the Gr ingar ten and 
Sauty model. Th i s  dependence i s  e f f e c t i v e l y  precluded by the  
dynamic programming approach. The s o l u t i o n  t o  the m u l t i p l e  ex- 
t r a c t i o n  r a t e  problem i s  t he re fo re  no t  ye t  a t  hand. However, 
s ince m u l t i p l e  e x t r a c t i o n  p o l i c i e s  may have advantages f o r  the  
opt imal  management o f  geothermal resources, we in tend t o  consider 
t h i s  problem f u r t h e r .  Another 'extens ion would be t o  i nves t i ga te  
var ious geometries and spacing o f  product ion and recharge w e l l s .  
The geometry and we l l  separat ion no t  on l y  a f f e c t  the breakthrough 
t ime, bu t  a l s o  the hyd rau l i c  drawdown and hence pumping cos ts  
and produc t ion  we l l  capac i t i es .  Heat losses i n  sur face p i p i n g  
w i l l  a l s o  be considered i n  t h i s  extension. 

t 

0 

Our o p t i m i z a t i o n  model can be extended t o  cases where the 
ho t  b r i n e  i s  intended f o r  uses o the r  than space heat ing,  i n  
p a r t i c u l a r ,  e l e c t r i c  power generat ion.  
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