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ABSTRACT 

As with other energy forms, assessment of 
the capacity and cost of a geothermal field 
suffers from a number of major uncertainties. 
These include field extent and temperature, 
permeability, presence of gases and other 
dissolved chemicals, reinjection costs, steam 
deliverability per well, and recharge rate. 
This paper assesses the exploration histories 
of all New Zealand and some overseas fields.. 
Effective strategies for coping with uncer- 
tainty, and reducing risk, are discussed, 
based on this experience. Exploration 
drilling patterns conditional on the results 
from previously drilled wells, are recom- 
mended. More important, because some uncer-- 
tainties, such as recharge, cannot be 
adequately determined, without some exploita- 
tion, a multi-staged construction of power 
stations is necessary to cope with the major 
economic r i s k  of oversizing. 

Table 1: Stages in Geothermal Development 

Stage 

1. Identification 

2. Resistivity 
Survey 

3. Discovery 
d r i 1 1 i ng 

4 .  Exploration 
dri 11 i ne; 

5. Reinjection 
assessment 

6. Decision to 
proceed 

7. Production 
dri 11 ing 

8. First stage 

9 .  Operation 

10. Subsequent 
stages ( i f  
appropriate) - 

Description 

'g thermal measurement, 
:esistivity anomaly 

Identifies low electrical 
resistivity area 

1-3 wells and test. 

5-14 wells, interference 
tests, mathematical 
model1 inz 

1-3 wells, and assess 
field.structure 

Drill production and 
reinjection wells f o r  
first stage of power 
stat. ion 

Build station. pipelines, 
etc. (in parallel with 
stage 7 )  

Operate first stage 

Drill and build 

1. INTRODUCTION 

' The exploration of geothermal fields, a s  
with oil and gas fields, starts with a very 
imprecise knowledge of the field. A s  money 
is spent, greater understanding of the 
field's performance, and its suitability f o r  
exploitation, results. A field that performs 
poorly may be discarded, while a really good 
field may be quickly and cheaply identified. 
Fields of intermediate performance require 
more care. Exploration and proving strate- 
gies that reduce the uncertainty a s  economi- 
cally as possible, are desired. 

In a similar way to oil and gas explora- 
tion, geophysics, geology and (for geother- 
mal) geochemistry quickly and cheaply tell u s  
something of the field's prospects [Grant 
et.al. 1 9 8 2 1 .  However, uncertainty is large 
until discovery drilling is carried out. 
This determines temperature, chemical com- 
position, and initial estimates of per- 

Minimum 
Time 

1-6 mths 

!-4 mths 

1-2 yrs 

3-4 mths 

1-3 yrs 

2-3 yrs 

2-3 vr's 

2-3 yrs 
each 

Approximate 
cost 

;SNZ million) 

negl igi ble 

0.1 - 0.3 

1 - 4  

6 - 16 

1 - 3 -  

5 - 20 

200 - 300 
( f o r  100 MW) 

as f o r  
stage 8 

Purpose 

[dentification 

Iefines the major area  
3f interest 

Jetermine temperature 
chemistry, local 
permeabi 1 i ty . 

Assess permeability 
across field, steam 
production, reinjection 
prospects 

Assess reinjectiou 
costs 

Prove steam for station 

Generate electricity 
with minimum risk of 
oversizing 

Generate electricity. 
Assess field recharge, 
drawdown, etc. 

Produce electricity 
with minimum risk of  
overs i z i ng 
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E a r r  and G r a n t  

me ab i 1 i t y , 
d e l i m i t s  t h e  p e r m e ; t b l e  r e c i o n .  arid g i v e s  
e s t i m a t e s  o f  t h e  s t e a m  p e r  w r l l .  t h a t  n o r -  
i n n l l y  a l l o w  a d e c i s i o n  o n  w n e t h c r  t o  p r o c e c d  
o r  n o t .  T h e  h i g h  c o s t  s t a z e s .  o f  1 ~ r o d i i i : t i o n  
t l r i l l i n g ,  ai id  st . i iger l  s t  a t i o n  a n a l  p i p c : I  inr !  
c o n s t r u c t i o n .  f o l l o w .  T h e  s t a g e s  i n  f i e l d  
d e v c l o p m c n t  ; i r e  s h o w n  i n  T n h l c  1 .  

E s p 1 o ri.1 t i o n d r i 1 1 i ng t h e  11 

R e s i s t i v i t y  s u r v e y s  h a v e  p r o v e d  v e r y  t i s e -  
f u l  i n  d e l j m i t i n x  f i e l d s  i n  Sew Z e i i l a n r i .  
w h e r e  t h e  t e r r a i n  i s  e a s y  a n d  t h e  f i e l d s  a r e  
c h i o r j  r i c g  r iomin; i t r !d.  l lowevct - ,  c)versc! i is  
e x p e r i e n c e  w i  t h  r e s i s t i v i t y  s u r v e y s  has b e e n  
m i s e d ,  e!: i n  :ne P h i l l i p i n e s .  

D r i l l i n g  c o s t s  i n  N e w  Z e a l a n d  a r e  a b o u t  
5x7. 1 m i l l i o n / w e l l ,  a n d  ninkc u p  10-20% o r  th t :  
c a p i t a l  c o s t  [ B a r r  e t . a l .  1 9 8 4 ,  P 4 2 1 .  
G o v e r n m e n t  p r o j e c t s  i n  New Z e a J a n t l  . a r e  s l i p -  
p o s e d  t o  e a r n  a 1 0 %  r e a l  r a t e  o f  r e t u r n .  
T h i s  i m p l i e s  a n e e d  f o r  f a s t  d e v e l o p m e n t .  a n d  
a c o n s e q u e n t  n e e d  t o  q i i i c k l y  r e d u c e  u n c e r -  
t a i n t i e s  a n d  r i s k s  s u r r o u n d j n g  R f i e l d ' s  
c a p a b i l i t i e s .  

2 .  RISKS A N D  U N C E R T A I N T I E S  

An u n c e r t a i n t y  i s  a f a c t o r  t h a t  i s  n o t  
c o m p l e t e l y  u n d e r s t o o d  or f o r e c a s t a b l e .  A 
r i s k  i s  a c o s t  t h a t  w o u l d  b e  i n c u r r e d  t h r o u g h  
t h i s  l a c k  o f  u n d e r s t a n d i n g .  C o n s i d e r a b l e  
l i t e r a t u r e  h a s  b e e n  w r i t t e n  on c o p i n g  w i t h  
u n c e r t a i n t y  [ H i c k l i n g ,  19741, [ K a i f f a .  1970]-. 
T h e  i m p o r t a n t  c o n c l u s i o n s  a r e ,  f i r s t l y ,  t h a t  
u n c e r t a i n t y  s h o u l d  n o t  b e  s u p p r e s s e d  b u t  
s h o n l d  b e  i n v e s t i g a t e d ,  a n d  s e c o n d l y .  t h a t  
s t r a t e g i e s  c a n  b e  d e v e l o p e d  t h a t  c a n  c o p e  
w i t h  u n c e r t a i n t y .  T a b l e  2 l i s t s  t h e  m a j o r  
a r e a s  o f  u n c e r t a i n t y .  a n d  t h e i r  a s s o c i a t e d  
r i s k s ,  b a s e d  o n  g e o t h e r m a l  f i e l d s  e x p l o r e d  t o  
d a t e .  

I t  i s  now n o r m a l  i o  r e i n j c c t  f l u i t l  i n  N e w  
Z e a l a t i d  f i e l d s .  a 1 t h o u e ; h  t h e r e  i s  a s  y e t  110 

l o n g  t e r m  h i s t o r y  f o r  r e i n j e c t i o n .  
R e j n j e c t i o n  c a n  s o m e t i m e s  b e  d i f f i c u l t  i f  
rvel:s a r e  i n p e r m e a b l e ,  o r  i f  t h e r e  i s  R r i s k  
o f  q u e n c h i n g ;  h o t  p a r t s  o f  t h e  f i e l d .  
Consc t iuent . !y ,  r e i n j a c L i o n  s t i  11 L I f J S e S  [ ; t ) n -  
s i c i e r a b l e  u n c e r t a i n t y  i n  t h e  l o n z e r  t erm.  
Q u e n c h i n g  o f  w e l l s  b y  c o o l  i n f l o w  of . j ro i i nJ -  
w a t e r  i s  a l s o  p o s s i b l e ,  a n d  i s  b e l i e v e d  t o  
o c c u r  a t  K t i \ ~ + ! r i i ~ .  

S i l i c a  d e p o s i t i o n  c a n  a l s o  b e  a p r o b l e m ,  
r e q u i r i n g  t h e  a d d e d  e x p e n s e  o f  f r e q u e n t  
r e d r i l l i n g  e . g .  K a w e r a u .  P r e s e n c e  o f  c a r b o 1 1  
d i o x i d e  c a u s e s  a f i e l d  t o  r u n  down more 
r a p i d l y  a n d  r e d u c e s  s t a t i o n  e f f i c i e n c y  e . g .  
B r o a d l a n d s .  

T h e  ma jo r  d e t e r m i n a n t  o f  f i e l d  r u n d o w n  i s  
a c o m b i n a t i o n  o f  t h e  s i z e  o f  t h e  p e r m e a b l e  
r e g i o n  f r o m  w h i c h  f l u i d  i s  d r a w n .  a n d  t h e  
r e c h a r g e  r a t e  o f  t h i s  r e s e r v o i r  [ G r a n t  e t . a l ,  
19821. T o  b e  a c c u r a t e l y  d e t e r m i n e d  b o t h  
t h e s e  f a c t o r s  n e e d  d i s c h a r g e  o f  t h e  f i e l d .  

Table  2 :  U n c e r t a i n t i e s  and T h e i r  A s s o c i a t e d  R i s k s  

U n c e r t a i n t y  

i )  F i e l d  E s t e n t ,  
i e  area  f o r  
d r  i 1 1 i ng 

i i )  Temperature o f  
res e rvo  i r 

( i i i )  Pern ieab i l i ty  

R e i n j e c t i o n  
c o s t  

Average W e l l  
s tcarn prodiic- 
t i o n  

( v i )  Qiienching, 
ctinriiical c10::- 
iiig c o r r o s  ion ,  
p s c s  e t c  

( v i i )  F i e l d  
dyriam i c s  and 
R c! c h a r :; e 

( v i  i i ) Other  

How rediiced 

by r e s i s t i v i t y  s u r v e y  d u t e r -  
n i n i n g  t h e  r e s i s t i v i t y  
boundary. Very e f f e c t i v e  
f o r  ?U f i e l d s  

by d i s c o v e r y  and e x p l o r a t i o n  
ilr i 1 1 i ng 

by e x p l o r a t i o n  d r i l l i n g  
i n t e r f e r e n c e  t e s t i n g ,  iinci 
mathematical  mode 11  i ny 

by e s p l o r a t i o n  well p rob ing ,  
and d r i l l i n g  s p e c i f i c  wel ls ,  
p o s s i b l y  o u t s i t i c  t h e  h o t  area 

by a zood e x p l o r a t i o n  w e l l  
p a t t e r n .  and i n t e r f e r c r i c a  
t e s t  iiig , and iiiode 1 1 i ng 

by asscssnieiit o v c r  time 
Gases found d i i r i n g  
ci i s cove r y  d r  i 1 1 i 11% 

cg Braad 1 acids 

A s s o c i a t e d  Risk 

Cold  wells 

!ow t e n p e r n t u r e  
f i c l d  uneconomic t o  
exploit eg Nzawha 

Impermeable o r  
p a r t l y  permeable 
e g  Broadlancis 

High c o s t .  possible 
quench iiig 

I nodequa t e  s teain 
yrodiict ion hy 
s t a r t u p  timc 
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15 
8 

11 
10 
I O  

30-50 

C o n s e q u e n t l y .  t h e r e  i s  a m a j o r  r i s k  o f  o v e r -  
s i z i n g ,  i f  i t  i s  c o n s i d e r e d  d e s i r a b l e  t o  
b u i l d  a o n e - l , I i t  lar ,ve p o w e r  s t a t i o n  b e f o r e  
a c t u a l l y  d r a w i n g  down t h e  f i e l d .  

123 
33  
36 

6  
5 

13 

T h e r e  i s  no  r e a s o n  t o  b e l i e v e  t h e  u n c e r -  
t a i n t i e s  o r  r i s k s  a s s o c i a t e d  w i t h  g e o t h e r m a l  
f i e l d s  a r e  a n y  g r e a t - e r  t h a n  t h o s e  f o r  o t h c r  
f o r m s  o f  e l e c t r i c i t y  g e n e r a t i o n .  T h e r e  i s  
now a l a r g e  b o d y  o f  knc iwler ige  a b o u t  g e o t h e r -  
mal e x p l o r a t i o n  t h r o u g h o u t  t h e  w o r l d  a n d  i t  
i s  g e n e r a l l y  r e c o z n i s e d  as  a n  e c o n o m i c  iind 
q u i c k  m e t h o d  o f  g e n e r a t i o n .  f r o m  w h i c h  m o s t  
o f  t h e  t t l e t h i n j l ;  t r o u b l e s  havi: b e e n  e l  i i n i n i i e e d  
[ B u d d .  1 9 8 4 :  B a r r  e t . a l . ,  1 9 8 4 ,  C h 4 j .  A 
d o u b l i n g  i n  t h e  c o s t  o f  m i n i n x  c o a l  a t  
H u n t l y ,  e s c a l a t i o n  o f  t h e  c o s t  o f  b u i l d i n g  
t h e  C l y r l c  Dam, o r  t h e  r e c o n s t r u c t i o n  c o s t s  o r  
t h e  R u a h i h i  a n d  Wheao h y d r o  e l e c t r i c  s c h e m e s ,  
a r e  N e w  Z e a l a n d  e x a m p l e s  o f  t h e  s u p p r e s s e d  o r  
i g n o r e d  r i s k s  o f  t h e s e  o t h e r  m e a n s ' o f  g e n e r a -  
t i o n .  T h e  r i s k s  o f  g e o t h e r m a l  d e v e l o p m e n t  
a r e  d i f P e r e n t ,  a n d  n e e d  t o  b e  a p p r o a c h e d  i n  
t h e  m o s t  a p p r o p r i a t e  way t o  m i n i m i s e  a d v e r s e  
o u t c o m e s .  

n . n .  
3 0  
30  

n . a .  
n . a .  
n . a .  

3 .  ANALYSIS OF PAST D A T A  

22 
22 
33 
05 
83 
50 

T h e  f o l l o w i n g  a n a l y s i s  o f  f i e l d  d e v e l o p -  
m e n t  d a t a  a i m s  a t  a s s e s s i i i E  t h t ?  n o s t :  
a p p r o p r i a t e p r o  v i 11 g a nd a s  s e s s m en  t s t r a t e g y  , 
t o  r e d u c e  r i s k  a n d  u n c e r t a i n t y .  

3 .  1 C o m a n r i s o n  o f  f i e l d s  

T a b l e  3 c o m p a r e s  t h e  s i x  N e w  Z e a l a n d  
f i e l d s  d r i l l e d  s o  f a r  a n d  a l s o  g i v e s  
a v a i l a b l e  b u t  d a t e d  d a t a  f r o m  s o m e  
P h i l l i p i n e s .  I c e l a n d  ( K r a f l a )  M e x i c a n  ( L o s  
A z u f r e s )  a n d  U S  ( B R C i i )  f i e l d s .  T h e  G e y s e r s  
( U S )  s t e a m  f i e l d  h a s  t h e  g r e a t e s t  p o w e r  p r o -  
d u c t i o n  t o  d a t e  ( 9 3 0  M W  i n  1 9 8 1 )  b u t  l i t t l e  
d a t a  i s  a v a i l a b l e .  T h e  t a b l e  s h o w s  t h e  g r e a t  
rilllge o f  q u a l i t y  i n  g e o t h e r m a l  P i e l d s .  

T h e  m o s t  u s e f u l  c r i t e r i a  o f  i n i t i a l  g o o d -  
n e s s  a r e  t h e  mean  i r i i t i a l  o u t p u t / w e l l .  On 
t h i s  c r i t e r i o n ,  M o k a i  i s  b e s t  w i - t h  3 . 7  
? I W / w e l l ,  f o l l o w e d  b y  T o n g o n a r i  ( 6 . 7 )  T i w i  
( 5 . 4 ) ,  R o t o k a w a  ( 4 . 0 ) .  K a w e r n u  ( 4 . 9 ) ,  hlak Ban 
a n d  B r o a d l a n d s  ( 4 . 2 1 ,  W a i r a k u i  ( 3 . 0 ) ,  Ngawha 
( 2 . 8 ) ,  K r a f l a  ( 1 . G )  a n d  Baca ( 0 . 8 ) .  O t h e r  
f a c t o r s  a r e  i m p o r t a n t ,  s u c h  a s  s i z e  of t h e  
f i e l d ,  f i e l d  t e m p e r a t u r e ,  r e c h a r z e  e t c .  a s  
d i s c u s s e d  i n  T a b l e  2 .  T i w i ,  M a k  D a n ,  
T o n g o n a n  a n d  W a i r a k e i  h a v e  a l l  b e e n  s u c c e s s -  
f u l l y  e x p l o i t e d .  

Table  3 :  Comparison of  Geothermal F i e l d s  

I F i e l d  
I 

New Zealand 

Wairakei 
Kawerau 
Broadlands 
Mokai 
Ho tokawa 
Ngawha 

Overseas * 

Los Azufrcs  (Nex) 
K r a f l a  ( I c e l a n d )  
Baca (USA)  
Tlwi ( P h i l )  
Mak Ban ( P h i l )  
Tongonan ( P h i l )  

Wells  
S i ze  d r i l l e d  

(sq.km) I 

I 

Tempera- 
t u r e  

"C 

260 
290 
270 
290 
300  
225 

220- 320 
350 
280 ' 

n . a .  
n . a .  

300 

A f i e l d  i n  N e w  Z t ! i t l a i I l i  i s  l i k e l y  t o  b1.t 
e c o n o m i c a l l y  e s g l o i  t a b l e ,  s u b j e c t  t o  tiavi:1:< 
a p p r o p r i a C c  reci1iil;z.c a n d  r e  i n j e c t i o n  c I ~ ; ~ r a c -  
t e r i s t i c s ,  i f  t h e  a v e r a g e  y i e l d  p e r  w e l i  i s  3 
M W  o r  abovc:. 

3 . 2  C o n s i s t e n c y  01' D r i l l i n :  S ~ ~ c c r t s s  
i 

A f t e r  t h e  d i s c o v e r y  aiud e s p l o r a t i o n  
p h a s e ,  i t i s  i m p o r t i i n t  t o  l i a v c  at1 acr : i l r i i tF:  
e s t i m a t e  o f  w h a t  t h e  l i k e l y  f u t u r e  y i e l d  o f  
s t e a m  p e r  w o 1 1  w i l l  h e .  T h i s  w i l l  r i t i p c n d  o n  
u n d e r s t a n d i n g  O P  t h e  f i e l d .  H o w e v e r ,  t h e  
r c ? c o r ( i s  o f  t h e  d i f r e r e i i  t. f i e l d s  a r e  goocl 
e s t i m a t o r s  o f  t h e  y i e l d  d i l r J  fig t h e  e s p l o r a -  
t i o n  p h i i s r ? .  

F i g u r e  1 s h o w s  t h e  s i I c c r ? s s  r a t e  ( h i t s )  o f  
New Z e a l a n d  w e l l s  d r i l l e d ,  a s  t h e  n u m b e r  o f  
w e l l s  d r i l l e d  i n c r e a s e s  i n  a f i e l d .  ( A  h i t  
i s  a w e l l  p r o d u c i n g  1 fi1W o r  i n o r e . )  One w o u l d  
e x p e c t  ! . h a t ,  a s  o i i r  u n d e r s t a n d i n g  o f  t h e  
f i e l d  i m p r o v e s ,  t h e  s u c c e s s  r a t e  i m p r o v e s .  
T h i s  i s  partly, a l s o ,  b e c a i i s e  t h e  e x p l o r a t i o n  
p h a s e  aims t o  c o v e r  t h e  f i e l d ,  r a t h e r  t h a n  
t a p  t h e  maximum amounr .  o f  s t ea rn .  

F i y u r e  1 :  Ne11 h i t  r a t e  i n  G r o u p s  o f  5 Wells  

A n o t h e r  c o n s i d e r a t i o n  i s  t h a t  t h e  tem- 
p e r a t u r e  o f  t h e  P i e l d  c u b e d  a n d  w e l l  d i a m e t e r  
t o  t h c  2 .  5 t h  p o w e r  r l c t e r m i n e  t h e  maximum 
p o w e r  t h a t  can b e  d e l i v e r e d  ( J a m e s ,  1 9 8 0 ) .  

Maximum 
Output 
p e r  Well 

( M W I  

10 
25 
13.5 
25 
10 
8 

n . a .  
n . a .  
n . a .  
n . a .  
n . a .  
n . a .  

Mean 
o u t p u t  

p e r  Well 
( M W )  

3.0  
3 . 7  
4 . 2  
8 . 7  
4.0 
2 . 8  

4.0 
1 . 6  
0.8 
5 . 4  
4 . 2 
6 . 7  

Hcinjec- 
t i o n  
c o s t s  

unknown 
unknown 

h igh  
low 

tin kn own 
h i g h  

n . a .  
n . a .  
n . a .  
11.a.  
1 ow 
1 ow 

T o t a l  
o u t p u t  
Proved 
( M W )  

364 
124** 
3 52  

52  
2 0  
37 

71 
35 
25 

51 1 
352  
3 3 6  

Production 
(MW) 

150 
25 ( s t eam)  
80 (p roposed)  
- 

n . a .  
1 1 . 8 .  
abandoned 
330 
220 
110 

11 .a . :  n o t  a v a i l a b l e  
* Data may n o t  be up- to- date.  
* *  I n i t i a l l y  180 M W .  57 blW now l o s t  by quenching.  
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Megawatts 

One Can  z r i i p h  t h o  o u t p i i t  o f  ~ c ! l l s  a s  ;i 

h i s t o g r a m .  How n e a r l y  t h e  d i s t r i b u t i o n  
i i p p r o n c h e s  t h e  maximunl p o s s i b  I C  I S  a n  i n f i i c n -  
t i o n  o f  t h e  p e r m e a b i l i t y  o f  t h e  f i e l d .  Good 
f i e l d s  a v e r a g e  o n ( ? -  t h  i rri o f  t.!i i s  m i l s j  m u m .  
H i s t o g r a m s  f o r  t h e  4 m o s t  :;uci:t?ssr'lIl N C W  
Z e a 1 i l l )  (1 f i e 1 ti s ;i r r? s h t1 w 11 i II 17 i 5 \ I  I' (I 2 . 

Megawatts 

I 1 

- - 2 cn 

Megawatts 

r" g5L 
10 20 

0 
0 

Megawatts 

Fiqure 2: Histograms of well i n i t i a l  output. 

I t  i s  i m p o r t a n t  i n  p l a n n i n g  t h e  e s p l o i t a -  
t i o n  o f  a f i e i d  t o  h e  a b l e  t o  p r o c e e d  w i t h  
c o n s t r u c t i o n  a t  t h e  same t i m e  t h a t  p r o d u c t i o n  
d r i l l i n g  i s  b e i n g  c a r r i e d  o u t .  T h i s  s p e e d s  
t h e  s t a t i o n  c o m p l e t i o o  d a t e .  a n  i m p o r t a n t  
c o n s i d e r a t i o n  a t  a 1 0 %  r c a l  d i s c o u n t  r a t e .  
T h i s  i s  f e a s i b l e  i f  t h e  l i k e l i h o o d  o f  p r o -  
d u c i n g  e n o u g h  s t e a m  t o  r u n  t h e  s t a t i o n  i s  
v i r t u a l l y  a s s u r e d .  T h a t  i s ,  i f  t h e r e  i s  c o n -  
s i s t e n c y  i n  t h e  p r o d u c t i o n  f r o m  w e i l s .  
F i p u r e  3 e r a p h s  t h e  c u m u l a t i v e  i n i t i a l  M W  
f r o m  w e l l s  f o r  n r a n g e  o f  N e w  Z e a l a n d  a n d  
o v e r s e a s  f i e l d s .  T h e r e  i s  a m e a s u r e  o f  c o n -  
s i s t e n c y  in t h e  g r a p h s ,  w i t h  t h e  s l o p e  
r e m a i n i n g  r e l a t i v e l y  c o n s t a n t  f o r  e a c h  f i e l d .  
D e t a i l e d  r i i l ta  i s  n o t  a v a i l n b b l e  S o r  T o n g o n a n ,  
T i w i ,  o r  Mak R a n ,  s o  o n l y  t h e  a v e r a g e  s l o p e s  
a r e  s h o w n .  W i t h  b o t h  K a w e r a i i  a n d  blokai ,  t h e  
l a r g e s t  p r o d u c i n g  wel l  i s  25 I Y W .  T h e r e  i s  
g r e a t e r  u n c e r t a i n t y  a n d  b u m p i n e s s  t o  t h e  
y i e l d  o f  s t e a m ,  d e p e n d i n g  o n  when o n e  o f  
t h e s e  v e r y  J i i rge  w e l l s  i s  s t r u c k .  

Wells Drilled 

F i g u r e  3 :  C i i r l l u l a t i v e  I n i t i a l  W e l l  O u t p u t s  

3 . 3  W a  i r a k e  i 

W a i r n k e i ,  Nt:w Z c a l a r l ~ i ' s  o l d e s l .  e x p l o i  tot1 
f i e l d ,  p r o v i d e s  a n  i n t e r e s t e d  c a s e  s t u d y  

( F  i g i i r - e  3 )  . Y i c l r i  f r o m  t.l ic? f i r s t  20 s h n i  l o w ,  
n a r r o w  d i a m e t e r  w e l l s .  c 1 r i l : e d  i n  ?he  e a r l y  
1 ! ) 5 o ' S  ilVi!rr?gt!d O n l y  onI :  :-1\J. f J n  i l  g i i r  w i t h  
t h e  a b a n d o n e d  3 a ~ a  f i e l t l .  'The i l c s t  5 0  we 1 Is 
; iv( : r ; lget i  3 MW f z a ~ h  a n d  t . h e  f i n i i  1 WC: I I S  tiavt: 
a v e r a g e d  a v e r y  h e a l t h y  4 >IW. \ q a i r a k ~ i  i s  
f J n C  i j l '  t h ( :  more pt?1'!neai)1(:  f i e l d s  i n  thr: 
w o r l d .  a n d  i t s  w e i l s  a r e  r e l a t i v e l y  ( : h r ? a l ~ .  
I t  W ~ I S  t h t :  f i r s t  S(!w i : ( > i t l n r i f i  f I t ? i r i  t n  \ > I ?  

e s p l o i t e d .  atid was p l a n n e d  i n  t h r e e  s t a g e s .  
t h e  f i r s t  of, 7 0  Y P l ,  a n d  thr :  s f t c o n t i  o f  1 3 0  :dW. 
A f i n a l  s t a g e  wr?s n o t  p r o c e e c l e d  w i  t l i .  t,eciiiisr 

of t h e  r: :n-down i n  t h o  f i e l r l  exgerie11t:ctci 
t h r o u g t i  o p e r a t i o n  o f  t h e  f i r s t  two s t a g e s .  
I i i i t i a l  o u t p u t  o f  1 3 0  YW hi is  now f i r n p p f ! ( i  i.0 
1.20 XW n P t e r  o v e r  2 2  y e a r s  o f  o p e r a t i o n .  
O v e r  1000 G i g a w a t t  h o i i r s  ( G w h )  o f  e : e c t . r i c i t y  
p e r  y e a r  h a v e  bee l l  p r o i i u c e d  a n n u a l i y  s i n c e  
1 9 6 3 .  P ; t r t !y  a s  B conser~i te i~c:r :  n f  p r o v i n g  
r i r i l l i n g  f o r  t h e  t h i r d  s t n g e .  ver:r l o w  : I ~ W  
rve l l s  h a v e  b e e n  d r i 1  l e d  s i n c e  1964. T h i s  i s  
a n  e x p e n s i v e  s t r a t e g y ,  i f  o n e  b e l i e v e s  i n  a 
10% r e a l  r a t e  o f  r e t u r n .  

3 . 3  T h e  P o t e n t i a l  o f  N e w  Z e a l a n d  F i e l d s  

T h r e e  o f  t h e  r.cniniri.i.ng f o u r  e s p l o r e d  Sew 
Z e a l a n d  f i e l d s  l o o k  s u i t a b l e  f o r  e s p l o i t a -  
t i o n .  B r o a d l n r ~ d s  i s  a l r e a d y  c o m m i t t e d  f o r  8 0  
MW.  K a w e r a u  l o o k s  a t t r a c t i v e ,  b u t  t h e  f i e l d  
h a s  a p u i p  a n d  p a p e r  i n i l l  o n  t o p  u f  i t ,  w h i c h  
may l i m i t  i t s  u s e .  Moka i  l o o k s  o n e  o f  t h e  
n o s t  a t t r a c t i v e  sma l l  f i e l d s  i n  t h e  w o r l d ,  
w i t h  a v e r y  h i g h  y i e l d  p e r  w e l l  d r i l l e d .  t o  
d a t e ,  ( i . e .  g o o d  p e r m e a b i l i t y ) .  a n d  g o o d  
r e i n j e c t i o n  p r o s p e c t s .  E l e c t r i c i t y  c o s t s  a r e  
o f  t h e  o r d e r  o f  5 c ( N Z ) / K w h .  T h e s e  t h r e e  
f i e l d s ,  t h o u g h  a l l  r e l a t i v e l y  smal l  i n  
e s t e i i t ,  c o m p a r e  f a v o u r i i b l y ,  i n  t e rms  o f  s t eam 
y i e l d / w e l l  w i t h  t h e  g o o d  o v e r s e a s  f i e l d s  e . g .  
i n  t h e  P h i l l i p i n e s  ( F i g r i r e  3 ,  T a b l e  3 )  

T h e  f o u r t h  e s p l o r e d  Xew Z e a l a n d  f i e l d ,  
XEatuha,  i n  c o n t r a s t ,  a1 t h o n g n  v e r y  p e r m e a b l e ,  
s u f f e r s  f r o m  l o w  t e m p e r a t u r e ,  a i s s o l v e d  
g a s e s .  a n d  h i g h  r e i n j e c t i o n  c o s t s .  

T h e  n e w e s t  i<e!v Z e a l a n d  f i e l d  t o  b e  
i n v e s t i g a t e d .  X o t o k a w a ,  h a s  a l s o  s h o w n  p r o -  
m i s e ,  w i t h  t h e  l a s t  w e l l  s h o w i n g  h i g h  t e m-  
p e r a t u r e s  a n d  a n  i n i t i a l  1 0  NlJ .  

3 . 5  P r i r p o s e  o f  E s p l o r a t i o n  D r i l l i n g  

E x p l o r a t i o n  d r i l l i n g  . h a s  t w o  p u r p o s e s .  
F i r s t l y  i t  p r o v e s  t h e  p e r m e a b i l i t y  o f  t h e  
f i e l d .  a n d  g i v e s  an u n d e r s t a n d i n g  o f  f i e l d  
s t r u c t u r e  a n d  r e i n j e c t i o n  p r o s p e c t s .  F o r  
t h i s  i t  i s  e s s e n t i a l  t h a t  t h e  e s p l o r a t i o n  
d r i l l i n g  p r o g r a m m e  c o v e r  t h e  f i e l d .  a n d  t h a t  
e f f e c t i v e  u s e  b e  made  o f  i n t e r f e r e n c e  t e s t i n g  
a n d  m o d e l  1 i n g ,  t o  p r o b e  t h e  g e r m c a b i l  i t y  n e a r  
w e l l s  a l r e a d y  d r i l l e d  [ G r a n t ,  e t . a l . ,  1 9 8 2 1 ,  
[ M c G u i n n e s s ,  1 9 8 ~ 1 1 .  A c o n d i t i o n a l  d r i l l i n g  
s e a r c h  p r o c e s s  i s  c a l l e d  f o r  w h i c h  m a k e s  u s e  
o f  c u r r e n t .  k n o w 1 ~ : d ~ e  a f t e l .  e i i c h  we1 1 ,  t o  
d e t e r m i n e  t h e  n e s t  s i t e  t h a t  w i l l  y i e l d  m a s i -  
ni i i r i i  i n f o r m a t i o n  o n  p e r m e a b i l i t y  o r  f i e l d  
s t r u c t u r e .  T h e  s e c o n d  p u r p o s e  o f  e x p l o r a t i o n  
i s  t o  p r o v e  s t e a m .  T h i s  s h o i i l d  b e  n s e c o n -  
ri i i  r y , 
e x p l o r i n g  t .he  f . i c I t 1  a n d  p r o v i n g  i t s  p c t 1 * n t : ~ 1 i ) l ~  
r e g i o n  a n d  r c i i i j e c t i o n  are;l ' .s .  

t h o 11 ph i m p o r til n t , c o 11 s i d e r a 1: i o n 1: o 

I n  t h e  p a s t .  d r i l l i n g  p a t t e r n s  t h a t  d i d  
nor .  e f f a c t . i v e l y  c o v e r  t h e  f i e l d .  tiiivt? b e e n  
u s e d .  B r o i 1 d l a n d s  is DII  e x a m p l e  w h e r e  t h e  
p e r m c a b l e  r e g i o n  ( P i g i i r e  4 )  c o v e r s  l c s s  t h i i ~ i  
h a l f  t h e  a r e a  i n s i d e  t h e  r e s i s t i v i t y  b o u n-  
d a r y .  T h i s  p e r n i c a b . l c  r e g i o n  w;is n o t  f i l l  l y  
u n d e r s t o o d  u n t  i 1 n e a r  t h e  e n d  o f  p r o d u c t i o n  
d r i l l i n g .  b c c a \ i s c  o r  i l  t e n d e n c y  t o  d r . i J 1  n e a r  
g o o d  w e l l s .  w h e r e  g o o d  s t e a m  p r o i t u ~ t i o n  was  
m o r e  l i k c l y .  o v e r - c s t j m a t i o n  o f  t h e  
B r o a d l n n d s  f i e l d  c a p a c i t y  ( F i g u r e  5 )  p o s s i b l y  
r e s u l t e d  f r o m  t h e  nss r impt . . ion  t h a t  I . h t t  p e r -  
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B e c a u s e  [ v i  1 a n d  f v )  (:;ln u s ~ a l l y  b e  overconlct 
b y  g r e a t - c r  r l r i l l i ~ l g  o r  r c ? r i r . i I l i n g  a c t i v i t y  
t h e y  ilrtf n o t  u s u a l l y  c r i t i c a l ,  U n c e r t a i n t y  
( V i i )  o n  r h e  o t h e r  h a n d  l e a d s  t o  ovf ! r s i z in ! I  
o f  t h e  s t a t i o n .  i f  t ~ o  l a r g e  R s t a t i t ~ n  i s  
I)ui  I t .  l ' h  i s  ci i i i t iot  hi! r c ! c o v c r c l l  f r o m .  
F i g u r e  6 i r l d i d a t e s  t h e  v a r i a t i o n  i n  d r a w t . l o w n  
r a t e s .  i i 1 1 c i .  i m p l i c j t l y ,  i n  r i :c t iar ! ;~?  r a t e : ; .  
I I: shows t h e  u n c e r t a i n t y  h e r e  i s  1:ery r ' so ! .  
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F i r u r e  4 :  

Wells 
0 Produc t ive  
0 Poor 
0 Unproductive 

B r o a d l a n d s  p r o d u c t i v e  a r e a  i s  much 
s m a l l e r  t h a n  r e s i s t i v i t y  a r e a .  
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F i E i i r f ?  5: E S t i m i l t e s  o f  L3 t -o i id1an~s  F i e l d  s i z e  
changed w i  t h t i m e  . 

m e a b l e  a r e a  ant i  t h e  r e s i s t i v i t y  a r e a  w e r e  t h e  
s ; ime.  T h e y  a r e  n o t .  P r e s e r i c e  o f  c a r b o n  
d i o s i d e  a l s o  r e d u c e s  f i e l d  c a p a c i t y .  

T h r e e  m i l  j o r  u ~ ~ c ( : r t i i . i n t i r : s  r :oi ict?rnin5!  
f i e l d  p r o d u c t i o n ,  r u n i n i r i  a f t e r  t h e  e x p l o r a -  
t i o n  phase .  'l 'hest: a r e .  i i i  orticir o f  i m p o r -  
t a n c e ,  P r o a  T a b l e  2 :  

T l ic  major  r i s k  a s s o c . i ; i t o t l  w i t i l  a 1  1 t h r e e  
o f  t h e s e  u n c e r t a i n t i e s  i s  i n a b i  1 i t y  t o  s u p p l y  
s u f f i c . i ( ? n t  sl.f?um t o  t h e  power  s t n t i o i i .  

Cumulative W i t h Z r a w e l  W t )  

50 10' 
I 1 

Wa i r a!< e i 
Kawerau 

roadlands \ 
F i E u r e  6 :  Drawdown o f  3 F i e l d s  n 2 : ; i i n s t  

C u m u l a t i v e  D i s c h a r g e .  

The  risk o f  o v e r s i z i n g  c a n  b e  a t t a c k e d  i n  

T h e  f i r s t  i s  t o  u s e  t h e  i n f o r m a t i o n  f rom 

two a 1  t e r n a t i v e  w a y s .  

t h e  e x p l o r a t i o n  p h a s e  t o  e s t i m a t e  a v e r a g e  
f i e l d  s i z e ,  a n d  t h e n  b u i l d  a f i r s t  s t a g e  s t a -  
t i o n  w h i c h  i s  o n l y  25- 30% o f  t h i s  e s t i m a t e .  
E v e n  i f  t h i n g s  go  w r o n g ,  s u c h  a s t a t i o n  i s  
h i x h l y  u n l i k e l y  t o  b e  o v e r s i z e d .  A s  w e l l  i:.s 
u n i t  c a p i t a l  c o s t  i s  o n l y  s l i g ! i t l y  more  t h a n  
f o r  a l a r g e  s t a t i o n ,  a s  t h e r e  a p p e a r  I:n b e  
f e w  e c o n o m i e s  o f  s c a l e  i n  s t a t i o n  c o n s t r u c -  
t i o n  [ B a r r .  e t . a l . .  P46! [Works. 19841. 
E n g i n e e r i n g  e c o n o m i e s  o f  s c a l e  f o r  g e o t h e r m a l  
t u r b i n e : ;  l a r g e r  t h a n  5 0  M W  seem t o  b e  n e e l i -  
g i b l e .  Even o n  t h e  l a r g e  G e y s e r s  f i e l d ,  i n  
C a l i f o r n i a .  2 x 5 5  NW t u r b i n e s  i s  t h e  
a c c e p t e d  s t a t i o n  s i z e ,  f o r  t h i s  r e a s o n ,  a n d  
b e c a u s e  o f  t h e  r a t e  a t  w h i c h  h o l e s  a r e  
d r i l l e d .  A s  w e l l ,  p i p e l i n e  c o s t s ,  w h i c h  a r e  
o f t e n  a s  largc a s  d r i l l i n g  c o s t s ,  i n c r e a s e  
r a p i d l y  w i t h  i n c r e a s i n g  s t a t i o n  s i z e .  
C o n s e q u e n t l y ,  t h e  e c o n o m i c  p e n a l t y  o f  s t a z e d  
d e v e l o p m e n t  i s  s m a l l  o r  n o n - e s i s t e n t .  
O p e r a t i o n  o f  t h e  f i r s t  s t a g e  p r o d u c e s  rr?veniie 
w h i l e  f i r m i n g  u p  u n c e r t a i n t i e s  o n  f i e l d  
r e c h a r g e .  T h i s  i s  t h e  s t r a t e g y  e f f e c t i v e l y  
f o l l o w e d  a t  W a i r a k e i ,  a n d  f o l l o w e d  i n  t h e  
G e y s e r s  and P h i l l i p i n e s  f i e l d s .  B e c a t i s e  o f  
t h e  r e l a t i v e l y  s m a l l  a r e a  o f  t h e  New Z e a l a n d  
f i e l d s .  compared w i t h  some o f  t h o s e  o v e r s e ~ s .  
i t  i s  m o s t  i m p o r t a n t  t o  g u a r d  a g a i n s t  o v e r -  
s i z i n g  i n  W e w  Z e a l a n d .  011 a b i g  f i e l d  t h c  
size o f  a p o w e r  s t a t i o n  i s  u s u a l l y  d e t e r m i n e d  
b y  t h e  r a t e  o f  d r i l l  i n e  a n d ,  a s  r e m a r k e d .  is 
u s u a l l y  a b o u t  1 0 0  M W .  

T h e  s e c o n d  s t r i i t c g y  u n d e r t a k e s  ~ I i s c h i l r ! : e  
o f  t h e  f i e l d  f o r  2-3 y e a r s  t o  a t t e m p t  t o  
m (? ii s 11 r I? ( I  .i s c h n r i\ 11 d I' c? c h ii r $;e r a 1: e s I) c: f o r e 
b i i i l d i n g  an  o p t i n i i u m  s i z c i i  s t a t i o n .  I t  
\ g i \ s t e s  ii c o n s i d e r a b l e  p o r t i o r i  o f  t h e  e n e r g y  
01' !:ha f i c l d ,  niiil c a i i s e s  n c o n s i d e r a b l e  de l i l y  
b e f o r e  income i s  r e c e i v e d .  I t  a l s o  s t i l l  
rillis n h i f i h  r i s k  o r  o v ( ! r s i z i n i ; .  I t  i s  a n o s t . ,  
u n a t t r a c t i v e  s t r a t e g y .  I n  s p i t e  oP  t h i s .  i t .  
w ;I s 1: h c s t. r :I 1. t? g y C o 1 J o w  e t i  ;i 1. 13 I' o i i  11 1 a ri d s . 
f i e l d  was d i s c h i i r p o d  a t  30 >f \v  f o r  3 y e n r s .  
i l f t e r  w h i c h  i i  1 5 0  NW y o w n r  s t ~ a t . i o i i  W i t s  rcr:iiin- 
a c n d e d  ( F i g u r e  5 ) ,  V u r t h e r  e v i d e n c e  h a s  
s i n c e  shown  8 0  > I N  m i i y  b e  a l l  t h ; ~ t  i s  
s i i s t a i i i a b l e .  T h i s  i s  a l l  t h a t  w i l l  be 
b 11 i 1 t. , 

'1' h I: 

i 11 i t i i I  I 1 y . 
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T h e  lo i ig  r u n  p t ? r f o r n a r i C ~ ?  of' g t . o t h f ? r m n l  
f i e l d s  i s  v e r y  d i f f i c u l t  t o  i i S S e s s  q u i c k l y  b y  
p r e s e n t  m e t h o d s .  C o n s c q u i : n I . l y  s t i i K ( ! t l  cli?vc!- 
l o p m e n t  i s  e s s e n t i a l ,  i f  h i g h  r a t e s  o f  r e t u r n  
i i re  t o  b e  a c h i e v e d ,  a n d  i f  r i s k s  arc! t o  hi? 
m i n i m i s e d .  

B a s e d  0 1 1  e s p e r i e n c e  g a i n e d  f r o m  d e v e l o p -  
m e n t  of g e o t l i e r a a l  f i e l d s  t o  d a t e ,  o n e  Ci i11  

i d e n t  i f y  a n u m b e r  o f  u n c e r t n i n r i e s  a f f e c t i n g  
t h e  s c o i i o m i c s  of d e v e l o p m e n t .  Xn a p p r ' o p r i n t f :  
e x p l o r a t i o n  s t r a t e g y  c a n  d e l i m i t  a n d  r e d i i c e  
t h e s e  u n c e r t a i n t i e s  e f f e c t i v e l y .  T h i s  a l l o w s  
a n  a s s e s s m e n t  o f  t h e  f i e l d ' s  w o r t h  f o r  s t a g e d  
e x p l o i t a t i o n ,  a n d  r e d u c e s  t h e  a s s o c i a t e d  
r i s k .  

H o w e v e r .  t h e r e  a r e  some  u n c e r t a i n t i e s  
s u c h  u s  r e c h a r g e  t h a t  c a n  o n l y  b e  r e d u c e d  o r  
u n d e r s t o o d  t h r o u g h  l o n g  term o p e r a t i o n  o f  ' t h e  
f i e l d .  T h i s  s i t u a t i o n  m a k e s  i t  e s s e n t i a l  
t h a t  e x p l o i t a t i o n  i s  s t a g e d ,  t o  r e d u c e  t h e  
f i n a n c j a l  r i s k  Prom a d v e r s e  s u r p r i s e s .  w h i l e  
s t i l l  m a i n t a i n i n g  a h i z h  r e a l  r a t e  o f  r e t u r n  
[Bar r ,  e t .  a l .  , 1 9 8 4 ,  P.471. 

S p e c i f i c a l l y ,  
( 1 )  i i  f l e x i b l e  e x p l o r a t i o n  d r i l l i n c  

s t r a t e p y .  c o n d i t i o n a l  o n  a l l  p r e v i o u s  
d r i l l i n g  r e s u l t s .  s h o u l d  b e  f o l l o w e d ,  t o  
e f f e c t i v e l y  e x p l o r e  t h e  f i e l d .  

( 2 )  H u l t i - s t a c e d  d e v e l o p m e n t  o f  t h e  f i e l d  is 
e s s e n t i a l  i f  h i g h  r e a l  r a t e s  o f  r e t u r n  
a r e  t o  b e  a c h i e v e d ,  a n d  i f  t h e  r i s k  o f  
o v e r s i z i n g  i s  t o  b e  m i n i m i s e d .  

( 3 )  S t e a m  p r o d u c t i o n  D e r  w e l l ,  ( w h i c h  d e p e n d s  
b o t h  o n  r e s e r v o i r  t e m p e r a t u r e ,  a n d  f i e l d  
p c r m e a b i l i t y ) ,  t h e  e x t e n t  o f  f i e l d  u e r -  
m e a b i l i t v  a n d  r e i n j e c t i o n  c o s t s  a r e  t h e  
m a j o r  c o n s i d e r a t i o n s  i n  d e t e r m i n i n g  
w h e t h e r  e x p l o i t a t i o n  s h o u l d  p r o c e e d ,  
a f t e r  t h e  e s p l o r n t i o n  p h a s e .  

( 4 )  C o n s i s t e n c v  o f  f i e l d s  d i s c o v e r e d  t o  d a t e  
w o u l d  i n d i c a t e  t h a t  l o w  r i s k s  a r e  
a t t a c h e d  t o  a s t r a t e g y  o f  d r i l l i n F :  Dro- 
d u c t i o n  wel l s  i n  p a r a l l e l  w i t h  i n i t i a l  
c o n s t r u c t i o n  o f  t h e  f i r s t  s t a g e  o f  t h e  
p o w e r  s t a t i o n .  T h e  a v e r a g e  a n d  maximum 
n u m b e r  o f  wel ls  r e q u i r e d  c a n  b e  e s t i -  
m a t e d .  T h i s  s t r a t e g y  a l l o w s  h i g h e r  r a t e s  
o f  r e t u r n  t o  b e  a c h i e v e d .  

( 5 )  M a t h e m a t i c a l  m o d e l s  a p p e a r  t h e  o n l y  way 
t o  a d e q u a t e l y  d e s c r i b e  f i e l d  p e r -  
m e a b i l i t y ,  p r o d u c t i o n  p e r f o r m a n c e ,  
r e c h a r g e  a n d  r u n d o w n .  

( G I  A l o n e  t ime  i s  r e q i . i i r e d  t o  f u l l y  e s p l o ! l :  
a f i e l d  p a s t  i t s  f i r s t  s t a g [ !  - somi! 1 0  
y e a r s .  T h e r e  is a l s o  v e r y  g r e a t  i i n c e r -  
t a ' i n t y  s t i r roi i i ic i inr :  tht:  s u i  t i l b i l i  t y  o f  
f i e l d s ,  p r i o r  t o  d i s c o v e r y  d r ' i 1 1 i n z .  
Consc!~iiii+iit.l y i t  i s  a s s e i i t . i a 1  t - h a t  ;I 
d i s c o v c ? r y .  I - l r i . 1  1 i n z  r~roqrnmme i n  p o  t e r i -  
t i B 1 1 y if s 1, 1 o i i ;I b 1 e f j (? t d s ,, !I i )  t c (1 1 1  s i d L.: Y (! t i  

v a l u a b l e  f o r  t o u r i s t .  s c u l t u r a l  o r  s c i e n -  
t i f i c  p u r p o s e s ,  be. c o n t i n u e t i ' .  , t v  r.:rm u p  
i i k e l y  ne!v s t a t i o n s .  3 r ' i l l i n g  a~ 
H o t a k n w n .  ;1 c o n s e q ~ ~ r ? n c e  o f ,  : h i s  a p p r o a c i i  
h a s  r e c e n t l y  b e e n  s u c c e s s f u l  .' ' 
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