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Abstract 

The o b j e c t i v e  of t h i s  work is t o  
c a l c u l a t e  t h e  optimum p r e s s u r e s  f o r  t h e  
t e c h n i c a l  o p e r a t i o n  of a 55 YW d o u b l e  
c y 1  i n d e r  t u r b i n e  i n  a tandem 
c o n f i g u r a t i o n  u s i n g  mass and e n e r g y  
b a l a n c e  e q u a t i o n s ,  accompanied by a 
t e c h n i c a l - e c o n o m i c  s t u d y .  The maximum 
d r y n e s s  a t  t h e  t u r b i n e  o u t l e t  s h o u l d  b e  
k e p t  a t  85 % and  t h e  power g e n e r a t i o n  
m a i n t a i n e d  c o n s t a n t .  The v a l u e s  of t h e  
v a r i o u s  c a l c u l a t e d  steam p r e s s u r e s  were 
10, 9, 8 and 7 bar and  3.6 ,  3 .2,  2 . 5  and 
2 . 0  bar, f o r  t h e  h i g h  and  low steam 
p r e s s u r e s  r e s p e c t i v e l y ,  w h i l e  a t  t h e  
t u r b i n e  o u t l e t  t h e  p r e s s u r e  was k e p t  
c o n s t a n t  a t  0 .075  bar .  The most i m p o r t a n t  
r e s u l t s  o b t a i n e d  showed t h a t ,  t h e r e  were 
two p r e s s u r e s  w i t h  t h e  b e s t  pe r fo rmance  : 
9 b a r  and 3 .2  of h i g h  and low steam 
p r e s s u r e ,  r e s p e c t i v e l y  and  0.075 b a r  a t  
t h e  t u r b i n e  o u t l e t .  O the r  r e l e v a n t  
a l t e r n a t i v e s  were a l s o  found .  

I n t r o d u c t i o n :  

CHARACTERISTICS OF THE GEOTHERMAL WELLS 

The i m p o r t a n c e  of a g e o t h e r m a l  
f i e l d ,  wet o r  d r y  (1) is based  on 4 
fundamen ta l  f e a t u r e s :  a s o u r c e  of n a t u r a l  
h e a t  of g r e a t  o u t p u t ,  a n  a d e q u a t e  water 
s u p p l y ,  a n  a q u i f e r ,  o r  p e r m e a b l e  
r e s e r v o i r  r o c k ,  and  a c a p  r o c k .  Once 
t h e s e  f e a t u r e s  a r e  i d e n t i f i e d  t h e  
e v a l u a t i o n  of t h e  r e s e r v o i r  is i n i t i a t e d  
by  d r i l l i n g  wells,  which a r e  induced  and  
i n t e g r a t e d  t o  t h e  steam p r o d u c t i o n  s y s t e m  
once  t h e  h e a t  t r a n s f e r  t h r o u g h  t h e  well 
walls is a p r o x i m a t e l y  c o n s t a n t .  

A f t e r  a well is a c t i v a t e d ,  i t  is 
k e p t  under  p r o d u c t  i o n  f o r  a p e r i o d  of 
time and  t h e n  i t s  p r o d u c t i o n  c u r v e s  a r e  
d e t e r m i n e d .  These  c u r v e s  h e l p  i n  t h e  
a n a l y s i s  of t h e  b e h a v i o u r  of t h e  masic 
f l o w  when t h e  p r e s s u r e  head  c h a n g e s ,  
which  is v e r y  v a r i a b l e  f rom well t o  well 
(83-28 b a r ) .  C e r r o  P r i e t o  I 1 1  ( C  P 111) 
g e o t h e r m a l  f i e l d  h a s  t h e  h i g h e s t  r e c o r d e d  
p r e s s u r e s .  

The r e a l  o p e r a t i o n a l  c o n d i t i o n s  of a 
well d i f e r s  from t h e  i dea l  case p i c t u r e d  
i n  t h e  p r e v i o u s  p a r a g r a p h s  i n  two main 
a s p e c t s :  

a ) . -The  p r o d u c t i o n  c u r v e s  of a 
well v a r y  w i t h  t h e  l a p s e  of t i m e .  
T h e r e f o r e  t h e  s e l e c t i o n  of a n  optimum 
h i g h  p r e s s u r e  is n o t  recommended as t h e  
well w i l l  n o t  f l o w  when a change  on t h e  
p roduc t i . on  c u r v e  is r e g i s t e r e d .  For  t h a t  
r e a s o n ,  smaller p r e s s u r e s  t h a n  t h e  
optimum a re  recommended. 

b).-The h o t  b r i n e  s u b m i t t e d  t o  
s e v e r a l  f l a s h e s  t o  o b t a i n  steam becomes 
e n r i c h e d  i n  s a l t s ,  which  may p r o d u c e  
s c a l i n g  i n  t h e  s u p e r f i c i a l  e q u i p m e n t .  

A t  C P I 1  and  C P I11  g e o t h e r m a l  . 
f i e l d s ,  a d o u b l e  f l a s h  s y s t e m  is 
u t i l i z e d .  A l though  i t  is o b t a i n a b l e  a 
g r e a t e r  amount of a v a i l a b l e  e n e r g y  u s i n g  
t h i s  p r o c e s s ,  t h e r e  a re  d i s a d v e n t a g e s  
s u c h  as :  a ) . -The  s e c o n d a r y  s e p a r a t o r  h a s  
a t e n d e n c y  t o  sca le ,  b).-The p r o d u c t i o n  
r a t e  of low s t e a m  p r e s s u r e  t o  h i g h  steam 
p r e s s u r e  is v e r y  r e d u c e d  ( 10 % of t h e  
t o t a l ) .  

A t  t h e  p r e s e n t  time ( 2 )  C F E 
(Compafiia F e d e r a l  d e  e l e c t r i c i d a d ) ,  is 
c a r r y i n g  o u t  a f e a s i b i l i t y  s t u d y  and  
a n a l y s i s  t o  d i s p o s e  of t h e  second  s t a g e  
of f l a s h  ( second  s e p a r a t o r ) .  And where  
t h e  case may be  of a low p r e s s u r e  
w e l l h e a d ,  t o  e l i m i n a t e  t h e  f i r s t  s t a g e  of 
f l a s h  ( f i r s t  s e p a r a t o r ) .  

OPTIYATIZATION OF GEOTHERMOELECTRIC 
PLANTS 

The most i m p o r t a n t  o b j e c t i v e  i n  
p l a n n i n g  a g e o t h e r m o e l e c t r i c  p l a n t  is t h e  
c o n v e r s i o n  of c a l o r i f i c  e n e r g y  e x t r a c t e d  
f rom t h e  r e s e r v o i r ,  i n t o  m e c h a n i c a l  
e n e r g y  t o  t r a n s f o r m  I t  i n  e l e c t r i c i t y ,  
o p t i m i z i n g  p r e s s u r e  p a r a m e t e r s ,  steam 
f l o w  and  t e r p e r , a t u r e ,  t o  b e  ab le  t o  
u t i l i z e  t h e  maximun a v a i l a b l e  e n e r g y .  
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The geothermal field at C P is of 
the liquid dominant or wet steam type. 
For that reason the basic heat cycles 
applied to this type of resource have 
been selected : a).-Simple flash cycle ( 
C P I )  and b).-Double flash cycle ( C P 
I 1  and C P 111) (Fig. 1). 

At the geothermoelectrlc plants, the 
cost of steam transmission results as an 
addition to the cost of the installation 
of the plant. Thus, it is necessary to 
take into account the topographical 
conditions and the length of the 
transmission lines as much as the 
characteristics of the wells. 

REAL BEHAVIOUR OF THE GEOTHERMAL FIELD 

The information on the production of 
each well such as enthalpy, non- 
condensable gases content and the design 
of steam lines to the plant, among other 

. variables, will be obtained at the 
begining of the proJect. However, many of 
these variables change with tire and can 
not be predicted with accuracy; some of 
them may be rent ioned : 

a).-The global pressure of the reservoir 
will be diminishing according to the 
exploitation of the field, 

b).-The permeability is reduced due to 
the formation of scaling in the 
reservoir, resulting in an irreversible 
reduction of the production of each well, 

c).-Sore wells are collapsed as a result 
of corrosion of their walls or else due 
to poor cementat ion which weakens the 
ademe. 

d).-Variation of the non-condensable 
gases content in the mixture with time, 

e).-Dragging of solid particles such as 
sand at high velocity in some producing 
wells. 

BACK UP STEAM 

The back up steam will substitute 
the missing steam which usually arrives 
to the turbine, due to any contingency or 
to a global reduction of  the production. 
Based on that it will be necessary to 
consider the following aspects: 

a)-Any producing well may fail due to 
collapsing. Thus, the importance of 
having in line a back up well, 

b).-Any of  the wells of the system may 
increase unexpectedly its non-condensable 
gases content. The reduction of the gas 
content is carried out by adequate mixing 
from several wells, 

c).-The decline of the reservoir based on 
the loss of  local production from each 
well, with an annual (3) decrease of 10 % 
of its global product ion, 

In the preliminary studies for C P 
IV, the installation of a turbine as 
those already existing in C P I 1  and C P 
I I I has been planned. According to the 
prefeasibility study (4, 5) carried out 
by C F E , i t  has been indicated that the 
behaviour of the reservoir gave positive 
values showing that there is enough steam 
to generate 220  YW. 

FLEXIBILIBILITY OF OPERATION OF THE 
TURBINE 

l).-Higher admission pressure. I f  it is 
decided to operate the turbine at a 
higher pressure, the limit will be set by 
the design factors of the turbine shell. 
This increment in pressure, on the one 
hand, improves the unit thermal 
consumption of  the plant (not so the 
internal efficiency of the turbine), but 
on the otherl increases the humidity at 
the exit of the turbine causing a 
magnification of the erosion on the last 
blades of the turbine. 

2).-Smaller admission pressure. I f  by a 
prediction error the presssure of the 
reservoir diminishes beyond the 
anticipated and becomes necessary to 
operate the turbine at a smaller 
pressure, more i !ear than the initiallly 
required would be needed to produce the 
same power. The specific volume of the 
steam is bigger at a smaller pressure 
causing problems durlng the expansion of 
the steam inside the turbine. Therefore 
i t  is not possible to ignore the loss of 
pressure due to the exploitation of the 
reservoir with the lapse of time. 

3. -Non-condensable gas content . I f  the 
volume of non-condensable gases increases 
beyond the limit set by the design of the 
turbine shell, i t  may cause serious 
problems to keep the vacuum at the 
condensers, thus diminishing the power of 
the turbine ( 6 ) .  

SEPARATION PRESSURE 

With the information from the 
previous paragraphs the diameters and 
lengths of each pipeline branch and the 
mains are obtained. These are followed by 
the selection of various options to 
supply the plant with steam, varying the 
pressure of the wells as to obtain the 
nominal volume flow to the turbine inlet. 
With these supplying arrangement the 
pressure that may be associated to each 
separator is calculated. This is carried 
out by taking the turbine as the starting 
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p o i n t ,  c o n t i n u i n g  up  stream and e n d i n g  a t  
t h e  wells . T h i s  p r o c e s s  is no t  as s i m p l e  
as  i t  l o o k s ,  as  i t  is n e c e s s a r y  t o  
i t e r a t e  u n t i l  t h e  volume f l o w  and t h e  
p r e s s u r e  of e a c h  p i p e l i n e  b r a n c h  c o i n c i d e  
w i t h  t h e  c h a r a c t e r i s t i c  c u r v e  of t h e  
wel l .  

METHOD OF CALCULATION 

The d o u b l e  c y l i n d e r  t u r b i n e  i n  a 
tandem c o n f i g u r a t i o n  which is t h e  basis  
of t h i s  work is a c t u a l l y  b e i n g  used a t  C 
P I 1  and C P 111, has  t h e  f o l l o w i n g  
nominal  o p e r a t i o n a l  c o n d i t i o n s  ( T a b l e  I 
): 

T a b l e  1.-Nominal o p e r a t i o n a l  c o n d i t i o n s  
f o r  t h e  d o u b l e  cy1  i n d e r  
tandem compound t u r b i n e .  ----------------------------------------- 

An a d m i s s i o n  of h i g h  10 .60  bar  man 
p r e s s u r e  steam. 

An a d m i s s i o n  of low 3 . 4 1  b a r  man 
p r e s s u r e  steam. 

Condenser  rnax imum 
p r e s s u r e  

0 . 1 0  bar man 

Nominal power a t  66,000 KW 
100 % c a p a c i t y  

High p r e s s u r e  steam 303,133 Kg/hr 
f l o w  

The t h e r  mod ynam i c p r o p e r t i e s  
a s s o c i a t e d  t o  t h e  d e s c r i b e d  p r e s s u r e s  a t  
T a b l e  I were t a k e n  from Keenan e t  a1 ( 7 ) .  

S e v e r a l  thermodynamic e q u a t i o n s  f o r  
mass and e n e r g y  b a l a n c e  were used  t o  g e t  
s p e c i f i c  r e s u l t s  a s  f o l l o w s :  

a ) . -The  t u r b i n e  o u t l e t  e n t h a l p y  f o r  t h e  
h i g h  p r e s s u r e  steam: 

'gh = 'fo + 'oh * 'fgo 

'oh = (Sgh - 'io 'fgo 

= h f o  + 'ho * 'fgo 

b) . -The t u r b i n e  o u t l e t  e n t h a l p y  f o r  t h e  
low p r e s s u r e  steam. 

xo1 = S g l  - Sf0 S f g o  

bo1 = h f o  + xo1 * h i g o  
c ) . -The  o u t l e t  d r y n e s s  of t h e  m i x t u r e  
which is r e q u i r e d  t o  e v a l u a t e  t h e  
e f f i c i e n c y  of t h e  t u r b i n e ,  a s  f o l l o w s :  

d) . -The  r e a l  o u t l e t  d r y n e s s  and e n t h a l p y  
a re  c a l c u l a t e d  f o r  b o t h  s t a g e s ,  h i g h  and 
low p r e s s u r e  steam: 

e) . -The  real  d r y n e s s  a t  t h e  t u r b i n e  
o u t l e t  w i t h  two steam a d m i s s i o n  
p r e s s u r e s  : 

f ) . -Wi th  a c o n s t a n t  e f f i c i e n c y  and  a 
g e n e r a t i o n  of 56 YW, t h e  mass f l o w  a t  
h i g h  and low steam p r e s s u r e  w i l l  v a r y :  

M1 = C P / N - CMh * ( wh ) ) I  / W 1  

g) . -To o b t a l n  t h e  u s e f u l  e n e r g y  f o r  t h e  
t u r b i n e  : 

h) . -The e f f i c i e n c y  of h i g h  and  low steam 
p r e s s u r e  : 

h = i n l e t  s p e c i f i c  e n t h a l p y  (KJ/Kg) 
S i :  = i n l e t  s p e c i f i c  e n t r o p y  ifl = s p e c i f i c  e n t h a l p y  (KJ/Kg) 

= s p e c i f i c  e n t h a l p y  (KJ/Kg) 
= s p e c i f i c  e n t h a l p y  (KJ/Kg) 

:fl 
= s p e c i f i c  e n t r o p y  (KJ/Kg K )  
= s p e c i f i c  e n t r o p y  (KJ/Kg K )  

Pig1 = p r e s s u r e  ( b a r )  
h f o  = s p e c i f i c  e n t h a l p y  (KJ/Kg) 
h f g o  r s p e c i f i c  e n t h a l p y  (KJ/Kg) 
hol - s p e c i f i c  e n t h a l p y  of t h e  m i x t u r e  

(KJ/Kg) 
S f o  = s p e c i f i c  e n t r o p y  (KJ/Kg K )  
P = power ( M W )  
N = e f f i c i e n c y  (%) 
wh = t u r b i n e  work by h i g h  p r e s s u r e  

s t earn (KJ/Kg 
W1 = t u r b l n e  work by low p r e s s u r e  steam 

(KJ/Kg) 
xoh = t u r b i n e  o u t l e t  d r y n e s s  f rom h i g h  

steam p r e s s u r e  s t a g e  (%) 
XO1 = t u r b i n e  o u t l e t  d r y n e s s  from low 

steam p r e s s u r e  s t a g e  ($1 
Xm = m i x t u r e  d r y n e s s  from low and h i g h  

steam p r e s s u r e  s t a g e s  (%) 

(KJ/Kg K )  
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low steam p r e s s u r e  f low ( t o n / h r )  
h i g h  steam p r e s s u r e  f l o w  ( t o n / h r )  
low steam p r e s s u r e  y i e l d  
(MWhr/ton) 
h i g h  steam p r e s s u r e  y i e l d  
(MWhr/ton) 
m i x t u r e  rea l  d r y n e s s  a t  t h e  
t u r b i n e  o u t l e t  of  t h e  h i g h  p r e s s u r e  
s t a g e  ($1 
m i x t u r e  real  d r y n e s s  a t  t h e  
t u r b i n e  o u t l e t  of  t h e  low p r e s s u r e  
s t a g e ( % )  
m i x t u r e  rea l  d r y n e s s  a t  t h e  
t u r b i n e  o u t l e t  of t h e  h i g h  and 
low steam p r e s s u r e  (%) 
u s e f u l  e n e r g y  e x t r a c t e d  by t h e  
t u r b i n e  (KJ/Kg) 
h i g h  steam p r e s s u r e  c o s t  ( D l l s )  
low steam p r e s s u r e  c o s t  ( D l l s )  
low and  h i g h  ( t o t a l )  steam 

p r e s s u r e  c o s t  ( D l l s )  

Subsc r  I p t  s 

f r e f e r s  t o  a p r o p e r t y  of l i q u i d  i n  
e q u i  1 i b r  ium w i t h  vapor  

g r e f e r s  t o  a p r o p e r t y  of vapor  i n  
e q u i l i b r i u m  w i t h  l i q u i d  

1 r e f e r s  t o  low p r e s s u r e  s t e a m  
h r e f e r s  t o  h i g h  p r e s s u r e  s t e a m  
o r e f e r s  t o  t h e  t u r b i n e  o u t l e t  
r r e f e r s  t o  real  
t r e f e r s  t o  t o t a l  
s r e f e r s  t o  steam 

I f g  r e f e r s  t o  a change  by e v a p o r a t i o n  

ECONOMIC ANALYSIS 

The economic  a n a l y s i s  of  any  p r o j e c t  
is  a v e r y  i m p o r t a n t  t o o l ,  a s  i t  is 
e x p e c t e d  t o  g i v e  i n f o r m a t i o n  of i t s  
r e n t a b i l i t t y  c o u p l e d  w i t h  a Conven ien t  
t e c h n i c a l  d e s i g n  . I n  t h i s  p a r t  of  t h e  
work a n  economic  a n a l y s i s  w i l l  b e  made 
c o n s i d e r i n g  t h e  optimum a d m i s s i o n  
p r e s s u r e  v a l u e s  t o  t h e  t u r b i n e  c a l c u l a t e d  
p r e v i o u s l y .  The fundamen ta l  o b j e c t i v e  f o r  
e a c h  case under  s t u d y  w i l l  be  t o  f i n d  o u t  
t h e  cost of vapor  once  t h e  o p e r a t i o n a l  
c o n d i t i o n s  a r e  s p e c i f i e d .  

I t  is n e c e s s a r y  t o  c o n s i d e r  t h a t  i n  
o r d e r  t o  g e n e r a t e  one MU of e l e c t r i c i t y ,  
steam is needed ,  a s  much a s  a c o s t l y  
equipment  t o  s u p p o r t  t h e  p l a n t .  I n  t h i s  
p e r s p e c t i v e  i t  is c o n v e n i e n t  t o  
d i s t r i b u t e  t h e  c o s t  of steam on a 
p e r c e n t a g e  b a s i s ,  t a k i n g  i n t o  a c c o u n t  t h e  
c o n t r i b u t i o n  of e a c h  e l emen t  t o  t h e  
e n e r g y  g e n e r a t  i o n  p r o c e s s .  Accord ing  t o  
p r e v l o u s  s t u d i e s  ( 8 ) ,  60  % of t h e  c o s t  
of t h e  g e n e r a t i o n  of e n e r g y  is a s s i g n e d  
t o  t h e  equipment  and t h e  res t  ( 4 0  $1 i t  
is a s s o c i a t e d  t o  t h e  c o s t  of steam 
p r o d u c t  i o n .  

I n  t h e  c o s t  of t h e  equipment  a l l  t h e  
e x p e n d i t u r e s  i n  t h e  p l a n t  a re  i n c l u d e d ,  
s u c h  as  p e r s o n n e l  s a l a r i e s ,  ma in tenance ,  

equipment  d e p r e c i a t  i o n ,  . . . , e t c . ,  whereas  
t h e  c o s t  of  vapor  i n c l u d e s  wells 
d r  i 11 i ng, s t e a r  t r ansmi  ss 1 on,  p i  p e l  i nes  , 
v a l v e s ,  s e p a r a t o r s ,  among o t h e r s .  A t  t h e  
p r e s e n t  t i r e  t h e  c o s t  ( 10)  of  t h e  YUhr 
a t  1988 prices is $15.56  D l l s .  

Case 1 . - O p e r a t i o n  of t h e  t u r b i n e  w i t h  
h i g h  and low steam p r e s s u r e  
(nominal  o p e r a t i o n a l  c o n d i t i o n s ,  
T a b l e  I )  

The v a l u e s  of R f o r  t h e  t u r b i n e  
(10)  a r e  0 .152  MW/Pon/hr and 0 .106  
MW/ton/hr of h i g h  and low steam p r e s s u r e  
r e s p e c t i v e l y .  T h e r e f o r e  t o  c a l c u l a t e  
y i e l d ,  n e x t  r e l a t i o n s  a r e  used :  

For  h i g h  steam p r e s s u r e :  

Rh = 0.1521 MW/ton/hr 

$h = 0.152 YWhr/ton * lS.lS$/MW 

$h = 2 .31  $ / t o n / h r  

c o s t  of p r o d u c t i o n  f o r  e a c h  MU-hr: 
A s  t h e  steam r e p r e s e n t s  40% of 

s s h  = 2 .31  $ / ton /h r  * 0.4  

$sh = 0.92  $ / ton /h r  

For  low steam p r e s s u r e :  

R1 = 0.106 YW/ton/hr 

$l = 0.106 MW/hr * 16 .15  $/YW 

$1 = 1 .605  $ / t o n / h r  

$sl = 1.606 S / t o n / h r  * 0.40 

(BS1 = 0.642 $ / t o n / h r  

i t s  

t h e  

To produce  5 5  MU-hr a re  r e q u i r e d  
303.12 t o n / h r  and 68 .85  t o n / h r  of h i g h  
and  low steam p r e s s u r e .  The c o s t  of 
g e n e r a t i o n  of 55 MU-hr w i t h  t h e s e  steam 
volume f l o w s  would be :  

= 303.12 t o n / h r  * 0.891 $ / t o n / h r  
Ssh = 2 7 0  D l l s  

Ssl = 68.85  t o n / h r  * 0.642 % / t o n / h r  
= 44.2 D l l s  

Ss t  = 2 7 0  + 44.2 = 314.22 D l l s .  

I n  s h o r t ,  t o  p roduce  5'5 MW-hr t h e  cost of 
h i g h  and  low steam p r e s s u r e  n e c e s s a r y  
w i l l  b e  314.22 D l l s ,  i .e . ,  5 .71  D l l s / M W -  
h r  . 
Case 2 . -Turb ine  i n  o p e r a t i o n  w i t h  a 
s i n g l e  a d m i s s i o n  steam p r e s s u r e  

Accord ing  t o  t h e  thermodynamic  
c a l c u l a t i o n s  t h e  o p t  imum p r e s s u r e  of 
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o p e r a t i o n  of t h e  t u r b i n e  w i t h  a s i n g l e  
a d m i s s i o n  steam p r e s s u r e  w i l l  be  8 bar 
and  0.075 bar a t  t h e  o u t l e t ,  t h e r e f o r e  
t h e  c o s t  of t h e  steam w i l l  be g i v e n  by : 

To p roduce  65 YW-hr are n e c e s s a r y  
353.43  t o n / h r  of h i g h  steam p r e s s u r e  w i t h  
a t h e r m a l  y i e l d  O f  Rh = 0.163, 

$,g = 0.812 $ / ton /h r  * 363.43  t o n / h r  

$,h = 333.29 D l l s  , i n  o t h e r  terms 

8rsh = 6.06 Dlls/YW-hr 

Case 3.- O p e r a t i o n  of  a t u r b i n e  w i t h  a 
h i g h  and low steam p r e s s u r e  . 

A s  a r e s u l t  of thermodynamic 
a n a l y s i s  t h e  optimum p r e s s u r e s  of 
o p e r a t i o n  of t h e  t u r b i n e  w i t h  h i g h  and  
low a d m i s s i o n  steam p r e s s u r e  are 9 and 
3 . 2  bar,  r e s p e c t i v e l y .  C o n s i d e r i n g  
p r e v i o u s  c a l c u l a t i o n s  t h e  c o s t  of t h e  
steam w i l l  be g i v e n  t a k i n g  i n t o  a c c o u n t  
t h e  y i e l d s  o f  h i g h  steam p r e s s u r e  (R = 
0 .151)  and  low steam p r e s s u r e  ?Rl= 
0 .129)  * 

For  h i g h  steam p r e s s u r e :  

$,h = 0.181 $ / ton /h r  

For  low steam p r e s s u r e :  

$sl = 0.739 S / t o n / h r  

B r i e f l y ,  288 t o n / h r  and  79.812 
t o n / h r  o t  h i g h  and  low steam p r e s s u r e  
r e s p e c t i v e l y  are  r e q u i r e d  t o  produced  56 
YW-hr. Thus,  t h e  t o t a l  p r o d u c t i o n  cost of 
t h a t  e l e c t r i c i t y  g e n e r a t i o n  w i l l  be: 

$sh = 288 t o n / h r  * 0 . 1 2 1  $/tOn/hr  
= 207.66 D l l s  

Ssl = 79.812 t o n / h r  * 0.738 $ / ton /h r  
= 68.98 D l l s  

$st = 266.7 D l l s ,  i n  o t h e r  terms, 

8lst = 4.86 Dlls/YW-hr. 

Once es tabl ished t h e  method of 
c a l o u l a t  i on ,  i t  becomes simpler t o  
d e t e r m i n e  t h e  cost of steam f o r  d i f f e r e n t  
steam p r e s s u r e s .  On t h e  b a s i s ,  i t  may 
be assumed t h a t  i t  costs t h e  same t o  
p r o d u c e  h i g h  steam p r e s s u r e  a t  10, 9, 8 
and  7 b a r ,  as much as i t  w i l l  b e  t h e  same 
cost t o  p r o d u c e  low steam p r e s s u r e  a t  
3 .5 ,  3.2, 2 . 6  and  2 bar, e s t a b l i s h i n g  t h e  
compar i son  a t  each l e v e l  of  steam 
p r e s s u r e .  What v a r i e s  w i l l  be t h e  amount 
of steam r e q u i r e d  t o  p r o d u c e  66 MW-hr 
of power, k e e p i n g  a d r y n e s s  of 86 % a t  
t h e  t u r b i n e  o u t l e t .  T h i s  is obse rved  
g r a p h i c a l l y  i n  F i g s .  2 and 3.  

From a n  a n a l y s i s  of F i g s .  2 and 3 
where t h e  v a l u e s  of h i g h  and low steam 
mass f l o w s ,  work p roduced  u s e f u l  e n e r g y  
and  t o t a l  steam c o s t  a re  shown, t h e  
f i g u r e s  f o r  t h e  o b t e n t l o n  of t h e  optimum 
p r e s s u r e  work of t h e  t u r b i n e  were 
s e l e c t e d :  9 and  3 . 2  b a r  of h.igh and  low 
steam p r e s s u r e s ,  r e s p e c t i v e l y  w i t h  a n  
0.076 t u r b i n e  o u t l e t  steam p r e s s u r e .  Wi th  
t h e s e  c o m b i n a t i o n s  of p r e s s u r e s  i t  is 
o b t a i n e d  t h e  maximun amount of u s e f u l  
e n e r g y  from t h e  geo the rma l  steam. T h i s  
c o r r e s p o n d s  t 'o a c o s t  of steam e q u a l  t o  
266.7  Dlls t o  p roduce  65 MW-hr, i .e.,  
4.86  Dlls/MW-hr. 

By t h e  same t o k e n ,  a s i n g l e  a d m i s s i o n  
h i g h  steam p r e s s u r e  was found t o  g i v e  t h e  
maximun u s e f u l  e n e r g y  from t h e  g e o t h e r m a l  
steam : 8 bar of h i g h  steam p r e s s u r e  w i t h  
a n  0 .076  t u r b i n e  o u t l e t  steam p r e s s u r e .  
T h i s  a r r angemen t  p r o d u c e s  a c o s t  of  333.3 
D l l s  f o r  a t o t a l  of 56 MW, l . e . ,  6 .06  
Dlls/YW-hr ( F i g .  3 ) .  

CONCLUSIONS 

I t  was c o n c l u d e d  t h a t  t h e  optimum 
steam p r e s s u r e s  * which a l l o w e d  t h e  
e x t r a c t i o n  of t h e  maximum amount of 
e n e r g y  from t h e  geo the rma l  f l u i d  a re  a s  
f 01 lows : 

a ) . - 9  and  3 . 2  b a r  of h i g h  and  low steam 
p r e s s u r e s  and  0 .075  b a r  of o u t l e t  t u r b i n e  
p r e s s u r e .  

b ) . - A  more s t r i c t  a l t e r n a t i v e  Is t o  
c o m p l e t e l y  e l i m i n a t e  t h e  second s t a g e  of  
f l a s h  ( s e c o n d a r y  e v a p o r a t o r ) ,  i - e . ,  t h e  
s o u r c e  of low steam p r e s s u r e  , l e a v i n g  
a l o n e  t h e  s t a g e  of h i g h  steam p r e s s u r e  
based  on two r e a s o n s :  1-equipment  
ma in tenance ,  and  2.-minimum c o n t r i b u t i o n  
o t  low steam p r e s s u r e  t o  t h e  t o t a l  steam 
mass f low.  A h i g h  steam p r e s s u r e  of 8 b a r  
was selected as t h e  optimum w i t h  0 . 0 7 6  
bar as  t h e  o u t l e t  t u r b i n e  p r e s s u r e .  

c ) . - I n  cabe of  a s t r i c t  r e d u c t i o n  of t h e  
p r e s s u r e  w e l l h e a d ,  fa r  below t h e  
s e p a r a t i o n  p r e s s u r e  of t h e  f i r s t  
s e p a r a t o r ,  i t  has been  recommended t o  
e l i m i n a t e  t h e  s o u r c e  of t h e  h i g h  steam 
s e p a r a t o r ,  l e a v i n g  a l o n e  t h e  s e c o n d a r y  
s e p a r a t o r  

d).-The steam p r e s s u r e  s e l e c t i o n s  were 
made c o n s i d e r i n g  t h e  more p r o f i t a b l e  
t e c h n i c a l  economic -aspec t  of t h e  p r o j e c t  
f o r  t h e  p roduc t iom of e l e c t r i c i t y .  

e ) . - I t  is b e l i e v e d  t h a t  t h e  p r e s u r e s  
s e l e c t e d  a re  t h e  most a p p r o p i a t e d  f o r  t h e  
real  c o n d i t i o n s  of t h e  C e r r o  P r i e t o  
g e o t h e r m a l  f i e l d  a i t e r  16 y e a r s  of 
c o n t  i nuos  e x p l o i t a t  i o n .  
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m 
(Mh) Mass flow 
of high steam 

(MI) Mass flow 
of low steam 

pressure (ton/hr) 

4m 
- 

Useful energy (kj/kg) 

l!YiZaJlo 
($st) Total steam a" 

0.853 0.852 0.850 0.863 0.860 0.858 0.855 

Psh = 8 bar, PSI = 2.25 bar, P, = 0.075 bar 
700 I I .  

Psh = 7 bar, PSI = 2.0 bar, P, = 0.075 bar 

(Mh) Mass flow 
of high steam 

(MJ Mass flow 
of lowsteam sop 

pressure (ton/hr) - 
Useful energy (kj/kg) 

m =  
($st) Total steam a m  

0 
0.870 0.867 0.863 0.860 0.856 0.868 0.865 0.862 0.859 

Dryness of real steam mixture at the turbine outlet (%) 

Fig.2 Analysis of dryness behaviour varying the high and low steam flows versus useful energy, total steam 
cost and mass flow. 
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P = lobar P = 9 b a r  

(Mh) Mass flow 
at high steam 

pressure (ton/hr) 

MID 

Useful energy (kj/kg) 

Cost of steam (Dlls) 400 

0 . -  
0.864 0.858 0.849 0.843 0.869 0.862 0.853 0.851 Real outlet 

Turbine outlet pressure 0.2 0.15 0.1 0.075 0.2 0.15 0.1 0.075 

P=8 bar P=7 bar 

- 
8M 

(Mh) Mass flow 
el high steam 

pressure (ton/hr) rn 

(E) Useful energy (kj/kg) - 
(&) Cost of steam (Dlls) 

m 

0.872 0.866 0.856 0.850 0.877 0.870 0.861 0.858 Real outlet 
Turbine outlet pressure 0.2 0.15 0.1 0.075 0.1 0.15 0.1 0.075 

Fig. 3 Analysys of steam flow behavior during expansion versus useful energy, steam cost with single 
admission high steam pressure and mass flow. 
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