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A METHOD FOR EVALUATING THE POTENTIAL 

O F  GEOTHERMAL ENERGY 

I N  INDUSTRIAL PROCESS HEAT APPLICATIONS 

ABSTRACT 

A method i s  p r e s e n t e d  f o r  e v a l u a t i n g  t h e  t e c h n i -  
c a l  and economic p o t e n t i a l  of geothermal  energy  f o r  indus-  
t r i a l  p r o c e s s  heat a p p l i c a t i o n s .  The core of t h e  method i s  
a computer program which can be o p e r a t e d  e i t h e r  as a d e s i g n  
a n a l y s i s  t o o l  t o  match energy  s u p p l i e s  and demands, o r  as  
an economic a n a l y s i s  t o o l  i f  a p a r t i c u l a r  des ign  fo r  t h e  
f a c i l i t y  has  a l r e a d y  been s e l e c t e d .  

Two examples are g iven  t o  i l l u s t r a t e  t h e  f u n c t i o n -  
i n g  of t h e  model and t o  demonst ra te  t h a t  r e s u l t s  reached by 
u s e  of t h e  model c l o s e l y  p a r a l l e l  t h o s e  t h a t  have been de- 
termined by more t r a d i t i o n a l  t echn iques .  

(1) u s e  of d e c i s i o n  a n a l y s i s  t e c h n i q u e s  as  w e l l  as  c lass i -  
ca l  methods t o  d e a l  w i t h  q u e s t i o n s  r e l a t i n g  o p t i m i z a t i o n ,  
( 2 )  a t a x  a n a l y s i s  of c u r r e n t  r e g u l a t i o n s  governing p e r c e n t -  
age d e p l e t i o n  f o r  geothermal  d e p o s i t s ,  and ( 3 )  development 
of s i m p l i f i e d  c o r r e l a t i o n s  f o r  t h e  thermodynamic p r o p e r t i e s  
of s a l t  s o l u t i o n s  i n  w a t e r .  

O the r  f e a t u r e s  of i n t e r e s t  i n  t h e  m o d e l  i n c l u d e :  
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NOMENCLATURE 

a 

A 

i j  

C 

C s a l t  

‘af t .  t a x  

‘bef . t a x  

‘bond 
C 

‘depl 

deP 

‘elect 

energy  

‘equip, j 

C 

equip  , t o t  C 

‘ f i e ld  

‘ f o s s i l  

‘GT 

‘ i n i t i a l  

‘insur 

‘ int  

‘ invst  

c o n s t a n t s ,  d e f i n e d  i n  t e x t  

heat  t r a n s f e r  area 

c o n s t a n t ,  d e f i n e d  i n  t e x t  

s p e c i f i c  heat of incompress ib le  subs tance  

s a l t  c o n c e n t r a t i o n  by m a s s  i n  l i q u i d  
p o r t i o n  of f l u i d  

a f t e r - t a x  cash  f low i n  c u r r e n t  yea r  

annual  

amount 

annual  

annual  

e x p e n d i t u r e s  b e f o r e  t a x e s  

of bonds o u t s t a n d i n g  

d e p r e c i a t i o n  expense 

d e p l e t i o n  deduc t ion  

cost  of e l e c t r i c i t y  

annua l  c o s t  of energy 

i n s t a l l e d  cost  of equipment p i e c e  j 

t o t a l  cost of equipment p l u s  e n g i n e e r i n g ,  
des ign  , 

cost of 

cost  of 

c o s t  of 

i n i t i a l  

and a d m i n i s t r a t i v e  c o s t s  

geothermal  f i e l d  development 

f o s s i l  f u e l  

geothermal  f l u i d  i 

inves tment  i n  system 

annua l  i n su rance  premium 

e x p e n d i t u r e  f o r  i n t e r e s t  on d e b t  

expend i tu re  on inves tment  i n  c u r r e n t  
d o l l a r s  

I 
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NOMENCLATURE (Cont . ) 

‘ invst  , c = expend i tu re  on inves tment  i n  c o n s t a n t  
d o l l a r s  

‘ invst  ,d = expend i tu re  on d e p r e c i a b l e  i t e m s ,  c u r r e n t  
d o l l a r s  

‘land = cost of l and  a c q u i s i t i o n  

‘maint 

‘other 

= annual  maintenance costs 

= misce l l aneous  geothermal  f i e l d  inves tment  
c o s t s  ( e . g .  geophys ica l  s u r v e y s ,  pe rmi t  
procurement) 

‘process , j 

prop.  t a x  C 

‘royal 

= 

= annual  ;3roperty t a x  payments 

i n s t a l l e d  cost  of u n i t  p r o c e s s  j 

= annual  r o y a l t y  payments 

‘ t rans  = cost of geothermal  f l u i d  t r a n s m i s s i o n  
system 

‘ w e l l  
f 

= c o s t  of each geothermal  w e l l  

= c o r r e c t i o n  f a c t o r  f o r  h e a t  t r a n s f e r  r a t e  
due t o  non-condensable g a s e s  

cap 

c r  

f 

f ’  

= p l a n t  c a p a c i t y  fac tor  

= inves tment  t a x  c r e d i t  f r a c t i o n  

fd = d e b t / e q u i t y  r a t i o  

f d e p l  
= f r a c t i o n  of t a n g i b l e  w e l l  expenses  

a t t r i b u t a b l e  t o  d e p l e t a b l e  accoun t s  

f r a c t i o n  of inves tment  made i n  y e a r  i 

sa lvage  v a l u e  f r a c t i o n  of d e p r e c i a b l e  
inves tment  

= 

= 
i n v s t ,  i f 

f 
S 

t ang  f = f r a c t i o n  of geothermal  w e l l  c o s t s  
a t t r i b u t a b l e  t o  t a n g i b l e  expenses  
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NOMENCLATURE (Cant. 1 

I f  tax 
h 

.h 

hf 

d e b t  i 

i d i s c  
i 

I R R  

i n s u r  

K 

m 

GT m 

n 

n 

NPV 

P 

Q 

Qelect 

Q f o s s i l  
r i 
S 

marg ina l  income t a x  ra te  

s p e c i f i c  en tha lpy  

h e a t  t r a n s f e r  c o e f f i c i e n t  

s a t u r a t e d  l i q u i d  s p e c i f i c  en tha lpy  

i n t e r e s t  r a t e  on d e b t  

d i s c o u n t  ra te  

insu rance  p r e m i u m  r a t e  

i n t e r n a l  r a t e  of r e t u r n  on investment  

d i scoun ted  payback p e r i o d  

c o n s t a n t ,  d e f i n e d  i n  t e x t  

number of u n i t  p r o c e s s e s  

mass f low r a t e  of geothermal  f l u i d  

d e p r e c i a t i o n  l i f e t i m e  

number of f l u i d  streams 

number of w e l l s  r e q u i r e d  

n e t  p r e s e n t  v a l u e  of system sav ings  

p r e s s u r e  

h e a t  t r a n s f e r  ra te  

e l e c t r i c i t y  r e q u i r e d  

f o s s i l  f u e l  r e q u i r e d  

i n f l a t i o n  f a c t o r  i n  y e a r  i 

s p e c i f i c  en t ropy  

n 
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NOMENCLATURE (Con t . ) 

s a t u r a t e d  l i q u i d  s p e c i f i c  en t ropy  

annual  ca sh  sav ings  a t t r i b u t a b l e  t o  t ax  
deduc t ions  and credi ts  

tempera ture  

a b s o l u t e  tempera ture  

t o t a l  p r o c e s s  hour ly  cost 

s p e c i f i c  i n t e r n a l  energy  

o v e r a l l  h e a t  t r a n s f e r  conductance 

s p e c i f i c  volume 

n e t  p r e s e n t  v a l u e  of system sav ings  

c o n s t a n t ,  d e f i n e d  i n  t e x t  

c o n s t a n t ,  d e f i n e d  i n  t e x t  

c o n s t a n t ,  d e f i n e d  i n  t e x t  

r a t i o  of h e a t  t r a n s f e r  c o e f f i c i e n t s  

change i n  a q u a n t i t y  

heat exchanger e f f e c t i v e n e s s  

f r a c t i o n  of energy  s u p p l i e d  by f o s s i l  f u e l  

weight  f r a c t i o n  of non-condensable g a s e s  

r a t i o  of f l u i d  f l o w  r a t e s  

tempera ture  minus 6OoC 

r a t i o  of h e a t  t r a n s f e r  areas 

r a t i o  of energy  s u p p l i e d  by f o s s i l  f u e l  
t o  h e a t  t r a n s f e r  r a t e  of p r o c e s s  
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CHAPTER 1 - INTRODUCTION 

A. Geothermal Energy and Process Heat Applications 

Geothermal energy is a substantially untapped re- 

source of the United States. The identified reserves, esti- 

mated to contain approximately 400 x 1OI8 J (379 Quads) of 

energy, are roughly equal in size to the domestic reserves 

of oil and natural gas (390 x lo1* J, 370 Quads). 

thermal energy has not met its promise as an energy source. 

1 Yet geo- 

Several reasons can be advanced for this disappointing situ- 

ation. 

First, the utilization of geothermal energy has 

been hampered by the low thermodynamic availability that is 

characteristic of this resource: 50% of the resource base 

contains fluid cooler than 150°C.2 Most geothermal reser- 

voirs contain fluid too cool to be efficiently exploited 

for the production of electric power. Moreover, most depo- 

sits l i e  in unpopulated areas w h e r e  needs f o r  low-quality 

energy such as residential space heating are small. Thus, 

this significant energy resource remains untapped in part 

for want of suitable end uses. 

However, many industrial processes do require 

large amounts of heat at temperatures comparable to those 

available from geothermal sources. In fact, process heat 

applications contribute 31.78 of the entire U.S. demand for 
r 
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energy and 25% of t h e s e  a p p l i c a t i o n s  r e q u i r e  t empera tu res  

less than  200°C.3 

as food p rocess ing  and pu lp  and paper  manufactur ing which 

Such p r o c e s s e s  occur  i n  i n d u s t r i e s  such 

r e q u i r e  b o i l i n g  or  e v a p o r a t i o n  of water  nea r  a tmospheric  

p r e s s u r e .  With t h e  p r i c e  of conven t iona l  sources of energy 

r i s i n g  s t e e p l y ,  many of these i n d u s t r i e s  would w e l c o m e  t h e  

p r o s p e c t  of u s ing  geothermal  energy i f  it proved t o - b e  

cheaper  a l t e r n a t i v e  t o  f o s s i l  f u e l s .  S i m i l a r l y ,  government 

p l a n n e r s  might  w e l l  value inc reased  u t i l i z a t i o n  of an energy 

r e s o u r c e  t h a t  i s  independent  of f o r e i g n  sheikdoms. 

There i s  a second reason  f o r  t h e  d i f f i c u l t i e s  

a s s o c i a t e d  w i t h  u t i l i z a t i o n  of geothermal  energy f o r  indus-  

t r i a l  p r o c e s s  h e a t  and f o r  t h e  d i s a p p o i n t i n g  r eco rd  f o r  

t h i s  r e s o u r c e  t o  d a t e .  Unlike f o s s i l  f u e l s ,  geothermal  

steam or  h o t  wa te r  cannot  be t r a n s p o r t e d  long d i s t a n c e s  t o  

t h e  p o i n t  of in t ended  use .  S ince  t h e  r e s o u r c e  cannot  be 

moved t o  the  f a c t o r y ,  t h e  a l t e r n a t i v e  i n  most cases i s  t o  

move t h e  f a c t o r y  t o  t h e  r e s o u r c e .  Except f o r  t h o s e  cases 

i n  which p l a n t s  have been c o n s t r u c t e d  by co inc idence  above 

a geothermal  r e s o u r c e ,  t h e  bottom l i n e  i s  then  an economic 

t r ade -o f f  among t h r e e  f a c t o r s :  t h e  c o s t  of geothermal  re- 

source  development,  t h e  c o s t  of r e l o c a t i n g  an e x i s t i n g  

p l a n t  o r  c o n s t r u c t i n g  a new one near a geothermal  d e p o s i t ,  

and t h e  cost  of f o s s i l  f u e l s .  Even i f  by chance an e x i s t i n g  

i 

I 
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plant is located near a geothermal deposit, a trade-off 

still remains between the costs of geothermal resource de- 

velopment and retrofit of the plant and the cost of continu- 

ed use of fossil fuels. 

Implicit in the cost of geothermal field develop- 

ment is the risk of finding an unsatisfactory resource. 

This risk represents the third major reason for the dis- 

appointing record for geothermal energy in the U . S .  Yet 

for every level of risk, there exists a potential economic 

return which would induce rational decisionmakers to invest. 

Risk therefore provides an additional factor in the trade- 

offs discussed above. 

B. The Geotnermal Project 

1. Goals and philosophy - 
The trade-offs describec in the previous section 

are being investigated by a group of researchers at M.I.T. 

The goal of the research i s  the c rea t ion  of a general  

methodology for evaluation by management of geothermal 

energy use in industrial process heating applications. 

Implicit in this statement of the goal of the 

project are several principles which have guided the work 

discussed in following chapters. First, the decision to 

utilize geotnermal energy can only be made by managerial 

decisionmakers. Thus contact with representatives of indus- 
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t r i a l  f i r m s  i s  e s s e n t i a l  i f  r e s e a r c h  i s  t o  remain r e l e v a n t  

t o  t h e i r  concerns  and if i t s  r e s u l t s  are t o  be e f f e c t i v e l y  

communicated t o  i n d u s t r y .  Furthermore,  such r e s u l t s  should  

be d e s c r i p t i v e  r a t h e r  t han  p r e s c r i p t i v e :  

managers i n  answering t h e  q u e s t i o n s  ot i n t e r e s t  t o  them, 

r a t h e r  than  s imply recommending a p a r t i c u l a r  c o u r s e  of 

a c t i o n .  

t hey  should a i d  

Second, t h e  methodology f o r  e v a l u a t i o n  mentioned 

above should  be capab le  of a p p l i c a t i o n  t o  a wide v a r i e t y  

of i n d u s t r i e s .  T h i s  requirement  e n s u r e s  development of a 

t r u l y  g e n e r a l  nethodology.  

T h i r d ,  t h e  methodology should  be f l e x i b l e  w i t h i n  

each  a p p l i c a t i o n  i n  o r d e r  t o  enhance i t s  u s e f u l n e s s  as an 

a n a l y s i s  too l .  

F i n a l l y ,  t h e  r e s e a r c h  should h i g h l i g h t  t h o s e  prob- 

lems which c u r r e n t l y  h inde r  t h e  development of geothermal  

energy.  Among them i s  t h e  problem of investment  i n  f u r t h e r  

r e s e a r c h :  f o r  example, how much i s  it worth t o  a manager 

t o  reduce t h e  u n c e r t a i n t y  concern ing  t h e  tempera ture  of a 

geothermal  d e p o s i t  by a g iven  amount? 

2 .  The methodology - 
The methodology f o r  e v a l u a t i n g  geothermal  energy 

f o r  p r o c e s s  h e a t  a p p l i c a t i o n s  c o n s i s t s  of t w o  p a r t s :  
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a comprehensive l i s t  of t h e  parameters  r e l e v a n t  t o  geotherm- 

a l  energy  u t i l i z a t i o n ,  and a computer model which ana lyzes  

t h e  t e c h n i c a l  and economic a s p e c t s  of t h e  e v a l u a t i o n .  

Some of t h e  parameters  a r e  d e r i v e d  from t h e  volumi- 

nous l i t e r a t u r e  on geothermal  energy.  The remainder  a r e  i n -  

c luded  i n  an a t t e m p t  t o  f i l l  obvious gaps  i n  t h e  i n i t i a l  

l i s t .  

The pa rame te r s ,  which are l i s t e d  i n  Tab le  1-1, are 

d i v i d e d  i n t o  f i v e  groups or  "bloclcs" : parameters  r e l a t i n g  

t o  geothermal  r e s o u r c e s ,  l o c a t i o n s ,  and costs  (Block A ) ;  t o  

environmental  f a c t o r s  (Block B ) ;  t o  r e g u l a t o r y  and govern- 

menta l  f a c t o r s  (Block C); t o  t h e  i n d u s t r i a l  a p p l i c a t i o n  

(Block D) : and t o  t h e  p r o j e c t  economics (Block E ) .  Many of 

t h e  parameters  a r e  e i t h e r  connected i n  a l o g i c a l  s e n s e  w i t h  

o r  i n f l u e n c e d  i n  a mathemat ica l  s ense  by o t h e r  p a r m e t e r s .  

To assist t h e  reazer i n  t r a c i n g  t h e s e  connec t ions ,  t h e  des- 

c r i p t i o n  of each parameter is followed by the list of num- 

bers of o t h e r  parameters  which a f f e c t  t h e  g iven  parameter .  

The h e a r t  of t h e  e v a l u a t i o n  methodology i s  t h e  

computer model. The model a d d r e s s e s  t h e  problem of match- 

i n g  p r o c e s s  energy demands wi th  geothermal  and a u x i l i a r y  

f o s s i l  f u e l  energy s u p p l i e s .  I t  a n a l y z e s  t h e  i n t e r r e l a t i o n -  

s h i p s  of t h r e e  f a c t o r s :  u t i l i z i n g  more l o w  q u a l i t y  geotherm- 

a l  f l u i d ,  burning less f o s s i l  f u e l ,  and changing t h e  s i z e  
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BLOCK A - GEOTHERMAL RESOURCES, LOCATIONS, 

AND COSTS - 
PARAMETER INDEPENDENT PARAMETER CONNECTION 

FIELD LOCATION 

TYPE OF LAND: FEDERAL (KGRA OR 
NOT), STATE, OR PRIVATE A1 

EXPLORATION TIME All A2 

FIELD DEVELOPMENT TIME Al, A2 

RESOURCE CHARACTERISTICS BY GEOTEERM- 
AL STREAM: TEElPERATURE, PRESSURE, 
ENTHALPY, MASS FLOW RATE 

RESOURCE CHEMICAL COMPOSITION: 
POLLUTANTS, TOXICITY, CORROSIVENESS A1 

Al 

RECOVERABLE MATERIALS: METHANE, 
MINERALS 

YEAR FOR WHICH PROJECT START IS 
CONTEMPLATED 

t 

A 1  

COST OF GEOTHERMAL FLUID AND LOCAL 
COST OF POWER AND FOSSIL FUELS A ( a l 1 )  , C (all) 

10. LABOR MARKET ATTRACTIVENESS: UNION 
ACTIVITY, WORK FORCE AVAILABILITY, 
HOUSING, EDUCATIONAL, RECREATIONAL 
AND CULTURAL FACILITIES, ETC. A1 

Al 

A 1  

11. WAGE AND SALARY RATES 

12. PRICE OF UTILITY CONNECTIONS 

TABLE 1-1 - PAPJVIETERS AFFECTING THE DEVELOPMENT - 
OF GEOTHEPUL ENERGY (cont inued  . . . )  - 
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PARAMETER 

FACTORS AFFECTING THE VALUE OF 
PARAMETER A9:  

13 .  F I E L D  L I F E T I M E :  FUTURE REDUCTIONS 
I N  MASS FLOW RATE, TEMPERATURES 
AND PRESSURES AS A RESULT OF EX- 
PLOITATION 

1 4 .  AVERAGE WELL PRODUCTIVITY 

15 .  AVERAGE WELL DEPTH 

INDEPENDENT PARAMETER 
CONNECTION 

1 6 .  AVERAGE WELL SPACING 

1 7 .  DISPOSAL SYSTEM COST 

b 

1 8 .  DISPOSAL OF COOLING WATER, 
EFFLUENTS , ETC. 

1 9 .  REINJECTION COST FOR WELLS, PUMPING 

2 0 .  CORROSION- AND EROSION- RESISTANT 
MATERIALS 

2 1 .  GAS PURIFICATION AND SEPARATION 

2 2 .  N O I S E  SILENCERS 

2 3 .  PUMPING COST IF  NOT ARTESIAN WELL 

2 4 .  COST OF WELLS INCLUDING DRY HOLES 

2 5 .  DISTRIBUTION P I P E L I N E  LENGTH 
AND COST 

2 6 .  DISTRIBUTION PUMPING COST 
b 

2 7 .  WELL REPLACEMENT AND REBORING COST 

2 8 .  INTEREST ON BORROWED CAPITAL 

A 1  

A 1  

A 1  

A 1  

A11  A61 A 1 8 - 2 0  

A 1  

A61  A 1 5 1  A 1 8  

A6 

A 5 ,  A6 

A 5 ,  B 8  

A 1 5  

A I ,  A3 ,  A 4 ,  A 8 ,  
A 1 5 ,  A l 6 ,  etc. 

TABLE 1-1 (continued . . .)  
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PARAMETER 

-29.  DEPRECIATION AND DEPLETION 
INCLUDING REPLACEMENT WELLS 

30 .  EXPLORATION COST 

31. DEVELOPMENT COST 

3 2 .  RENTAL AND ROYALTY PAYMENTS 

INDEPENDENT PARAMETER 
4 CONNECTION 

A ( a l l ) ,  C6-7  

A l l  A 3 ,  A 8 ,  A 3 5  

A ( a l l )  

A2 

33. RETURN ON EQUITY AND ON 
MENT DESIRED BY DEVELOPER 

IIJVEST- 
A ( a l l )  

3 4 .  TAXES A l l  A 2 ,  C 5 - 1 0  

35. FINANCING MIX OF DEVELOPER 

36 .  LAND ACQUISITION COST A l l  A2  

37 .  ENGINEERING AND DESIGN F E E S  A l l  A6  

BLOCK B - ENVIRONMENTAL FACTORS I 

PARAMETER INDEPENDENT P A W 4 E T E R  CONNECTION 

1. SUBSIDENCE A 1  I 

2 .  INDUCED S E I S M I C  ACTIVITY A 1  

3.  ECOLOGICAL DISRUPTION A 1  

4 .  POLLUTION AI-, A61 A71 D 1  

5. WATER REQUIREMENTS FOR COOLING, 
EFFLUENT DISPOSAL,  ETC. A 5 ,  A l 8 ,  B 9 ,  D 1  

6 .  COMPETING WATER REQUIREMENTS A l  

TABLE 1-1 (continued . . . )  
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PARAMETER INDEPENDENT PARAMETER 
CONNECTION 

7 .  COMPETING LAND REQUIREMENTS A l  

8 .  NOISE A l ,  A 5 ,  A 6 ,  A l 6 ,  A 2 2  

9.  DISPOSAL OF DRILLING MUD A 1 7 - 1 8 ,  B4-5 

1 0 .  ENVIRONMENTAL IMPACT STATEMENTS A 1 - 7 ,  A 1 3 - 2 5  

BLOCK C - REGULATORY AND GOVERNMENTAL FACTORS 

PARAMETER INDEPENDENT PARAMETER 
CONNECTION 

1. LEASING DELAYS Al, A2 

2 .  PROPERTY RIGHTS - LEGAL CHARACTER 
OF RESOURCE (MINERAL, WATER, SUI 
GENERIS,  UNRESOLVED) Al, A2 

- 

3 .  IMPACT ON TAXES AND REGULATION 
OF EXTRACTION OF MINERALS FROM 
BRINE 

4 .  LOAN GUARANTEES (ACT O F  1 9 7 4 )  

5. INTANGIBLE DRILLING COST TAX 
TREATMENT 

1 6 .  DEPLETION ALLOWANCE TAX TREATMENT 

7 .  DEPRECIATION TYPE AND SCHEDULE 
PERMITTED 

8 .  COUNTY PROPERTY TAXES 

9. STATE TAXES 

A 1  

A 1  

TABLE 1-1. (continued . . . )  
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A 

I 

PARANETER 

1 0 .  FEDERAL TAXES 

INDEPENDENT FARAMETER 
CONNECTION 

c3--9 

11. R I S K  OF ZONING AND BUILDING 
CODE CONFLICTS A l ,  A2 

1 2 .  RISK OF PROPERTY RIGHT 
CONFLICTS C2-3  

BLOCK D - IMDUSTRIAL APPLICATION 

1. 

2 .  

3 .  

4 .  

5 .  

6. 

7. 

8 .  

9. 

10. 

P A W E T E R  

S P E C I F I C  INDUSTRY PROCESS 
CONSIDERED 

PROCESS ENERGY DEMAND PROFILE 

PRESENTLY USED POWER AND 
FUELS - TYPES 

PRESENTLY USED POWER AND 
FUELS - CONSUMPTION 

PLANT CAPACITY FACTOR FXD 
SEASONAL LOAD FACTOR 

PLANT OUTPUT BY PRODUCT 

R A W  MATERIALS TRANSPORTATION 
DISTANCE 

MARKET TRANSPORTATION DISTANCE 

ENERGY MISMATCH PROFILE BY 
TYPE AND CONSUMPTION 

INCREASE I N  EQUIPMENT S I Z E  
REQUIRED FOR GEOTHERMAL 
FLUID USE 

INDEPENDENT PARAMETER 
CONNECTION - 

D 1  

D1 

D 1  

D 1  

D 1  

A l ,  D 1  

A l ,  D 1  

A 5 ,  D2 

A 5 ,  D2 

TABLE 1-1 ( C o n t i n u e d  . . . )  
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3 

11. 

12. 

1 3 .  

14. 

1 5 .  

1 6 .  

1 7 .  

18. 

PARAMETER INDEPENDENT PARAMETER 
CONNECTION 

POTEIJTIAL FOR ENERGY CON- 
SERVATION IN EXISTING PLANT D2 

POTENTIAL FOR INCREASED IN- 
TEFNAL ENERGY GENERATION 
IN EXISTING PLANT D2 

LABOR REQUIREMENTS BY TYPE 
AND AMOUNT D1 

PRODUCT MARKET GROWTH PROSPECTS D1 

PRODUCT MARKET STABILITY 

ORGANIZATIONAL ATTITUDE TO- 
WARD DECEI?TRALIZATION 

INDUSTRY EFFECT ON COM&IUNITY - 
LABOR, HOUSING, ETC. 

COMMUNITY ATTITUDE TOWARD 
INDUSTYY 

BLOCK E - ECONOMICS 

PARAMETER 

D1 

AI, D1, D7-8 

Al, B(all), C8, C11, 
E2-3 

D1, D17 

INDEPENDENT PARAMETER 
CONNECTION 

1. REQUIRED PROCESS INCREMENTAL 
INVESTMENT: ADDITIONAL HEAT 
EXCHANGER AREA, NUMBER OF 
EFFECTS IN MULTIPLE-EFFECT 
EVAPORATORS, CORROSION-RE- 
SISTANT MATERIALS, HEAT EX- 
CHN'JGERS FOR GENERATING CLEAN 
STEAM, ETC. A6, A9, D2, D10 

2. PLANT CONSTRUCTION TIME D1 

TABLE 1-1 - (Continued . . . )  
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PARAMETER INDEPENDENT PARAMETER 
CONNECTION 

3. PLANT CAPITAL COST 

4 .  FINANCING M I X  FOR PLANT D 1  

5.  TAXES 

6 .  ROYALTY PAYMENTS 

7 .  INSURANCE PAYMENTS 

C 8 - l o ,  D 1 ,  E 3  

A 2 ,  D6 

D 1 ,  E 3  

8 .  INTEREST ON BORROWED CAPITAL A 3 ,  A 4 ,  E2-4  

9. COST OF RAW I’JIATERIALS TRANS- 
PORTATION PER U N I T  A l ,  D 1  

1 0 .  COST OF PRODUCT TRANSPORT- 

ATION PER UNIT A l ,  D 1  

11. COST OF PRODUCT AND EXPECTED 
INFLATION I N  COST 

COST OF F O S S I L  FUELS PREVI-  

D1 

1 2 .  
OUSLY USED, INSURANCE, LABOR, 
ETC . A I ,  D 1  

13. INFLATION I N  COST OF F O S S I L  
FUELS,  INSURANCE, GENERAL 
P R I C E  INDEX, TAXES, LABOR, 
POWER, ETC. A I ,  D 1  

1 4 .  OPERATING AND MAINTENANCE A 7 ,  A91  A l l - 1 2 ,  C 3 ,  C 5 - 1 0 ,  
COSTS D3-4 ,  D6-8 ,  E 5 - 1 0  

15.  TOTAL REVENUE AND ANNUAL 
INCOME STATEMENTS A 8 - 9 ,  E ( a l 1 )  

1 6 .  OVERALL SAVINGS VERSUS F O S S I L  
FUEL ALTERNATIVE OR OVERALL 
RETURN ON INVESTMENT AND RE- 
TURN ON EQUITY E ( a l l )  

TABLE 1-1 - ( C o n c l u d e d )  
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of p r o c e s s  equipment .  

T h e  computer model a t t e m p t s  t o  o p t i m i z e  t h e  u s e  of 

geothermal  f l u i d  t o  t h e  maximum e x t e n t  p o s s i b l e .  I n  con- 

n e c t i o n  w i t h  t h i s  g o a l ,  it i s  i m p o r t a n t  t o  n o t e  some d i s -  

t i n g u i s h i n g  f a c t s  about  t h e  u t i l i z a t i o n  of geothermal  energy  

s o u r c e s .  

Two d i f f e r e n t  methods are a v a i l a b l e  t o  deve lop  a 

geothermal  f i e l d :  

and development by a second p a r t y  who t h e n  se l l s  f l u i d  a t  

"arm's  l e n g t h "  t o  t h e  u s e r .  I n  t h e  f i r s t  c a s e ,  t h e  cost  t o  

t h e  u s e r  i s  c o n c e n t r a t e d  a t  t h e  o u t s e t ,  w i t h  s m a l l e r  subse-  

quen t  main tenance  c h a r g e s  and no e x p l i c i t  cost  f o r  f l u i d .  

I n  t h e  second,  no i n i t i a l  c h a r g e s  are i n c u r r e d ,  b u t  t h e  

u s e r  m u s t  pay f o r  f l u i d  o v e r  t h e  l i f e t i m e  of t h e  p r o j e c t .  

d i r e c t  i nves tmen t  by t h e  i n t e r e s t e d  u s e r ,  

I n  e i t h e r  s i t u a t i o n ,  t h e  costs of  f i e l d  deve lop-  

ment are essentially fixed by the number of wells drilled. 

Once a well has  been d r i l l e d ,  e x t r a c t i n g  f l u i d  a t  a h igher  

f l o w  r a t e  adds l i t t l e  t o  t h e  overal l  cos t  of t h e  f i e l d .  To 

lower t h e  c o s t  p e r  k i log ram of f l u i d  produced ,  it i s  there- 

f o r e  advantageous  t o  u t i l i z e  t h e  maximum f low r a t e  a t t a i n -  

a b l e  from t h e  w e l l s  d r i l l e d .  

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

drop  i n  energy  a v a i l a b l e  from each  k i logram of f l u i d  may 

However, i f  t h e  f l u i d  tempera- 
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o f f s e t  t h e  l o w e r  cost .  I n  ei ther c a s e ,  once a f l o w  r a t e  

has  been chosen,  t h e  cost  of f l u i d  p e r  u n i t  mass w i l ' l  t h e n  

be f i x e d .  

Th i s  phenomenon d i s t i n g u i s h e s  geothermal  energy from 

a l t e r n a t i v e  s o u r c e s  of energy.  The p r i c e  of o i l  o r  g a s  i s  

f r e q u e n t l y  quoted on a "pe r  kJ" o r  ' 'per Btu" b a s i s .  For 

geothermal  energy ,  t h i s  p r i c e  would be undefined:  t h e  cost 

p e r  u n i t  energy of geothermal  energy  depends upon t h e  

amount of energy e x t r a c t e d  f r o m  each ki logram of f l u i d .  

it i s  t h e r e f o r e  d e s i r a b l e  t o  maximize t h e  d rop  i n  e n t h a l p y  

of t h e  f l u i d  i n  o r d e r  t o  o b t a i n  t h e  most energy p e r  d o l l a r .  

T o  a t t a i n  t h i s  o b j e c t i v e ,  t h e  f l u i d  must be cooled t o  as  

l o w  a tempera ture  a s  p o s s i b l e  by t r a n s f e r r i n g  h e a t  t o  an 

even cooler m a t e r i a l .  

T h i s  p r i n c i p l e  of e x t r a c t i n g  as much h e a t  as  p o s s i -  

b l e  f r o m  t h e  geothermal  f l u i d  u n d e r l i e s  t h e  des ign  of t h e  

energy supply  and demand matching procedure  used i n  t h e  

computer model. The o u t p u t  of t h e  s e c t i o n  of t h e  computer 

program d e a l i n g  w i t h  t h i s  procedure  c o n s i s t s  of f i g u r e s  f o r  

t h e  amount of geothermal  f l u i d  used ,  f o r  t h e  q u a n t i t y  of 

a u x i l i a r y  f o s s i l  f u e l  needed, and f o r  t h e  s i z e  of each p i e c e  

of u n i t  p r o c e s s  equipment r e q u i r e d .  These f i g u r e s  then  form 

t h e  b a s i s  of t h e  economic a n a l y s i s  t o  fo l low.  
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CHAPTER 2 - THE COMPUTER-AIDED ANALYSIS METHODOLOGY 

A. Introduction 

The GEOTHM computer model developed in the course 

of this research is designed to aid in the evaluation of 

the technical and economic feasibility of geothermal pro- 

cess heat applications. 

The computer program is designed to be well-docu- 

mented, self-contained, and compact. The user's manual, 

reproduced as Appendix D below, should enable a typical 

user to l earn  how to operate the program in one to three 

days. While other computer codes in the geothermal field 

frequently require that the user provide supplementary com- 

puter software such as steam tables, the present model is 

a self-contained package which incorporates sorting rou- 

tines, steam tables, and other necessary software. Never- 

theless, the program is compact, requiring less than 2600 

lines of code including all program comments. Written in 

basic FORTRAN without extensions, it runs on a minicomput- 

er in one to one and a half seconds. The program is in 

the public domain. 

1. Methodology 

Two modes of operation are available. The first, 

called the automatic matching mode, is illustrated sche- 

(I 

(I 

I 
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m a t i c a l l y  i n  F i g .  2-1 .  The second,  d e s i g n a t e d  t h e  manual 

matching mode, i s  shown i n  F i g .  2-2.  D e t a i l e d  f low c h a r t s  

a r e  g iven  i n  Appendix D .  

The o b j e c t i v e  of t h e  au tomat i c  matching mode i s  

t h e  matching of geothermal  and conven t iona l  energy  s u p p l i e s  

w i th  t h e  energy demands of i n d u s t r i a l  p r o c e s s e s .  

gram a t t e m p t s  t o  op t imize  t h e  manner i n  which p r o c e s s e s  u s e  

energy  by u t i l i z i n g  h e u r i s t i c  r u l e s  t o  select  t h e  m o s t  ad- 

vantageous c o n f i g u r a t i o n  of t h e  system ( i . e .  which f l u i d  

f lows  should  se rve 'wh ich  h e a t  exchangers:  i n  what s i t u a t i o n s  

cascading  of f l u i d  streams should  be employed, e t c . ) .  A l l  

p r o c e s s  energy  needs a r e  s a t i s f i e d  e i t h e r  th rough u s e  of 

geothermal  f l u i d  a lone  o r ,  i f  necessa ry ,  by employing a u x i l -  

i a r y  f o s s i l  f u e l .  A s  t h i s  matching o p e r a t i o n  i s  performed, 

t h e  program stores in fo rma t ion  concern ing  t h e  h e a t  exchang- 

ers ,  pumps, and compressors t h a t  w e r e  r e q u i r e d  t o  s a t i s f y  

process energy needs. T h i s  s e c t i o n  of t h e  program i s  des- 

cribed i n  d e t a i l  i n  Chapter  3 .  

The pro-  

The matching procedure  i s  executed  t w i c e :  once 

f o r  a conven t iona l  base - l ine  system ( u s i n g  no geothermal  

f l u i d )  and once  f o r  t h e  geothermal  system. 
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BLOCK A 

I n p u t  geothermal  
r e s o u r c e  

c h a r a c t e r i s t i c s  

I n p u t  cost  of 
geothermal  f i e l d ,  

f l u i d ,  etc.  

b 

-----+- 

8 BLOCK D 
I 

Inpu t  i n d u s t r i a l  
p r o c e s s  

c h a r a c t e r i s t i c s  

De te rmine  p o t e n t i a l  
f o r  u s e  of 

geothermal  energy 

Determine changes 
i n  p r o c e s s  equip-  
ment and s i z e s  of 
auxi 1 i a r y  equipment 

t 

--+---- 

I BLOCK E 

o t h e r  economic d a t a  

(-) 
FIGURE 2-1 - SCHEMATIC OF AUTOMATIC MATCHING MODE O F  -- - 

OPERRTION 

(I 

n 
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i3 

i3 

b 

BLOCK A I a u x i l i a r  
I n p u t  cost  of I 
geo the rma l  

BLOCK C 

I n p u t  r e g u l a t o r y  
and t a x  

pa rame te r  s 

r equipment  I 

BLOCK E 

Compute I i nves  
r e t u r n  on 
men t  

(-) 

FIGURE 2-2 - SCHEMATIC O F  MANUAL MATCHING MODE OF 
__.- - OPERATION 
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F i n a l l y ,  t h e  program performs a f u l l  economic 

comparison of t h e  t w o  systems,  i n c l u d i n g  such c o n s i d e r a t i o n s  

as t h e  d e b t  s t r u c t u r e  of t h e  f i r m  and t a x  i n c e n t i v e s  a v a i l -  

a b l e  t o  geothermal  p roduce r s .  The economic model i s  d i s -  

cussed  f u r t h e r  i n  Chapter  4 .  

I n  t h e  second mode of o p e r a t i o n  (manual matching 

m o d e ) ,  t h e  u s e r  must supply  d a t a  concern ing  t h e  t e c h n i c a l  

r e s u l t s  of matching energy  s u p p l i e s  and demands. T h i s  i n -  

format ion  (which i n c l u d e s  t h e  q u a n t i t y  of f o s s i l  f u e l  used 

and t h e  number an6 s i z e  of a u x i l i a r y  equipment employed) 

t h e n  forms t h e  b a s i s  f o r  t h e  economic comparison. 

2 .  C a p a b i l i t i e s  

The program can be used i n  t h e  au tomat ic  matching 

mode as  a des ign  too l  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  f o r  geo- 

thermal  energy  i n  p r o c e s s  h e a t  a p p l i c a t i o n s .  However, t h e  

human o p e r a t o r  r e t a i n s  c o n s i d e r a b l e  c o n t r o l  ove r  t h e  com- 

p u t e r  th rough h i s  a b i l i t y  t o  change i n p u t  d a t a  and t o  a l t e r  

t h e  s e t t i n g s  of d e c i s i o n  v a r i a b l e s .  Th i s  degree  of c o n t r o l  

p e r m i t s  s u b s t a n t i a l  i n t e r a c t i o n  between t h e  o p e r a t o r  and 

t h e  program. 

program. Such i n t e r a c t i o n  may occur  e i t h e r  o f f - l i n e  wi th  

a ba tch- type  computer f a c i l i t y  o r  o n - l i n e  i f  a t i m e  s h a r i n g  

f a c i l i t y  i s  a v a i l a b l e :  w i t h  o n l y  s l i g h t  m o d i f i c a t i o n ,  t h e  

I t  i s  a l so  t h e  key t o  t h e  f l e x i b i l i t y  of t h e  

I 
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program can be o p e r a t e d  i n  e i t h e r  mode. 

While t h e  program op t imizes  t h e  u s e  of geothermal  

energy t o  a c e r t a i n  e x t e n t ,  human judgment and i n t e r a c t i o n  

wi th  t h e  program f r e q u e n t l y  pe rmi t  f u r t h e r  improvement. 

Th i s  f e a t u r e  of t h e  program has  been r e t a i n e d  i n t e n t i o n a l l y  

t o  e n a b l e  managers t o  unders tand  t h e  p r o c e s s  by which re- 

s u l t s  are ob ta ined  and t o  p rov ide  them t h e  o p p o r t u n i t y  t o  

a sk  t h e  s p e c i f i c  q u e s t i o n s  t o  which t h e y  d e s i r e  answers.  

Some of t h e  capab i l i t i e s  of t h e  au tomat ic  match- 

ing  mode of o p e r a t i o n  are l i s t e d  i n  Table  2-1.  

The program can be used i n  t h e  manual matching 

mode of o p e r a t i o n  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of a proposed 

p r o j e c t  by e n t e r i n g  t h e  des ign  of t h e  system (as  determined 

by o t h e r  means) as i n p u t  i n t o  t h e  economic a n a l y s i s .  Fur- 

thermore ,  t h i s  mode can be employed t o  i n v e s t i g a t e  t h e  sen- 

s i t i v i t y  of t he  o v e r a l l  economics t o  changes i n  economic 

assumptions (e .g .  i n  equipment costs ,  i n f l a t i o n  es t imates ,  

e t c . )  . 
3.  Required d a t a  f o r  o p e r a t i o n  -- 

For operat ion i n  t h e  au tomat i c  matching mode, re- 

q u i r e d  i n p u t  i n c l u d e s :  geothermal  r e s o u r c e  character is t ics  

a t  p l a n t  e n t r a n c e  ( t empera tu re ,  p r e s s u r e ,  e tc . )  , p r o c e s s  

a p p l i c a t i o n  c h a r a c t e r i s t i c s  ( r e q u i r e d  f l u i d  f low r a t e s ,  
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The computer program a l lows  fo r :  

1. Inpu t  streams of any phase ( l i q u i d ,  steam, or  
mixture)  

2. Choice of f l a s h i n g  p r e s s u r i z e d  water  

3 .  Choice of s e p a r a t i n g  two-phase streams t o  l i q u i d  
and vapor components 

4 .  A u x i l i a r y  hea t ing  of i n p u t  streams t o  m e e t  pro-  
cess requi rements  

5. Compression of steam i n  s t a g e s  wi th  desuper- 
hea t ing  

6.  Considera t ion  of requirements  f o r  e l e c t r i c i t y  as  
w e l l  a s  f o r  p rocess  h e a t  

Processes r e q u i r i n g  c l e a n  f l u i d  or geothermal 
b r i n e ;  d i r e c t  i n j e c t i o n  of f l u i d  or  h e a t  exchange 
from f l u i d ,  e t c .  

7. 

8. Computation of changes i n  equipment s i z e  necessary  
f o r  t h e  change t o  geothermal f l u i d  

9 .  Cascading: use  of f l u i d  streams e x i t i n g  from one 
p rocess  as  i n p u t  t o  ano the r .  

TABLE 2-1 - CAPABILITIES OF THE AUTOMATIC MATCHING MODE -- 
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p r o c e s s  energy needs ,  e t c . ) ,  economic data ( f o s s i l  f u e l  

p r i c e s ,  w e l l  costs ,  t a x  r a t e s ,  e t c . ) ,  and a sma l l  number of 

d e c i s i o n  v a r i a b l e s  which c o n t r o l  t h e  matching procedure .  

Output t h e n  c o n s i s t s  of a u x i l i a r y  equipment r e q u i r e d  (pumps, 

h e a t  exchangers ,  e t c . ) ,  f o s s i l  f u e l  and e lec t r ica l  energy 

consumption, and t h e  r e s u l t i n g  c a s h  f l o w s ,  ra tes  of r e t u r n ,  

and payback p e r i o d s .  A f u l l  d e s c r i p t i o n  of t h e  necessa ry  

i n p u t  i s  g iven  i n  Appendix D .  

For o p e r a t i o n  i n  t h e  manual matching mode, i n p u t  
@ must i n c l u d e  t h e  economic d a t a  mentioned above, a l i s t  of 

a u x i l i a r y  equipment necessa ry  f o r  t h e  a p p l i c a t i o n  under con- 

@ 
s i d e r a t i o n ,  and a u x i l i a r y  f u e l  consumption f i g u r e s .  Output 

c o n s i s t s  of t h e  cash  f low and p r o f i t a b i l i t y  measures mention- 

ed above. Again, f u r t h e r  d e t a i l s  appear  i n  Appendix D .  

b 

Any v a r i a b l e  f o r  which an  e x a c t  v a l u e  i s  n o t  

a v a i l a b l e  may be l e f t  as a f r e e  parameter .  Fo r  example, t h e  

geothermal resource t empera tu re  may be v a r i e d  i n  t h e  i n p u t  

t o  determine t h e  tempera ture  a t  which t h e  a p p l i c a t i o n  i n v e s t i -  
9 

g a t e d  would become economical .  

4 .  Advantages 

The program p o s s e s s e s  many advantages  ove r  p r e v i o u s  

computer models. F i r s t ,  it is  well-documented and t r a n s p o r t -  

a b l e ;  a p o t e n t i a l  u s e r  need n o t  f e a r  months of e f f o r t  merely 

t o  make t h e  program o p e r a t i o n a l .  Second, it i s  s e l f - c o n t a i n -  
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ed;  a d d i t i o n a l  so f tware  i s  n o t  needed. Th i rd ,  it is  f l e x i -  

b l e ;  t h e  d i s c u s s i o n  above h o p e f u l l y  h i g h l i g h t s  a few of t h e  

p o s s i b l e  t y p e s  of q u e s t i o n s  it can addres s .  

B. The Computer Program - 
The computer program h a s  been w r i t t e n  i n  mobular 

form. A main l ine  program, GEOTHII, s e r v e s  as a d r i v e r  which 

g u i d e s  t h e  f low of c o n t r o l  th rough t h e  e n t i r e  program pack- 

age.  I n  a d d i t i o n ,  s e v e r a l  inpuk and o u t p u t  s u b r o u t i n e s  

handle most of t h e  communication wi th  t h e  o p e r a t o r .  These 

p o r t i o n s  of t h e  program package are d e s c r i b e d  i n  t h e  remain- 

d e r  of t h i s  c h a p t e r .  The au tomat ic  matching procedure i s  

performed by a set of s u b r o u t i n e s ,  MATCH, SORT, SEPRAT, 

and SPLIT, which form t h e  s u b j e c t  of Chapter  3 .  Economic 

c o n s i d e r a t i o n s  l i e  w i t h i n  t h e  p rov ince  of a n o t h e r  subrou- 

t i n e ,  ECONMC, which i s  d e s c r i b e d  i n  Chapter  4 .  F i n a l l y ,  

t h e  thermodynamic p r o p e r t y  v a l u e s  r e q u i r e d  by t h e  au tomat i c  

matching procedure  are determined by a n o t h e r  set  of sub- 

r o u t i n e s  t h a t  are d i s c u s s e d  i n  Appendix C.  

1. The d r i v e r  program GEOTHM - - 
I n  t h e  fo l lowing  pa rag raphs  w i l l  be p re sen ted  a 

g e n e r a l  o u t l i n e  of t h e  s t r u c t u r e  of t h e  m a i n l i n e  d r i v e r  

program, GEOTHM. Flow c h a r t s  and computer code l i s t i n g s  

f o r  t h i s  program may be found i n  Appendix D .  

1 
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The program f i r s t  r e a d s  v a l u e s  f o r  t h r e e  para-  

meters: t h e  i d e n t i f i c a t i o n  number f o r  t h e  p r e s e n t  r u n ,  a 

c o n t r o l  v a r i a b l e  which s p e c i f i e s  whether t h e  au tomat ic  or  

manual matching mode of o p e r a t i o n  w i l l  be employed, and a 

c o n t r o l  v a r i a b l e  which de termines  whether s i n g l e  or  m u l t i p l e  

runs  of t h e  program w i l l  be made. 

I f  m u l t i p l e  runs  are t o  be made, t h e  program 

u s e s  a NAMELIST d a t a  i n p u t  f a c i l i t y  t o  change d a t a  between 

runs .  Th i s  f a c i l i t y  d i f f e r s  f r o m  one computer system t o  

t h e  n e x t .  A l l  machine-dependent computer code i s  l o c a t e d  

i n  t h e  GEOTHM ma in l ine  program and i s  c l e a r l y  marked i n  t h e  

code l i s t i n g .  A t  p r e s e n t ,  t h e  v e r s i o n  of NAMELIST h p l e -  

mented i n  t h e  code i s  t h a t  adopted by D i g i t a l  Equipment 

Corpora t ion  f o r  i t s  VAX/VMS computers.  L i t t l e  e f f o r t  i s  

necessa ry  on t h e  p a r t  of a u s e r  t o  a l t e r  t h e  a p p r o p r i a t e  

l i n e s  of computer code t o  accord  w i t h  t h e  convent ions  of 

another computer. 

If m u l t i p l e  r u n s  are used ,  t h e  program i n i t i a l i z e s  

t h e  a p p r o p r i a t e  NAMELIST s u b r o u t i n e s .  

Next,  t h e  program r e a d s  and echo p r i n t s  alphanu- 

m e r i c  d e s c r i p t i o n s  of t h e  geothermal  r e s o u r c e  l o c a t i o n  and 

of t h e  i n d u s t r i a l  a p p l i c a t i o n  be ing  cons ide red .  

The program t h e n  branches  i n t o  t w o  s e c t i o n s ,  one 

f o r  t h e  au tomat ic  mode of o p e r a t i o n  and one fo r  t h e  manual 

B 
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mode. 

I f  t h e  manual mode has  been chosen, t h e  program 

employs i n p u t  and o u t p u t  s u b r o u t i n e s  (which are d e s c r i b e d  

i n  t h e  n e x t  s ec t ion )  t o  r e a d  and echo p r i n t  t e c h n i c a l  match 

d a t a  f o r  t h e  conven t iona l  and f o r  t h e  geothermal  systems. 

Economic d a t a  are t h e n  r e a d .  The program then  c a l l s  t h e  

economic a n a l y s i s  s u b r o u t i n e  t o  estimate t h e  cash  f lows 

a t t r i b u t a b l e  t o  each  system and t o  de te rmine  t h e  p r o f i t a b i l -  

i t y  of t h e  geothermal  a p p l i c a t i o n .  Following t h i s ,  t h e  re- 

s u l t s  of t h e  economic a n a l y s i s  a r e  p r i n t e d .  The program 

t h e n  s t o p s  e x e c u t i o n  i f  o n l y  a s i n g l e  run i s  in t ended .  I f  

m u l t i p l e  r u n s  are r e q u i r e d ,  t h e  PJAMELIST f a c i l i t y  i s  invoked 

so t h a t  i n p u t  d a t a  may be a l t e r e d .  The program t h e n  r e t u r n s  

t o  t h e  d e t e r m i n a t i o n  of c a s h  f lows  mentioned above. The 

p r o c e s s  t e r m i n a t e s  when t h e  run  v a r i a b l e  i s  changed t o  i n d i -  

cate t h a t  m o r e  r u n s  are n o t  wanted. 

I f  t h e  au tomat ic  matching mode of o p e r a t i o n  has  

been s e l e c t e d ,  t h e  program f o l l o w s  a d i f f e r e n t  cour se .  

F i r s t ,  v a l u e s  are r e a d  f o r  e l even  d e c i s i o n  v a r i a b l e s  which 

c o n t r o l  t h e  au tomat i c  matching procedure .  S u i t a b l e  m e s -  

s ages  are p r i n t e d  t o  i d e n t i f v  which c o n t r o l  o p t i o n s  have been 

chosen. Next, d a t a  are r e a d  which s p e c i f y  t h e  i n i t i a l  f l u i d  

(I 

I 

streams ( u s u a l l y  geothermal )  t h a t  are a v a i l a b l e  f o r  matchins .  n 

The f i r s t  stream i s  always cons ide red  t o  be geothermal .  A 
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r a t i n g  on a p u r i t y  index i s  d e t e r m i n e d  f o r  each  stream on 

t h e  b a s i s  

index .  

I f  bo th  t h e  s c a l i n g  and t o x i c i t y  r a t i n g s  a r e  less than  o r  

e q u a l  t o  t h r e e ,  t h e  stream i s  c o n s i d e r e d  t o  be p u r e .  

d a t a  a r e  t h e n  echo p r i n t e d .  

of i t s  r a t i n g s  upon a s c a l i n g  index  and a t o x i c i t y  

The l a t t e r  r a t i n g s  a r e  g iven  as i n p u t  f o r  each  stream. 

Stream 

The program t h e n  r e a d s  and p r i n t s  d a t a  r e l a t i n g  

t o  u n i t  p r o c e s s  c h a r a c t e r i s t i c s  and economic pa rame te r s .  

Next ,  t h e  program c a l l s  t h e  a u t o m a t i c  matching 

s u b r o u t i n e  i n  o r d e r  t o  match energy  demands and s u p p l i e s  

f o r  a c o n v e n t i o n a l  p l a n t  i n  which no geothermal  f l u i d  i s  

u s e d .  

of an o u t p u t  s u b r o u t i n e .  

i s  c a l l e d  t o  c a l c u l a t e  c a s h  f lows  f o r  t h e  c o n v e n t i o n a l  sys -  

t e m .  

The r e s u l t s  of t h i s  p rocedure  a r e  p r i n t e d  by means 

The economic a n a l y s i s  s u b r o u t i n e  

The program now checks  whether  m u l t i p l e  r u n s  

are desired. 

a l t e r  i n p u t  d a t a  b e f o r e  e v a l u a t i o n  of t h e  geothermal  system. 

A s  w i l l  be d i s c u s s e d  i n  Appendix D ,  t h i s  o p p o r t u n i t y  is use -  

f u l  i n  many s i t u a t i o n s .  

r e l a t i n g  t o  t h e  streams remain ing  a f t e r  t h e  c o n v e n t i o n a l  

system has  been ana lyzed  and a s k s  f o r  new i n p u t  d a t a  u s i n g  

NAXELIST. The u s e r  can i n d i c a t e  h i s  d e s i r e  t o  r e - run  t h e  

I f  so ,  it offers t h e  user t h e  o p p o r t u n i t y  t o  

The progra??  p r i n t s  a t a b l e  of d a t a  

Y 
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conven t iona l  case u s i n g  new d a t a ,  t o  run  t h e  geothermal  case 

w i t h  o r  w i thou t  new d a t a ,  o r  t o  conclude t h e  run e n t i r e l y .  

I f  t h e  u s e r  has  chosen t o  run t h e  geothermal 

case, t h e  program e n t e r s  a " f l o w  r a t e  loop" i n  which it 

ana lyzes  t h e  geothermal  system f o r  a v a r i e t y  of geothermal  

f l u i d  f low rates set  by t h e  u s e r .  For each f low ra te ,  t h e  

au tomat ic  matching procedure  i s  performed, an  economic 

a n a l y s i s  made, and the  r e s u l t s  p r i n t e d .  

F i n a l l y ,  i f  m u l t i p l e  r u n s  are  d e s i r e d ,  t h e  pro- 

gram a g a i n  g i v e s  t h e  u s e r  t h e  o p t i o n  of e n t e r i n g  d a t a  f o r  

a new conven t iona l  system r u n ,  e n t e r i n g  d a t a  fo r  a new geo- 

thermal  system r u n ,  or t e r m i n a t i n g  t h e  a n a l y s i s .  

2 .  Input -output  s u b r o u t i n e s  

Four  s u b r o u t i n e s  handle  t h e  bu lk  of i n p u t  and o u t -  

p u t  f o r  t h e  program package: 

ECORES. 

NqTRD, MATPRN, ECODAT, and 

The f i rs t  of t h e s e ,  W-TRD, r e a d s  t h e  t e c h n i c a l  

d a t a  t h a t  r e s u l t  f r o m  t h e  matching of energy s u p p l i e s  and 

demands f o r  t h e  cases i n  which t h e  manual matching mode of 

o p e r a t i o n  h a s  been s e l e c t e d .  

The second s u b r o u t i n e ,  MATPRN, p r i n t s  t h e  match 

r e s u l t  data.  If t h e  manual matching mode i s  used ,  t h i s  

r e p r e s e n t s  an echo p r i n t  of t h e  d a t a  read by s u b r o u t i n e  
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MATRD. I f  t h e  au tomat ic  matching mode i s  employed, t h e  data  

p r i n t e d  c o n s t i t u t e  t h e  r e s u l t s  of t h e  matching procedure 

performed by s u b r o u t i n e  MATCH. 

The d a t a  are p r i n t e d  a s  f o l l o w s .  Each u s e  of 

a u x i l i a r y  energy  s o u r c e s  i s  d i s p l a y e d  s e p a r a t e l y ,  w i th  t h r e e  

parameters  g iven  f o r  each:  tempera ture  of t h e  stream t o  

which t h e  energy  i s  d e l i v e r e d ,  p r e s s u r e  of t h e  stream t o  

which it i s  d e l i v e r e d ,  and t h e  q u a n t i t y  of energy  p e r  u n i t  

t ime i n  k i l o w a t t s .  For  e lec t r ica l  energy ,  each of t h e  f i r s t  

p a i r  of parameters  i s  l i s t e d  a s  ze ro .  The n e x t  sec t ion  t o  

be p r i n t e d  p r e s e n t s  d a t a  concerning equipment s i z e  charac-  

t e r i s t i c s ,  bo th  f o r  p r o c e s s  equipment and fo r  any a d d i t i o n a l  

equipment r e q u i r e d  ( f l a s h  v e s s e l s ,  pumps, compressors ,  f o s s i l  

f u e l  h e a t e r s ,  or h e a t  exchange r s ) .  Two s i z e  parameters  are  

g iven:  t h e  mass f low r a t e  of f l u i d  handled and a second 

parameter  whose d e f i n i t i o n  depends upon t h e  t y p e  of equip-  

ment. For process equipment,  it i s  t h e  r a t i o  of t h e  n e w  

s i z e  t o  t h e  o ld ;  f o r  h e a t  exchangers  and f o s s i l  f u e l  h e a t e r s ,  

t h e  h e a t  t r a n s f e r  r a t e ;  f o r  pumps and compressors ,  t h e  i n -  

c r e a s e  i n  f l u i d  p r e s s u r e ;  and f o r  f l a s h  vessels and t w o -  

phase s e p a r a t o r s ,  t h e  stream q u a l i t y .  F i n a l l y ,  t h e  v a l u e s  

of n i n e  a d d i t i o n a l  parameters  are g iven :  

energy  r equ i r emen t ,  t o t a l  u s e  of e l e c t r i c i t y  and of f o s s i l  

t o t a l  p r o c e s s  
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f u e l ,  t o t a l  geothermal  m a s s  f low r a t e ,  t o t a l  f l u i d  en tha lpy  

and a v a i l a b i l i t y  a t  i n l e t  and e x i t  t o  t h e  p l a n t ,  and t o t a l  I 

mass f l o w  ra te  of w a t e r  r e q u i r e d  f r o m  e x t e r n a l  sou rces .  

As a check upon t h e  match  r e s u l t s ,  t h e  program a l s o  computes 

and p r i n t s  t h e  error i n  t h e  F i r s t  L a w  ( conse rva t ion  of energy)  I 

f o r  t h e  p l a n t  as a whole .  T h i s  f i g u r e  u s u a l l y  v a r i e s  f r o m  

z e r o  by a s m a l l  amount because of i n a c c u r a c i e s  i n  t h e  thermo- 

dynamic p r o p e r t i e s  e v a l u a t i o n  r o u t i n e s .  

The t h i r d  i n p u t  and o u t p u t  s u b r o u t i n e ,  ECODAT, 

reads and echo p r i n t s  v a l u e s  f o r  a w i d e  v a r i e t y  of economic 

parameters .  These parameters  i n c l u d e  t h e  cost  of each  ele- 

ment of t h e  geothermal  f i e l d ,  t h e  cost  of a u x i l i a r y  energy ,  

i n f l a t i o n  ra tes ,  d e p r e c i a t i o n  v a r i a b l e s ,  and t a x  v a r i a b l e s .  

The f i n a l  s u b r o u t i n e ,  ECORES, p r i n t s  t h e  m o s t  

impor tan t  f i g u r e s  of t h e  e n t i r e  a n a l y s i s :  t h e  economic 

bottom l i n e .  The s u b r o u t i n e  f i r s t  l i s t s  f i g u r e s  f o r  t h e  

inves tment  i n  c u r r e n t  d o l l a r s  f o r  t h e  geothermal  system and 

t h e  inves tment  i n  c o n s t a n t  d o l l a r s  f o r  t h e  geothermal  sys-  

t e m ,  t h e  geothermal  f i e l d ,  and t h e  conven t iona l  system. I t  

then  p r i n t s  t h e  n e t  p r e s e n t  v a l u e  of t h e  cash f lows  f o r  bo th  

systems,  t h e  n e t  p r e s e n t  v a l u e  of geothermal  system s a v i n g s ,  

t h e  d i scoun ted  payback p e r i o d ,  and t h e  i n t e r n a l  ra te  of re- 

t u r n .  F i n a l l y ,  t h e  s u b r o u t i n e  p r i n t s  t h e  annual  ca sh  f l o w s  

f o r  bo th  systems.  
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CHAPTER 3 - THE MATCHING PROCEDURE - 

The h e a r t  of t h e  methodology 's  au tomat i c  matching 

mode of o p e r a t i o n  i s  t h e  procedure  f o r  matching energy supp- 

l i e s  and demands. 

s u b r o u t i n e  (MZ4TCH) and t h r e e  s m a l l e r  s u b r o u t i n e s  (SORT, 

SEPRAT, and SPLIT). 

T h i s  procedure i s  implemented i n  a l a r g e  

The o r g a n i z a t i o n  of t h i s  c h a p t e r  f o l l o w s  t h a t  of 

t h e  computer programs, f o r  which flow c h a r t s  a r e  g iven  i n  

Appendix D .  

A. Supply Stream and U n i t  P rocess  I n i t i a l i z a t i o n  and 
S o r t i n a  _c_- - 

1. I n i t i a l i z a t i o n  and s o r t i n g  -- -7 

Primary v a r i a b l e s  r e l a t i n g  t o  stream or  p r o c e s s  

c h a r a c t e r i s t i c s  are  i n i t i a l i z e d  t o  a p p r o p r i a t e  v a l u e s  i n  

some cases by d a t a  r e a d  from an  i n p u t  f i l e  or  d a t a  c a r d s  

(as was d e s c r i b e d  i n  Chapter  2 )  and i n  o t h e r  c a s e s  by t h e  

BLOCK DATA subprogram. I n  t h e  c o u r s e  of t h e  matching pro-  

cedure ,  stream and p r o c e s s  d a t a  w i l l  be  a l t e r e d .  However, 

i n  o r d e r  t o  execu te  t h e  matching procedure  f o r  a v a r i e t y  

of geothermal  f l u i d  f low r a t e s  w i thou t  r e - r ead ing  da ta ,  t h e  

i n i t i a l  v a l u e s  of s t ream and p r o c e s s  v a r i a b l e s  must r e m a i n  

untouched. The s o l u t i o n  t o  t h i s  quandary l i e s  i n  s e t t i n g  



secondary v a r i a b l e s  equa l  t o  t h e  v a l u e s  of t h e  pr imary v a r i -  

a b l e s  a t  t h e  s t a r t  of each execu t ion .  The  secondary v a r i -  

a b l e s  then  are used f o r  man ipu la t ion ,  l e a v i n g  t h e  pr.imary 

v a r i a b l e s  und i s tu rbed .  T h e  f i rs t  s e c t i o n  of t h e  program 

implements t h i s  p rocedure ,  w i t h  primary v a r i a b l e s  des ig-  

na ted  by names ending i n  "I",  f o r  i n i t i a l .  A l s o  i n i t i a l i z e d  

a t  t h i s  p o i n t  are  v a r i a b l e s  which r e l a t e  t o  equipment s i z e  

and a u x i l i a r y  energy  needs.  

Next,  p r o c e s s e s  and streams a r e  s o r t e d  accord ing  

The t o t a l  t o  t h e  p r i n c i p l e s  set f o r t h  i n  S e c t i o n  H below. 

e n t h a l p y  and a v a i l a b i l i t y  ( t h e  l a t t e r  cor responding  t o  an  

ambient t empera tu re  of 2OoC) p r e s e n t  i n  t h e  i n p u t  streams 

are a l so  ca lcu la ted  f o r  l a t e r  u s e .  

2 -  P---..-.-. Su p l  stream management - 

The geothermal  f l u i d  may a r r ive  a t  t h e  s u r f a c e  

a s  compressed l i q u i d ,  as  a two-phase m i x t u r e ,  o r  as super -  

hea t ed  vapor. I n  t h e  second c a s e ,  t h e  program allows fo r  

s e p a r a t i o n  i n t o  s a t u r a t e d  vapor  and l i q u i d  i f  so desired.  

T h i s  p e r m i t s  u s e  of t h e  h ighe r  h e a t  t r a n s f e r  c o e f f i c i e n t  

of condensing vapor  t o  f u l l e s t  advantage.  

compressed l i q u i d ,  t h e  program allows i s e n t h a l p i c  f l a s h i n g  

t o  any g iven  p r e s s u r e ,  i f  d e s i r e d ,  a s  well as  t h e  p o s s i -  

b i l i t y  o f  subsequent  phase s e p a r a t i o n .  

I n  t h e  case of 

Three i n p u t  v a r i -  

4 

11 
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t h i s  p rocedure :  two s imply t o  d e c i d e  whether 

s e p a r a t i o n  are a l lowed,  and one t o  se t  t h e  

m i n i m u m  a l lowab le  f l a s h  p r e s s u r e  (which may be d i f f e r e n t  

f o r  each stream). N e i t h e r  s e l f - b e n e f i c i a t i o n  of streams 

us ing  o r g a n i c  f l u i d  c y c l e s  nor  j e t  e x t r a c t i o n  of non-conden- 

s ib le  g a s e s  i s  employed i n  t h e  program. 

Th i s  s e c t i o n  marks t h e  i n t r o d u c t i o n  of t h e  f i r s t  

t e c h n i c a l  r u l e s  (a term d e f i n e d  i n  Chapter  5 )  of many t o  

fo l low.  S p e c i f i c a l l y ,  f l a s h i n g  of a s t ream i s  &uppressed 

if (1) t h e  stream has  over  n i n e t y  p e r c e n t  q u a l i t y  a l r e a d y ,  

or ( 2 )  t h e  s a t u r a t i o n  p r e s s u r e  a s s o c i a t e d  w i t h  i t s  p r e s e n t  

e n t h a l p y  i s  less t h a n  (2.05 t a rs  above t h e  minimum a l lowab le  

f l a s h  p r e s s u r e ,  o r  (3 )  t h e  stream q u a l i t y  a f t e r  f l a s h i n g  

t o  t h i s  l a s t  p r e s s u r e  would be under t e n  p e r c e n t .  The 

numbers employed i n  t h e s e  r u l e s  a r e  assumed t o  approximate 

p o i n t s  a t  which t h e  c a p i t a l  c o s t  of t h e  equipment involved  

begins to outweigh the utility of having flashed streams. 

I f  permitted by t h e  a p p r o p r i a t e  i n p u t  c o n t r o l  

v a r i a b l e ,  two-phase streams are t h e n  s e p a r a t e d  by c a l l i n g  

s u b r o u t i n e  SEPRAT ( t o  be d i s c u s s e d  i n  S e c t i o n  H b e l o w ) .  

The program r e c o r d s  f o r  f u t u r e  u s e  t h e  e x i t  stem 

f low r a t e  and p r e s s u r e  a s s o c i a t e d  w i t h  t h e  f l a s h  vessel and 

phase s e p a r a t o r .  F i n a l l y ,  t h e  streams are r e s o r t e d  and 

t h e i r  p r o p e r t i e s  ( f low r a t e ,  t empera tu re ,  e tc . )  p r i n t e d .  
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B.  Process-Stream Matching Procedure 

The program h e r e  cortnnences an examinat ion i n  t u r n  

of each u n i t  p r o c e s s .  For each p r o c e s s ,  a s u i t a b l e  f l u i d  

stream i s  selected t o  s a t i s f y  t h e  energy needs of t h a t  p ro-  
f 

cess. 

1. Elec t r ic  energy  requi rements  

The computer program t a k e s  i n t o  account  n o t  on ly  

u s e  of f o s s i l  f u e l  and geothermal  energy b u t  a l s o  u s e  of 

e l e c t r i c i t y .  For t h e  fo l lowing  r easons ,  t h e  program pays 

s p e c i a l  a t t e n t i o n  t o  t h e  e lec t r ic  power r equ i r emen t s  of p re -  

e x i s t i n g  equipment i n  a d d i t i o n  t o  t h o s e  of new a p p a r a t u s .  
4 

I n  most i n d u s t r i e s ,  t h e  q u a n t i t y  of energy em-  

ployed a s  p r o c e s s  h e a t  i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  amount 

of e l e c t r i c i t y  purchased t o  run  p l a n t  equipment. However, 

i n  o t h e r  i n d u s t r i e s ,  p r o c e s s  h e a t  and e l e c t r i c i t y  r e q u i r e -  

ments are connected more c l o s e l y ,  A common p r a c t i c e  i n  

t h e s e  i n d u s t r i e s  i s  t o  g e n e r a t e  h igh  p r e s s u r e  steam i n  a 

f o s s i l  f u e l  b o i l e r ,  p a s s  t h e  steam through a t u r b i n e  t o  

produce e l e c t r i c i t y ,  and t h e n  u s e  t h e  r e s u l t i n g  low p r e s s u r e  

stem for p r o c e s s  h e a t  needs.  T h i s  p rocedure ,  known as co- 

g e n e r a t i o n ,  r educes  t h e  o v e r a l l  en t ropy  p roduc t ion  a s s o c i -  

a t e d  w i t h  h e a t i n g  moderate  t empera tu re  w a t e r  d i r e c t l y  w i t h  

h igh  t empera tu re  combustion p r o d u c t s .  

I n  p r o c e s s  h e a t  a p p l i c a t i o n s  of geothermal  energy ,  

g e o t h e m a l  f l u i d  r e p l a c e s  f l u i d  hea ted  by f o s s i l  f u e l .  If 
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t h e  r e p l a c e d  f l u i d  i s  low p r e s s u r e  steam i n  a cogene ra t ion  

system, t h e  r e d u c t i o n  i n  steam produc t ion  and t h u s  i n  t h e  

q u a n t i t y  of steam p a s s i n g  through t h e  t u r b i n e s  r e s u l t s  i n  a 

dec rease  i n  t h e  amount of e l e c t r i c i t y  gene ra t ed .  The f i r m  

must t h e r e f o r e  purchase  more e l e c t r i c i t y  f r o m  o u t s i d e  u t i l i -  

t ies .  The d i f f e r e n c e  between t h e  q u a n t i t y  of e l e c t r i c i t y  

purchased f o r  a conven t iona l  and f o r  a geothermal p l a n t  

cou ld  t h e r e f o r e  be g r e a t e r  than  t h a t  expec ted  s o l e l y  on t h e  

b a s i s  of t h e  increased number of compressors  and o t h e r  com- 

ponents .  The power requi rements  of e x i s t i n g  equipment must 

t h e r e f o r e  be inc luded  i n  t h e  a n a l y s i s .  

’ 

A s  t h e  computer program i s  in t ended  f o r  u s e  w i t h  

any i n d u s t r y ,  p r o v i s i o n  i s  made f o r  t h e  e lectr ic  power re- 

quirements  of e x i s t i n g  equipment i n  a d d i t i o n  t o  t h o s e  of 

new a p p a r a t u s .  I n  t h e  program, an e x i s t i n g  need f o r  elec- 

t r i c i t y  i s  i n d i c a t e d  whenever t h e  u s e r  i n p u t s  a p r o c e s s  

w i t h  tempera ture  and pressure requirements both equal to 

zero. An e x i s t i n g  need f o r  f o s s i l  fuel i s  i n d i c a t e d  by 

a p r o c e s s  w i t h  a n e g a t i v e  p r e s s u r e  requi rement .  (See 

S e c t i o n  1 of Appendix D f o r  a f u r t h e r  d i s c u s s i o n  of t h i s  

p rocedure . )  

program matching s e c t i o n ,  an o u t s i d e  e l e c t r i c i t y  o r  f o s s i l  

f u e l  requi rement  i s  e s t a b l i s h e d .  The matching procedure  

then  c o n t i n u e s  w i t h  an examinat ion of t h e  n e x t  p r o c e s s .  

When such  p r o c e s s e s  are encountered  by t h e  
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Should a u s e r  of t h e  program so d e s i r e ,  an elec- 

t r i c  g e n e r a t i o n  module could  be added t o  t h e  program t o  p e r -  

m i t  au tomat ic  a n a l y s i s  of e lectr ic  g e n e r a t i o n  by means of 

cogene ra t ion  o r  geopressured  r e s o u r c e  a p p l i c a t i o n s .  Imple- 

menta t ion  of such a module w i t h i n  t h e  framework of t h e  cu r -  

r e n t  computer program would n o t  p r e s e n t  any d i f f i c u l t i e s .  

2 .  Stream s e l e c t i o n  l o g i c  

Given a p a r t i c u l a r  u n i t  p r o c e s s ,  t h e  program must 

choose from t h e  a v a i l a b l e  f l u i d  supply  streams one which 

w i l l  s a t i s f y  t h e  energy  needs of t h a t  p r o c e s s .  S ince  t h i s  

c h o i c e  a f f e c t s  t h e  p r o p e r t i e s  of t h e  streams which w i l l  be 

a v a i l a b l e  f o r  t h e  n e x t  p r o c e s s  t o  be exaqined ,  s o m e  a t t e n -  

t i o n  must be g iven  t o  o p t i m i z a t i o n  of t h e  stream s e l e c t i o n  

l o g i c .  Th i s  complex problem w i l l  be d i s c u s s e d  from a m o r e  

g e n e r a l  v iewpoin t  i n  Chapter  5 .  The "rule-of-thumb" s t r a t -  

egy cons ide red  t h e r e  w i l l  be d e s c r i b e d  i n  d e t a i l  below. 

The s t r a t e g y  adopted c o n s i s t s  of u se  of an heu- 

r is t ic  a l g o r i t h m  t o  select  a stream f o r  t h e  p r o c e s s  under 

c o n s i d e r a t i o n .  Before  t h e  a lgo r i thm i t s e l f  i s  g i v e n ,  sev-  

eral  d e f i n i t i o n s  must be in t roduced .  

F i r s t ,  " s u f f i c i e n t  mass f low r a t e "  means t h a t  t h e  

f low r a t e  of t h e  stream being  cons ide red  exceeds a ce r t a in  

f r a c t i o n  (g iven  as  an i n p u t  parameter )  of t h e  f low r a t e  
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b 

normally r e q u i r e d  by t h e  p r o c e s s .  A d i f f e r e n t  f r a c t i o n  may 

be used f o r  s ing le -phase  a s  opposed t o  two-phase streams. 

Th i s  s u f f i c i e n c y  c r i t e r i o n  i s  necessa ry  t o  l i m i t  t h e  s p e c i f i c  

en tha lpy  drop  of t h e  f l u i d  through t h e  p r o c e s s  t o  r easonab le  

levels .  Were t h e  c r i t e r i o n  n o t  imposed, t h e  program might  

choose a stream w i t h  a sma l l  f l o w - r a t e ,  p o t e n t i a l l y  r e q u i r -  

i ng  t empera tu re  upgrading t o  hundreds of d e g r e e s  t o  p rov ide  

t h e  proper  t o t a l  en tha lpy  drop  f o r  t h e  p r o c e s s  e n t h a l p y  

requi rement .  

Second, "proper .  phase" i n d i c a t e s  t h a t  t h e  phase 

of t h e  c u r r e n t  stream i s  a c c e p t a b l e  f o r  u s e  i n  t h e  p rocess :  

f o r  p r o c e s s e s  r e q u i r i n q  l i q u i d ,  t h i s  means e i t h e r  a l i q u i d  

stream o r  a two-phase stream of q u a l i t y  under  1 0 % ;  f o r  

p r o c e s s e s  r e q u i r i n g  condensing vapor ,  t h i s  means a stream 

of q u a l i t y  between 9 0 %  and " 1 0 4 % "  (some s u p e r h e a t  being of 

l i t t l e  importance because of t h e  sma l l  h e a t  c a p a c i t y  of 

t h e  v a p o r ) ;  and f o r  p r o c e s s e s  r e q u i r i n g  supe rhea ted  vapor ,  

t h i s  means a two-phase stream of q u a l i t y  g r e a t e r  t h a n  99% 

o r  a vapor  stream. These d e f i n i t i o n s  are  chosen i n  o r d e r  

n o t  t o  res t r ic t  stream s e l e c t i o n  unduly.  

T h i r d ,  a stream i s  d e f i n e d  t o  have t h e  "correct 

p u r i t y "  i f  it i s  c l e a n  (accord ing  t o  t h e  c r i t e r i a  g iven  i n  

Chapter  2 )  and t h e  p r o c e s s  under  c o n s i d e r a t i o n  can a c c e p t  

on ly  c l e a n  f l u i d  o r ,  a l t e r n a t i v e l y ,  i f  it i s  impure and t h e  
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process can accept impure fluid. 

Fourth, a stream is sai6 to possess "sufficient 

enthalpy" if the heat required by the current process could 

be extracted from the stream without the stream falling 

short of the temperature requirement of the process. (The 

temperature requirement criteria are descrihed in Section 

E.2 below.) 

Finally, the "temperature rule" selects a stream 

on the basis of tenperature, choosing the stream with the 

lowest temperature, provided that its temperature is greater 

than the sum of tbe process temperature and the required 

unit process temperature difference (minus one deqree Cel- 

sius to account for round-off errors). This sum approxi- 

mates the stream inlet temperature needed hy the process. 

If no such stream exists, the rule selects the stream with 

the highest temperature. By choosing the lowest tempera- 

ture stream above the temperature sum, the program conserves 

streams of high thermodynarric availability; by choosing the 

highest temperature stream otherwise the program reduces 

the amount of energy which trill be need.ed later for temper- 

ature upgrading. 

The stream selection algorithm can now be intro- 

It is designed to minimize the use of geothermal duced. 

fluid and of auxiliary fossil fuel and to maximize the cas- 
A 
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cading of f l u i d  streams from one p r o c e s s  t o  a n o t h e r .  Speci-  

t h e  a lgo r i thm r e q u i r e s  t h a t  t h e  program 

Choose a stream wi th  s u f f i c i e n t  e n t h a l p y ,  s u f f i -  

c i e n t  mass f low,  proper  phase,  and c o r r e c t  p u r i t y  

accord ing  t o  t h e  tempera ture  r u l e  

I f  no s t ream s a t i s f i e s  t h e  c r i t e r i a  i n  ( a ) ,  choose 

a stream w i t h  s u f f i c i e n t  e n t h a l p y ,  s u f f i c i e n t  mass 

f low,  and p rope r  phase accord ing  t o  t h e  tempera- 

t u r e  r u l e  

I f  no s t ream s a t i s E i e s  t h e  c r i t e r i a  i n  (b), choose 

a s t ream w i t h  s u f f i c i e n t  e n t h a l p y ,  s u f f i c i e n t  

mass f low,  and c o r r e c t  p u r i t y  accord ing  t o  t h e  

tempera ture  r u l e  

I f  no stream sa t i s f ies  t h e  c r i t e r i a  i n  ( c ) ,  choose 

a s t ream wi th  s u f f i c i e n t  e n t h a l p y  and s u f f i c i e n t  

mass f l o w  accord ing  t o  t h e  t empera tu re  r u l e  

If no s t r e a m  sa t i s f ies  t h e  c r i t e r i a  i n  ( a ) ,  choose 

a s t ream wi th  s u f f i c i e n t  m a s s  f low,  p rope r  phase ,  

and correct p u r i t y  acco rd ing  t o  t h e  t empera tu re  

r u l e  

I f  no stream s a t i s f i e s  t h e  c r i t e r i a  i n  ( e ) ,  choose 

a s t r eam wi th  s u f f i c i e n t  m a s s  f low and p r o p e r  

phase accord ing  t o  t h e  t empera tu re  r u l e  
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I f  no stream sa t i s f ies  t h e  c r i t e r i a  i n  ( f ) ,  choose 

a stream w i t h  s u f f i c i e n t  m a s s  f low and c o r r e c t  

p u r i t y  accord ing  t o  t h e  tempera ture  r u l e  

I f  no stream s a t i s f i e s  t h e  c r i t e r i a  i n  ( g ) ,  choose 

a stream w i t h  s u f f i c i e n t  m a s s  f low accord ing  t o  

t h e  tempera ture  r u l e  

I f  no stream s a t i s f i e s  t h e  c r i t e r i a  i n  (h )  and 

t h e  p r o c e s s  i s  of t h e  d i r e c t - i n j e c t i o n  t y p e  ( i . e .  

f l u i d  i s  i n j e c t e d  i n t o  t h e  p r o c e s s  chamber and 

cannot  t h e n  ke r e c i r c u l a t e d )  , draw enough ambient 

water t o  create a stream w i t h  s u f f i c i e n t  m a s s  

flow 

I f  no stream sa t i s f i e s  t h e  c r i t e r i a  i n  ( h )  and 

t h e  p r o c e s s  i s  of t h e  heat-exchange t y p e ,  s a t i s f y  

i t s  energy requi rements  by e s t a b l i s h i n g  a c losed -  

loop r e c i r c u l a t i n g  f l u i d  system i n  which t h e  f l u i d  

i s  hea ted  by a f o s s i l  f u e l  t u r n e r  and cooled ky 

t h e  p r o c e s s .  

I 

~ 

! 

The a lgo r i thm i s  summarized i n  Table  3-1. A s  w i l l  be des-  

c r i b e d  i n  t h e  n e x t  s e c t i o n ,  t h i s  a l g o r i t h n  p rov ides  a t e n t a -  

t i v e  c h o i c e  of stream which nay  be o v e r r u l e d  depending upon 

t h e  outcome of f u r t h e r  tes ts  t o  be d i s c u s s e d .  
( 

@ One assumption made i n  t h e  computer program should 
- 

be no ted  a t  t h i s  p o i n t .  The computer r e q u i r e s  t h a t  p rocesses  
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Stream s e l e c t i o r ?  l o g i c  - h i e r a r c h y  of c h o i c e  

E, fi, p h s s e ,  p u r i t y  

H, 1-5, phase 

E, A ,  p u r i t y  

H I  fi 

A ,  phase,  p u r i t y  

fi,. phase  

r i ,  p u r i t y  

lfl 

used w i t h  t h e  
t e m p e r a t u r e  
r u l e  

d i r e c t - i n j e c t i o n  p r o c e s s e s  

heat-exchange p r o c e s s e s .  

s u f  C i c i e n t  e n t h a l p y  

s u f f i c i e n t  m a s s  f l ow 

p r o p e r  p ha s e 

c o r r e c t  p u r i t y .  

These terms are  d e f i n e d  more comple t e ly  i n  t h e  accompanying 

t a t .  

TABLE 3-1 - THE STEiEPM SELECTION HIEFARCHY 
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whose energy needs were satisfied in conventional fossil- 

fueled systems by condensing vapor continue to utilize vapor 

in the new geothermal system; similarly, processes employing 

hot water in conventional cases must use liquid water in 

geothermal applications. The effect of this condition is 

(I 

to maintain the same approximate size for the new equipment 

as for the old since heat transfer coefficients will be 

similar in magnitude in both systems. Given that the pre- 

vailing ratio of energy (and thus hot fluid) cost to equip- 

ment cost is much higher than in the past, it is likely that 

the optimum tradeoff between fluid and equipment has moved 

in the direction of larger, more energy efficient equip- 

ment, This implies that use of hot water for a process 

which previously employed steam might be advantageous. The 

program nonetheless omits consideration of such a possi- 

bility. However, the same effect may be achieved by alter- 

ing the specification of process characteristics and ?indi- 

cating to t h e  computer a need for hot water instead of steam. 

C, Process-Stream Efficiency Check and Brine Conversion 

1, Efficiency check 

Under some circumstances, a hot geothermal stream 

may prove less efficient In satisfying process energy needs 
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than  a stream hea ted  by f o s s i l  f u e l .  T h i s  phenomenon can 

occur  w i t h  a heat-exchange type  p r o c e s s ,  f o r  which t h e  mini-  

mum p o s s i b l e  a u x i l i a r y  energy requi rement  i s  e x a c t l y  e q u a l  

t o  t h e  p r o c e s s  energy  need. The e q u a l i t y  r e s u l t s  from t h e  

p o s s i b i l i t y  of u s i n g  a c losed- loop  system i n  which t h e  

energy removed from t h e  f l u i d  by t h e  p r o c e s s  i s  s imply re- 

s t o r e d  by a f o s s i l  f u e l  h e a t e r .  I n  c o n t r a s t ,  t h e  amount of 

f o s s i l  f u e l  needed t o  upgrade a geothermal  s t r eam depends 

upon t h e  c u r r e n t  e n t h a l p y  of t h e  stream and t h e  e n t h a l p y  

r e q u i r e d  by t h e  p r o c e s s ,  and b e a r s  no r e l a t i o n  t o  t h e  pro-  

cess energy  demand. For example, i f  t h e  e x i t  stream from 

t h e  p r o c e s s  proves  t o  be h o t t e r  t han  t h e  i n i t i a l  GT stream, 

some of t h e  h e a t  s u p p l i e d  by f o s s i l  f u e l  has  n o t  been con- 

sumed by t h e  p r o c e s s .  Even i f  cascading  of t h e  e x i t  stream 

i n t o  a n o t h e r  p r o c e s s  i s  p o s s i b l e ,  t h i s  e x t r a  f o s s i l  f u e l  

energy will he wasted u n l e s s  t h e  l a t t e r  p r o c e s s  could n o t  

have employed o t h e r  geothermal  streams wi thou t  f o s s i l  f u e l  

upgrading.  

U n f o r t u n a t e l y ,  t h e r e  i s  no qu ick  method of d e t e r -  

mining f o r  a s p e c i f i c  p r o c e s s  and geothermal  stream whether 

a c losed- loop  f o s s i l  system or an o p e n - c i r c u i t  geothermal  

system would be more e f f i c i e n t .  Computation of t h e  change 

i n  a v a i l a b i l i t y  r e q u i r e d  t o  b r i n g  t h e  s e l e c t e d  stream t o  
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p r o c e s s  i n l e t  c o n d i t i o n s  would ke t h e  b e s t  e s t i m a t e  of  t h e  

minimum a u x i l i a r y  energy  required!  w e r e  an open c i r c u i t  t o  

be chosen. ( I t  would n o t  be a comple te ly  a p p r o p r i a t e  f i g u r e ,  

however, because of i n e f f i c i e n c i e s  i n  equipment and p r a c t i -  

c a l  l i m i t a t i o n s . )  I f  t h e  change i n  a v a i l a b i l i t y  were found 

t o  exceed t h e  a v a i l a b i l i t y  r e q u i r e d  i n  a c losed- loop  system, 

a c l o s e d  system should be u t i l i z e d .  However, bas ing  t h e  

comparison upon e n t h a l p i e s  r a t h e r  t h a n  a v a i l a b i l i t i e s  sub- 

s t a n t i a l l y  s i m p l i f i e s  t h e  c a l c u l a t i o n s  and f o c u s e s  a t t e n -  

t i o n  on t h e  amount of f o s s i l  f u e l  d i r e c t l y  expended. 

The l a t t e r  method i s  used i n  t h e  program. The 

program t h e r e f o r e  tests streams which have been s e l e c t e d  

f o r  u se  wi th  heat-exchange p r o c e s s e s  i n  o r d e r  t o  de te rmine  

whether u t i l i z a t i o n  of a c l o s e d  system would reduce a u x i l -  

i a r y  f o s s i l  f u e l  consumption. 

c o n d i t i o n s  a t  t h e  i n l e t  t o  t h e  p r o c e s s ,  t h e  tes t  a lgo r i thm 

f i r s t  r e q u i r e s  c a l c u l a t i o n  of t h e  e n t h a l p y  a s s o c i a t e d  w i t h  

f l u i d  a t  t h e  p r o c e s s  p r e s s u r e  and t h e  minimum a l lowab le  

f l u i d  t empera tu re  (approximated by t h e  sum of t h e  p rocess  

tempera ture  and t h e  r e q u i r e d  u n i t  p r o c e s s  tempera ture  d i f f -  

e r e n c e ) .  The program then  computes t h e  energy  needed t o  

upgrade t h e  chosen stream from i t s  p r e s e n t  e n t h a l p y  t o  

t h i s  r e q u i r e d  i n l e t  en tha lpy .  

r e q u i r e d  by t h e  p r o c e s s  by more than  one p e r c e n t  of t h e  

To e s t i m a t e  t h e  r e q u i r e d  

t 

I f  t h i s  energy  exceeds t h a t  
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l a t t e r ,  a c losed- loop  f o s s i l  system i s  used.  Such a system 

i s  r e p r e s e n t e d  i n  t h e  o u t p u t  by a f o s s i l  h e a t e r ,  an a u x i l -  

i a r y  f o s s i l  f u e l  energy requi rement  a t  t h e  p r o c e s s  p r e s s u r e ,  

and a new f l u i d  stream l i s t e d  a s  u n a v a i l a b l e  f o r  f u r t h e r  

u se .  The u s e r  can  r e a d i l y  i d e n t i f y  such streams i n  t h e  

computer o u t p u t  s i n c e  t h e i r  l i s t e d  t empera tu re  e q u a l s  t h e  

sum mentioned above, whi le  t h e i r  p r e s s u r e  and e n t h a l p y  

correspond t o  ambient c o n d i t i o n s .  

2 .  B r i n e  convers ion  - -- - 

Some p r o c e s s e s  ( such  as food cooking and s ter i l -  

i z i n g )  r e q u i r e  r e l a t i v e l y  pu re  water t o  avo id  contamin- 

a t i o n .  If a h o t  geothermal  stream happens t o  be pure  

enough, t h e  s t ream s e l e c t i o n  l o g i c  w i l l  p r e f e r  it t o  a 

d i r t i e r  s t ream.  

t o  t r ans fe r  h e a t  from an  impure stream t o  a c l e a n  one t h u s  

a r i s e s  on ly  when no a p p r o p r i a t e  geothermal  stream has  s u f f i -  

cient purity. 

The need f o r  a secondary h e a t  exchanger 

I f  a secondary h e a t  exchanger i s  n o t  r e q u i r e d ,  

t h e  program branches t o  t h e  n e x t  s e c t i o n .  If b r i n e  con- 

v e r s i o n  i s  n e c e s s a r y ,  t h e  program beg ins  by s p l i t t i n g  t h e  

s e l e c t e d  stream so t h a t  o n l y  a f low ra te  e q u a l  t o  t h a t  re- 

q u i r e d  by t h e  p r o c e s s  times a f r a c t i o n  g iven  a s  an i n p u t  

parameter  i s  used .  A d i f f e r e n t  v a l u e  may be g iven  f o r  

t h i s  upper l i m i t  f low r a t e  f r a c t i o n  i n  t h e  case of s i n g l e -  

) 



n 

6 6  

phase streams as  opposed t o  t h a t  of 

f l ow s p l i t t i n g  procedure  avo ids  t h e  

of the  remainder  of t h e  f l u i d  which 

two-phase streams. The 

unnecessary  d e g r a d a t i o n  

would otherwise ensue. 

The program must now choose a pu re  stream t o  which 

t h e  heat i n  t h e  impure s t ream may be t r a n s f e r r e d .  The a lgo -  

rithm adopted f o r  t h i s  purpose selects t h e  h o t t e s t  pu re  

stream of s u f f i c i e n t  mass f l o w  t h a t  has  a tempera ture  less 

t h a n  t h a t  o f  t h e  impure stream minus twenty deg rees  C e l s i u s .  

( " S u f f i c i e n t  m a s s  f l o w "  w a s  d e f i n e d  i n  S e c t i o n  B.2 above.)  

T f  no such stream e x i s t s ,  t h e  program e s t a b l i s h e s  a stream 

of pure  water a t  ambient c o n d i t i o n s  and of s u f f i c i e n t  mass 

f l o w .  The pu re  stream selected i s  then  s p l i t  as  w a s  t h e  

impure stream above. 

The r e s t r i c t i o n  t h a t  t h e  t empera tu re  of t h e  pu re  

strew be a t  l ea s t  2OoC c o o l e r  t han  t h e  impure stream guar-  

a n t e e s  t h a t  Second Law c o n s t r a i n t s  a r e  n o t  v i o l a t e d  and 

t h a t  a secondary h e a t  exchanger i s  n o t  e s t a b l i s h e d  when t h e  

p o t e n t i a l  h e a t  t r a n s f e r  r a t e  i s  t o o  s m a l l .  S e l e c t i o n  of 

t h e  h o t t e s t  stream t h a t  meets t h i s  r e s t r i c t i o n  s e r v e s  t o  

ensu re  t h a t  f u r t h e r  r equ i r emen t s  f o r  a u x i l i a r y  f o s s i l  fuel 

w i l l  be minimized. 

A problem now a r i s e s  concern ing  t h e  t r e a t m e n t  of 

t h e  pu re  stream chosen.  

d i c t a t e  t h a t  t h i s  stream be upgraded bo th  i n  p r e s s u r e  and 

i n  phase.  S ince  compression of l i q u i d  i s  less energy i n t e n -  

F r e q u e n t l y  p r o c e s s  requi rements  

t 
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s i v e  t h a n  compression of vapor ,  an i n t u i t i v e  des ign  r u l e  

would r e q u i r e  compression of t h e  pu re  stream f i r s t  and then  

t r a n s f e r  of  h e a t  from t h e  h o t  impure f l u i d .  However, i f  

a f t e r  compression t h e  p u r e  stream's p r e s s u r e  exceeds t h a t  

of t h e  impure stream, i t s  s a t u r a t i o n  t empera tu re  also w i l l  

be h i g h e r .  The impure stream w i l l  t h e n  be able t o  g i v e  up 

on ly  a s  much h e a t  as w i l l  r a i se  t h e  p u r e  water t o  t h e  temp- 

e r a t u r e  of t h e  former minus t h e  t empera tu re  d i f f e r e n c e  

across t h e  h e a t  exchanger.  The energy  n o t  t r a n s f e r r e d  from 

t h e  impure f l u i d  o f t e n  must be s u p p l i e d  l a t e r  by f o s s i l  

f u e l ,  c r e a t i n g  e x a c t l y  t h e  kind o f  waste t h a t  t h e  use  of  

h e a t  r ecove ry  from t h e  impure f l u i d  a t tempted  t o  avoid .  

The pure  stream t h u s  i s  compressed t o  t h e  lesser 

of t h e  p r e s s u r e  r e q u i r e d  by t h e  p r o c e s s  and t h a t  of t h e  

impure f l u i d  minus 0 . 4  b a r s .  The 0 . 4  b a r  p r e s s u r e  d i f f e r -  

e n t i a l  e n s u r e s  a s u f f i c i e n t  s a t u r a t i o n  t empera tu re  d i f f e r e n -  

tial so that adequate heat t ransfer  rates can be main ta ined .  

I f  t h e  p r e s s u r e  of t h e  impure s t r e a m  i s  less than  0 . 9  b a r s  

g r e a t e r  t han  t h a t  of t h e  p u r e  stream, compression i s  sup- 

p re s sed .  The purpose of t h i s  r e s t r i c t i o n  i s  t o  avoid  t h e  

c a p i t a l  c o s t  of pumps if t h e  p r e s s u r e  d i f f e r e n t i a l  i s  t o o  

s m a l l  ( s i n c e  t h e  pure  f l u i d  may l a t e r  have t o  be compressed 

by t h e  remaining amount t o  t h e  p r o c e s s  p r e s s u r e ) .  S i m i l a r -  

l y ,  compression i s  suppressed  as  unnecessary  i f  t h e  p r e s s u r e  
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of t h e  pu re  stream i s  g r e a t e r  t han  0 . 0 1  b a r s  below t h a t  

r e q u i r e d  by t h e  p r o c e s s .  The compressor e f f i c i e n c y  ' is  

assumed t o  equa l  80%,  and two p e r c e n t  of t h e  t o t a l  compres- 

s i o n  work i s  added t o  account  f o r  b e a r i n g  and seal  losses. 

A s  w i l l  be noted  i n  Chapter  5 ,  t h e s e  t e c h n i c a l  

II 

r u l e s  may n o t  be optimum. However, t h e y  do l e a d  t o  a phys i -  

c a l l y  workable des ign  which can  be used t o  g e n e r a t e  a l o w e r  

bound on economic performance. 

The program now e s t a b l i s h e s  a secondary h e a t  ex- 

changer  and c a l c u l a t e s  t h e  maximum amount of energy which 

could  be t r a n s f e r r e d  wi thou t  v i o l a t i n g  Second Law con- 

s t r a i n t s .  The e f f e c t i v e n e s s  E ,  d e f i n e d  as 

L3.11 
f e a s i b l e  h e a t  t r a n s f e r  r a t e  
maximum h e a t  t r a n s f e r  r a t e  
c o n s i s t e n t  w i th  Second Law 

E = -  

i s  assumed t o  e q u a l  85% ( r e g a r d l e s s  of t h e  f l u i d  phases  

i n v o l v e d ) .  The f e a s i b l e  h e a t  t r a n s f e r  r a t e  can then  be 
< 

computed. I f  t h i s  r a t e  would r e s u l t  i n  a dec rease  i n  t h e  

e n t h a l p y  of t h e  impure stream of under 50 J / g ,  t h e  program 

rejects  t h e  e s t a b l i s h m e n t  of t h e  secondary h e a t  exchanger 

and s imply selects t h e  pu re  stream f o r  f u r t h e r  u se .  

Occas iona l ly  t h e  f e a s i b l e  h e a t  t r a n s f e r  ra te  ex- 
1 

ceeds  t h a t  n e c e s s a r y  t o  w a r m  t h e  pu re  stream t o  t h e  temper- 

a t u r e  r e q u i r e d  by t h e  p r o c e s s .  T h i s  s i t u a t i o n  c a n  a r i s e  

I 
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when t h e  u s e r  a t t e m p t s  t o  c l o s e  f l u i d  loops  by l i s t i n g  i n  

t h e  program i n p u t  t h o s e  streams which remain a f t e r  t h e  pro-  

gram completed execu t ion  t h e  p r e v i o u s  run .  (Th i s  t echn ique  

i s  d e s c r i b e d  i n  Appendix D ,  S e c t i o n s  1 and ob.) When t h i s  

technique  i s  employed, t h e  p r o p e r t i e s  of a s t r eam remaining 

a f t e r  t h e  program completes  execu t ion  cor respond t o  t h e  

f l u i d  e x i t  c o n d i t i o n s  r e q u i r e d  by a c e r t a i n  p r o c e s s .  

t h i s  strean i s  then  l i s t e d  a s  an i n p u t  stream and s e l e c t e d  

as a pu re  stream f o r  u s e  i n  a secondary h e a t  exchanger ,  t h e  

amount of energy  r e q u i r e d  t o  upgrade it t o  t h e  f l u i d  i n l e t  

c o n d i t i o n s  r e q u i r e d  by t h e  p r o c e s s  e q u a l s  by d e f i n i t i o n  t h e  

p rocess  energy requi rement .  

If 

The program t h u s  checks whether t h e  pu re  stream 

could  r e p r e s e n t  such a r e c i r c u l a t e d  stream. If  t r a n s f e r  

t o  t h e  stream of t h e  energy  r e q u i r e d  by t h e  p r o c e s s  y i e l d s  

a stream t h e  p r o p e r t i e s  of which s a t i s f y  t h e  p r o c e s s  temper- 

a t u r e  r e q u i r e m e n t ,  t h e n  t h e  program restricts t h e  h e a t  

t r a n s f e r  i n  t h e  secondary h e a t  exchanger  t o  a t  m o s t  t h e  

p r o c e s s  energy  requi rement .  T h i s  procedure  e n s u r e s  t h a t  no 

more h e a t  i s  t r a n s f e r r e d  then  i s  necessa ry  t o  s a t i s f y  t h e  

p r o c e s s  needs .  

The h e a t  t r a n s f e r  ra te  dec ided  upon above then  i s  

employed t o  de termine  t h e  i n c r e a s e  i n  e n t h a l p y  of t h e  pu re  

s t ream and t h e  cor responding  d e c r e a s e  i n  e n t h a l p y  of t h e  

I 
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impure stream. F i n a l l y ,  stream parameters  such as tempera- 

t u r e  a r e  updated u s i n g  t h e  new e n t h a l p y  v a l u e s .  

D.  P r e s s u r e  Upgrading 

1. P r e s s u r e  r e d u c t i o n  

For  p r o c e s s e s  demanding two-phase f l u i d ,  t h e  temp- 

e r a t u r e  and p r e s s u r e  r e q u i r e d  of t h e  f l u i d  are  i n t e r r e l a t e d  

because a t  s a t u r a t i o n  f l u i d  tempera ture  i s  a f u n c t i o n  of 

pressure. I t  is important then that the pressure of the 

s e l e c t e d  stream n o t  be g r e a t e r  t han  t h a t  r e q u i r e d  by t h e  

p rocess .  Were t h e  f l u i d  p r e s s u r e  t o  exceed markedly t h e  

p r e s s u r e  needed by t h e  p r o c e s s ,  t h e  f l u i d  tempera ture  a l s o  

would be h ighe r  t h a n  t h a t  r e q u i r e d .  A s  a r e s u l t ,  t h e  pro-  

cess equipment might  be d r a s t i c a l l y  smaller t h a n  i n  t h e  

ccmvent ional  system, l e a d i n g  t o  m a t e r i a l  p rocess ing  d i f f i -  

c u l t i e s  (too mal l  r e s i d e n c e  t i m e s ,  e t c . ) .  Moreover, i n  

r e t ro f i t  a p p l i c a t i o n s  t h e  p r o c e s s  equipment remains un- 

changed and t h e r e  i s  no advantage t o  be ga ined  from i n c r e a s -  

i ng  p r o c e s s  t empera tu res ,  

The re fo re ,  i f  t h e  p r o c e s s  under  c o n s i d e r a t i o n  

needs two-phase f l u i d  and t h e  p r e s s u r e  of t h e  s e l e c t e d  

stream exceeds  t h a t  r e q u i r e d  by t h e  p r o c e s s  by more than  

0.5 b a r s ,  t h e  stream i s  s p l i t  a s  was d e s c r i b e d  above ( i f  
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necessary) and its pressure reduced isenthalpically to the 

process requirement. The margin of 0.5 bars guarantees 

that pressure reduction occurs only when truly necessary. 

Stream properties are then updated. 

2. Liquid phase pressure upgrading -- - 
If the pressure of the selected stream exceeds the 

pressure needed ty the process (minus 0.01 bars to account 

for round-off errors), pressure upgrading is not necessary 

and the program skips to the temperature upgrading section 

(Section E below). 

If compression is required, the program will con- 

sider any stream with a quality less than 10% to be a 

liquid, since this figure is the upper cutoff in the stream 

selection logic f o r  "correctness of phase" in the case of 

processes demanding liquid phase streams. It should be 

noted that while the program considers fluid of quality 

between 0.1% and 10% to be a liquid for the purposes of 

compression, in actuality two-phase compressors are not yet 

available commercially. A warning is therefore printed if 

the fluid quality lies between 0.1% and 10%. 

The program begins by splitting the selected 

stream, if necessary, as was described above. The liquid 

stream then is compressed directly to the pressure required 

by the process. An efficiency of 8 0 %  is assumed again for 
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t h e  pump, and t h e  work of compression i s  inc reased  by 2 %  

t o  a l l o w  f o r  bea r ing  and s e a l  l o s s e s .  

3 .  Two-phase and Vapor-phase -- p r e s s u r e  I upgrading 

Occas iona l ly  a two-phase stream must l=,e compressed 

t o  a p r e s s u r e  a c c e p t a b l e  t o  t h e  p r o c e s s .  Such a s i t u a t i o n  

t y p i c a l l y  a r i s e s  f r o m  t h e  u s e  of stream cascading  or of 

secondary h e a t  exchangers  ( b r i n e  c o n v e r s i o n ) .  S i n c e  t w o -  

phase compressors are n o t  a v a i l a b l e  ( a s  was mer,tioned a b o v e ) ,  

h e a t  m u s t  be t r a n s f e r r e d  t o  v a p o r i z e  t h e s e  streams b e f o r e  

( 

compression. The program t h e r e f o r e  adds h e a t  t o  t h e  stream 

(us ing  an a u x i l i a r y  f o s s i l  f u e l  h e a t e r )  t o  r a i s e  stream 

q u a l i t y  t o  9 0 %  b e f o r e  a t t e m p t i n g  t o  compress t h e  f l u i d .  

The n e x t  q u e s t i o n  t o  be addres sed  i s  determin-  

a t i o n  of t h e  p rope r  f low r a t e  of f l u i d  t o  be compressed. 

To minimize t h e  compressor work r e q u i r e d ,  t h e  compression 

must t a k e  p l a c e  i n  s t a g e s  wi th  desupe rhea t ing  between 

s t a g e s .  However, s i n c e  desupe rhea t ing  i n v o l v e s  i n c r e a s i n g  

t h e  mass flow r a t e  of t h e  vapor  by t h e  mass of desuperhea t -  

i ng  w a t e r  used ,  t h e  amount of f l u i d  necessa ry  a t  t h e  begin- 

ning of t h e  compression p r o c e s s  i s  somewhat less than  t h e  

f i n a l  q u a n t i t y  r e q u i r e d  by t h e  p r o c e s s .  I n  o r d e r  no t  t o  

compress unneeded vapor ,  t h e  amount of f l u i d  t o  be com- 

p res sed  should  be t h e  minimum amount s u f f i c i e n t  t o  s a t i s f y  
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p rocess  needs .  Typ ica l  c a l c u l a t i o n s  of  t h e  r e q u i r e d  f low 

ra tes  demonst ra te  t h a t  f o r  each ki logram of vapor  needed 

a t  3.10 b a r s  p r e s s u r e ,  no more t h a n  0 . 9 6  kg o f  f l u i d  a t  1 . 0  

b a r s  should  be compressed. The l a t t e r  f i g u r e  i s  termed t h e  

compression f low f r a c t i o n .  (The computed v a l u e  remains 

v a l i d  even i f  no desupe rhea t ing  a t  t h e  f i n a l  p r e s s u r e  i s  

necessa ry . )  S imi l a r  f i g u r e s  f o r  vapor  needed a t  5.17 and 

9.31 b a r s  are  0 . 9 2  and 0 .88  kg r e s p e c t i v e l y .  If t h e  i n i -  

t i a l  f l u i d  has  a q u a l i t y  of less t h a n  993,  desupe rhea t ing  

i s  u n l i k e l y  t o  be needed and so a compression f low f r a c t i o n  

of 1 . 0  i s  used.  Using t h e s e  f i g u r e s ,  t h e  i n i t i a l  f l ow r a t e  

of t h e  s e l e c t e d  stream i s  t h e n  s p l i t  as  necessa ry .  

A loop now follows which s i m u l a t e s  a compressor.  

The p r e s s u r e  reached a t  t h e  end of each  compressor s t a g e  

i s  determined by f o u r  r u l e s .  The f i r s t  s tates t h a t  t h e  

s t a g e  p r e s s u r e  s h a l l  be t h e  nex t  h ighe r  s t a n d a r d  p r e s s u r e  

o r  t h e  f i n a l  p re s su re  r e q u i r e d  by the p r o c e s s ,  whichever 

i s  l o w e r .  [S tandard  i n d u s t r i a l  steam p r e s s u r e s  are 25, 45, 

75, and 135 p s i a  (1 .72,  3 .10,  5.17, and 9.31 b a r s ) . ]  The 

second r u l e  amends t h e  f i r s t  by sk ipp ing  t h e  s t a n d a r d  

p r e s s u r e  immediately g r e a t e r  t h a n  t h e  c u r r e n t  stream p r e s s -  

u r e  if t h e  d i f f e r e n c e  between t h e  t w o  i s  less t h a n  0.75 

b a r s .  The t h i r d  m o d i f i e s  t h e  f i r s t  t w o  by d i c t a t i n g  t h a t  
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t h e  s t a g e  p r e s s u r e  be t h e  f i n a l  p r o c e s s  p r e s s u r e  i f  t h e  

l a t t e r  i s  less t h a n  0 . 7 5  b a r s  g r e a t e r  than  t h e  n e x t  s t a n d a r d  

p r e s s u r e  which o t h e r w i s e  would be  s e l e c t e d .  These t w o  r u l e s  

p reven t  t h e  program from e s t a b l i s h i n g  a compressor s t a g e  

f o r  a s m a l l  p r e s s u r e  d i f f e r e n t i a l .  The f o u r t h  r u l e  amends 

t h e  f i r s t  t h r e e  by r e q u i r i n g  t h a t  t h e  vapor  be compressed 

d i r e c t l y  t o  t h e  p r o c e s s  p r e s s u r e  i f  t h e  en t ropy  of t h e  vapor  

i s  less t h a n  t h e  en t ropy  oE t h e  f i n a l  f l u i d  c o n d i t i o n  de- 

sired as  s p e c i f i e d  by t h e  r e q u i r e d  p r o c e s s  p r e s s u r e  and 

t empera tu re .  T h i s  r u l e  p r o v i d e s  a check upon t h e  e f f i c i e n c y  

of employing desupe rhea t ing :  i f  a u x i l i a r y  h e a t i n g  would be 

r e q u i r e d  upon r each ing  t h e  d e s i r e d  p r e s s u r e ,  u s e  of c o l d  

desupe rhea t ing  wa te r  a t  i n t e r m e d i a t e  s t a g e s  would be w a s t e -  

f u l .  Desuperheat ing i s  t h e r e f o r e  u n d e s i r a b l e  and t h e  f l u i d  

stream should  be compressed d i r e c t l y  t o  t h e  f i n a l  p r e s s u r e .  ' 

Once t h e  s t a g e  p r e s s u r e  has  heen s e l e c t e d ,  t h e  

program e s t a b l i s h e s  a compressor and conpres ses  t h e  selec- 

t e d  stream. The compressor e f f i c i e n c y  a g a i n  i s  assumed t o  

e q u a l  80% and t h e  compressor work  i s  i n c r e a s e d  by 2 %  t o  

account  f o r  b e a r i n g  and seal  l o s s e s .  I f  desuperhea t ing  i s  

r e q u i r e d ,  w a t e r  a t  ambient c o n d i t i o n s  i s  compressed d i r e c t l y  

t o  t h e  c u r r e n t  stream p r e s s u r e  and added t o  t h e  stream. 

The f low r a t e  of t h i s  ambient water  i s  chosen so t h a t  t h e  

f i n a l  mixed stream i s  s a t u r a t e d  steam. Desuperheat ing i s  

(I 
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omi t t ed  if t h e  d e s i r e d  p r e s s u r e  has  been achieved  and t h e  

p rocess  needs a superhea ted  vapor  stream. 

F i n a l l y ,  t h e  program de te rmines  whether t h e  f i n a l  

p r e s s u r e  r e q u i r e d  by t h e  p r o c e s s  has  been reached .  If n o t ,  

t h e  program r e t u r n s  t o  f i n d  t h e  n e x t  s t a g e  p r e s s u r e .  

E .  Temperature Upgrading 

Two f a c t o r s  l e a d  t o  t h e  conc lus ion  t h a t  tempera- 

t u r e  upgrading f o r  streams should be performed on ly  a f t e r  

p r e s s u r e  upgrading.  F i r s t ,  compressor work i s  less f o r  a 

l i q u i d  than  f o r  a vapor .  Thus i f  vapor  i s  r e q u i r e d  and t h e  

s e l e c t e d  stream i s  l i q u i d ,  less a u x i l i a r y  e l e c t r i c i t y  must 

be purchased i f  t h e  phase change o c c u r s  a f t e r  compression. 

Second, compression u s u a l l y  i n v o l v e s  a n  i n c r e a s e  i n  stream 

tempera tu re ,  which may o b v i a t e  t h e  need f o r  f u r t h e r  addi-.  

t i o n  of h e a t .  S u h j e c t  t o  t h e  e x c e p t i o n s  t h a t  w e r e  d i s c u s s -  

ed i n  S e c t i o n  C . 2 ,  t h e  compurer program f o l l o w s  t h i s  r u l e  

and t h e r e f o r e  c o n s i d e r s  a d d i t i o n  of h e a t  t o  t h e  selected 

stream a t  t h i s  p o i n t .  

1. S t ream t empera tu re  check 
I- 

I f  n e c e s s a r y ,  t h e  program s p l i t s  t h e  s e l e c t e d  

stream as  was d e s c r i b e d  above. I t  t h e n  de te rmines  whether 

t h e  tempera ture  of t h e  stream i s  s u f f i c i e n t l y  h igh  t o  sa t -  

i s f y  p r o c e s s  r equ i r emen t s .  

I f  t h e  phase of t h e  s e l e c t e d  stream i s  "h ighe r"  
I 

drs 
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t han  t h a t  r e q u i r e d  by t h e  p r o c e s s  ( i . e .  vapor  i n s t e a d  of 

two-phase o r  two-phase i n s t e a d  of l i q u i d ) ,  t empera ture  up- 

g rad ing  i s  n o t  necessa ry .  

exceeds 1 0 %  and t h e  p r o c e s s  needs l i q u i d  o r  i f  t h e  stream 

q u a l i t y  exceeds "104%'' and t h e  p r o c e s s  needs s a t u r a t e d  

vapor . ]  The program t h e r e f o r e  branches t o  S e c t i o n  F below. 

However, s i n c e  t h i s  phase s i t u a t i o n  may c o n f l i c t  w i th  cer- 

t a i n  assumptions made i n  S e c t i o n  F ,  a message i s  p r i n t e d  

warning the user. 

[This  occur s  i f  t h e  stream q u a l i t y  

The c r u c i a l  f a c t o r  i n  t h e  d e t e r m i n a t i o n  of temp- 

e r a t u r e  s u f f i c i e n c y  i s  t h e  magnitude of t h e  u n i t  p r o c e s s  

t empera tu re  d i f f e r e n t i a l .  Th i s  parameter  i s  d e f i n e d  as 

E3.21 - ( t stream, i n l e t  + t s t r e a m , e x i t  ) 
A t  = 2 t p rocess  

where 

= t empera tu re  of s e l e c t e d  stream a t  
t s t r e a m , i n l e t  i n l e t  t o  p r o c e s s  

= t empera tu re  o f  s e l e c t e d  stream a t  s tream , e x i t  e x i t  from p r o c e s s .  

I f  t h e  stream q u a l i t y  ( d e f i n e d  i n  t h e  conven t iona l  f a s h i o n )  

a t  i n l e t  i s  less t h a n  " 1 0 4 % "  and t h a t  a t  e x i t  i s  g r e a t e r  

t han  11-10%", t h e  u n i t  p r o c e s s  t empera tu re  d i f f e r e n t i a l  i s  

d e f i n e d  i n s t e a d  a s  

1 - t  
'sat  'p s tream p r o c e s s  

A t  = I C3 * 31 
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where 

= stream p r e s s u r e ,  'stream 

b 

s i n c e  m o s t  of t h e  entha1p:y change of t h e  stream o c c u r s  a t  

t h e  s a t u r a t i o n  t empera tu re .  I f  t h e  tempera ture  d i f f e r e n t i a l  

A t  i s  g r e a t e r  t han  a p r e - s e t  v a l u e  g iven  a s  an i n p u t  para-  

m e t e r  (minus l0C t o  a l l o w  f o r  round-off errors) and s imul-  

t aneous ly  t h e  stream tempera tu re  a t  p r o c e s s  e x i t  exceeds  

t h e  p r o c e s s  t empera tu re ,  t h e  stream is adjudged s u f f i c i e n t l y  

h o t .  The l a t t e r  c o n d i t i o n  e n s u r e s  t h a t  t h e  Second Law i s  

n o t  v i o l a t e d .  

The program emp.loys t h e  stream m a s s  f low r a t e  and 

t h e  p r o c e s s  energy requi rement  t o  compute t h e  s p e c i f i c  en- 

t h a l p y  drop  exper ienced  a s  t h e  stream p a s s e s  through t h e  

p rocess .  From t h i s  f i g u r e  it t h e n  c a l c u l a t e s  t h e  c o r r e s -  

ponding stream e x i t  t empera ture  and t h e  u n i t  p r o c e s s  temper- 

a t u r e  d i f f e r e n t i a l .  I f  t empera tu re  upgrading i s  n o t  re- 

q u i r e d ,  t h e  program branches t o  Section F below. 

2 .  Temperature upgrading - secondary h e a t  exchangers  

I f  t empera tu re  upgrading i s  r e q u i r e d ,  t h e  program 

sea rches  f o r  a h o t  impure stream f o r  u s e  a s  a sou rce  of 

h e a t .  Such a stream ( u s u a l l y  c o n s i s t i n g  of geothermal  f l u i d )  

must be a t  l eas t  15OC h o t t e r  t h a n  t h e  c u r r e n t  stream i n  

o r d e r  t o  become a candidate  f o r  a h e a t  sou rce .  



7 8  

The program e v a l u a t e s  f o r  a l l  such c a n d i d a t e  

streams t h e  maximum amount of h e a t  t h a t  could  be t r a n s f e r r e d  

t o  t h e  c u r r e n t  stream. [An e f f e c t i v e n e s s  of 85% i s  assumed 

f o r  t h e  h e a t  exchanger . ]  The f low r a t e  used i n  t h i s  eva lu -  

a t i o n  f o r  t h e  c a n d i d a t e  stream i s  t h e  lesser of t h e  a c t u a l  

f low r a t e  and t h a t  f low r a t e  which would j u s t  y i e l d  t h e  

l a r g e s t  h e a t  t r a n s f e r  r a t e  p o s s i b l e  ( s u b j e c t  t o  t h e  Second 

L a w ) .  The program t h e n  chooses  a s  a h e a t  sou rce  t h e  candi -  

d a t e  stream f o r  which t h e  p o s s i b l e  h e a t  t r a n s f e r  r a t e  i s  

t h e  l a r g e s t .  However, t h e  program w i l l  n o t  choose a stream 

i f  t h e  e n t h a l p y  change of t h e  c u r r e n t  stream would k e  less 

t h a n  50 J/g. I f  no stream can s e r v e  as a h e a t  sou rce  

acco rd ing  t o  t h e  c r i t e r i a  above, t h e  program branches t o  

S e c t i o n  E . 2  below concern ing  upgrading by u s e  of f o s s i l  

f u e l  h e a t e r s .  

Next,  i f  n e c e s s a r y ,  t h e  c a n d i d a t e  stream s e l e c t e d  

as a h e a t  sou rce  i s  s p l i t .  N o  g r e a t e r  f low i s  allowed than  

i s  needed t o  y i e l d  t h e  maximurn h e a t  t r a n s f e r  r a t e  pe rmi t t ed  

by t h e  Second Law. 

The program nex t  checks whether u s e  of a second- 

a r y  h e a t  exchanger between t h e  sou rce  stream and t h e  cu r -  

r e n t  stream would r a i s e  t h e  t empera tu re  of t h e  l a t t e r  enough 

t o  s a t i s f y  t h e  t empera tu re  s u f f i c i e n c y  c r i t e r i o n  g iven  

above. I f  it would do so ,  t h e  program limits t h e  hea t  
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b 

t 

t r a n s f e r  ra te  t o  t h e  p r o c e s s  energy requi rement .  The pur-  

pose of t h i s  l i m i t a t i o n  i s  i d e n t i c a l  t o  t h a t  of t h e  l i m i t -  

a t i o n  d i s c u s s e d  i n  S e c t i o n  C . 2  f o r  b r i n e  convers ion  h e a t  

exchangers .  

F i n a l l y ,  t h e  program e s t a b l i s h e s  t h e  secondary 

h e a t  exchanger ,  r a i s e s  t h e  e n t h a l p y  of t h e  c u r r e n t  stream 

by an amount cor responding  t o  i t s  f low r a t e  and t h e  h e a t  

t r a n s f e r  r a t e  found above, and lowers  t h e  e n t h a l p y  of t h e  

source  stream by a f i g u r e  found by an ana logous ,p rocedure .  

Stream p r o p e r t i e s  such as  tempera ture  are t h e n  updated 

us ing  t h e  new e n t h a l p y  v a l u e s .  

The program t h e n  c h e c k s  once a g a i n  whether t h e  

tempera ture  s u f f i c i e n c y  c r i t e r i o n  i s  m e t .  I f  n o t ,  t h e  

program r e p e a t s  t h e  s e a r c h  f o r  a h o t  impure stream t o  act  

a s  a h e a t  sou rce .  The h e a t  t r a n s f e r  l i m i t a t i o n  d i s c u s s e d  

above i s  modi f ied  f o r  t h e  second h e a t  exchanger:  t h e  

l i m i t i n g  r a t e  i s  n o w  t h e  p r o c e s s  energy  requi rement  minus 

t h e  h e a t  t r a n s f e r  i n  t h e  f i r s t  h e a t  exchanger .  Only t w o  

such secondary h e a t  exchangers  are  cons ide red  by t h e  pro-  

gram: if t h e  t empera tu re  s u f f i c i e n c y  c r i t e r i o n  i s  n o t  m e t  

a f t e r  t h e  second h e a t  exchanger ,  f o s s i l  f u e l  i s  used t o  

upgrade t h e  c u r r e n t  stream i n  t empera tu re .  T h i s  procedure  

i s  d e s c r i b e d  n e x t .  
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3 .  'Temperature upgrading - fossil fuel heaters - 

If temperature upgrading by means of fossil fuel 

heaters is required, an iterative calculation procedure is 

followed. The program estimates the stream temperature at 

process inlet which just satisfies the temperature effi- 

ciency criterion. As a first guess? the program tries the 

greater of the process terilperature and the current stream 

temperature plus four degrees Celsius. The corresponding 

enthalpy is then found, from which is subtracted the en- 

thalpy drop associated with the process enerqy requirement. 

From the result, the correspondin9 fl-uid exit temperature 

is determined. 

Next, the unit process temperature differential 

(At) is computed and the temperature sufficiency criterion 

applied. If the criterion is not met, the estimate of the 

proper stream inlet temperature is raised 2.5OC and the 

above procedure is repeated. 

Finally, the required quantity of fossil fuel is 

computed from the current value of stream enthalpy and the 

final value at inlet when the criterion is met. 

gram then establishes the fossil fuel heater and an auxili- 

ary fossil fuel requirement. 

The pro- 

A 
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F.  The U n i t  Process __ -- 

1. Uni t  p r o c e s s  -- 

T h i s  s e c t i o n  of t h e  program s i m u l a t e s  t h e  u n i t  

p r o c e s s  i t s e l f .  I f  n e c e s s a r y ,  t h e  s e l e c t e d  stream i s  s p l i t  

a s  was d e s c r i b e d  p r e v i o u s l y .  Next,  t h e  energy  r e q u i r e d  by 

t h e  p r o c e s s  i s  t r a n s f e r r e d  from t h e  stream, t h e r e h y  reduc- 

ing  i t s  en tha lpy .  The f i n a l  v a l u e  of t h e  u n i t  p r o c e s s  

tempera ture  d i f f e r e n t i a . 1  can now k'e computed. 

e r t i e s  such as  t empera tu re  are t h e n  updated.  If t h e  pro-  

cess i s  of t h e  d i r e c t - i n j e c t i o n  type  (see ApFendix A f o r  

a d e f i n i t i o n ) ,  t h e  strean i s  l i s t e d  a s  u n a v a i l a b l e  f o r  

Stream prop- 

f u t u r e  u se .  F i n a l l y ,  i f  p e r m i t t e d  by a cont ro l .  parameter ,  

two--phase streams can be s e p a r a t e d  i n t o  l i q u i d  and vapor  

components a t  t h i s  p o i n t  by c a l l i n g  s u k r o u t i n e  S E P M T  (see 

S e c t i o n  1 1 ) .  

2.  Uni t  Trocess equipment - -  s i z e  changes - L- _-- 
The d e r i v a t i o n s  of t h e  e q u a t i o n s  governing t h e  

s i z e  of p r o c e s s  equipment are g iven  i n  Appendix A. The 

r e l e v a n t  e q u a t i o n s  used  i n  t h e  program a r e  E q s .  A . 5 ,  A . 1 3 ,  

and A . 1 2 .  For t h e  purposes  of t h e  computer code, t h e  a l - .  

t e r n a t i v e  d e f i n i t i o n  of A t  g iven  i n  Eq.3.3 i s  employed i n -  

s t e a d  of t h a t  given i n  Eqs. 3.2 and A . 1  i f  t h e  stream 

q u a l i t y  a t  i n l e t  i s  less t h a n  " 1 0 4 % "  and t h a t  a t  e x i t  i s  

g r e a t e r  than  "-10%. 'I 
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3. Suppa stream merging and sorting --- -___ ___ - P 

As was discussed above, fluid streams frequently 

must be split. However, this procedure can lead to a frag- 

mentation of fluid streams such that no single stream has 

a large enough mass flow rate to satisfy process require- 

ments. 

The program therefore combines streams of suh- 

stantially similar properties. Specifically, streams are 

merged if four conditions are met: (a) neither stream is 

xnavailable because of previous use in a direct-injection 

process; (b) both streams consist of pure fluid or of im- 

pure fluid; (c) the difference in pressure between the two 

streams does not exceed 0.2 bars: and (d) the difference 

in specific enthalpy between the two streams does not ex- 

ceed 20 J/g. The temperature of the combined stream is 

then determined. The stream which "disappears" because of 

the merger is listed as a stream with zero flow rate and 

temperature. 

The streams are sorted by temperature as ~7as done 
1 at the beginning of the program. Finally, the current 

values of stream parameters (temperature, pressure, enthalpy, 

etc.) are printed so that the matching process may be 

followed by the user as it proceeds. Those streams with 

flow rates less than 20 kg/hr are omitted from the listing. 

I 

n 
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P 

3 

T h i s  avo ids  p r i n t i n g  en t r i e s  f o r  streams which have been 

merged o r  s p l i t  and t h u s  have n e g l i g i b l e  o r  zero f l o w  ra tes .  

The program then  r e t u r n s  t o  c o n s i d e r  t h e  needs 

of t h e  n e x t  p r o c e s s  ( S e c t i o n  B ) .  

G .  Match R e s u l t s  --- 

A f t e r  a l l  p r o c e s s  needs have been s a t i s f i e d ,  t h e  

program computes t h e  t o t a l  e n t h a l p y  and a v a i l a b i l i t y  re- 

maining i n  t h e  f lu i c i  s t reams ( o t h e r  t han  c losed- loop  re- 

c i r c u l a t i n g  f l u i d  c i r c u i t s  hea ted  by f o s s i l  f u e l ) ,  t h e  

t o t a l  amount of f o s s i l  f u e l  h e a t  needed, and t h e  t o t a l  con- 

sumption of e l e c t r i c i t y .  I t  should  be noted  t h a t  no con- 

s i d e r a t i o n  i s  g iven  t o  t h e  o c c a s i o n a l  requi rement  f o r  re- 

p r e s s u r i z a t i o n  of e f f l u e n t  geothermal  f l u i s !  p r i o r  t o  re- 

i n j e c t i o n  i n  t h e  r e s e r v o i r .  

o p e r a t i n g  c o s t s  of t h e  r e i n j e c t i o n  pumps t h u s  are  n o t  i n -  

c luded i n  t h e  a n a l y s i s  a u t o m a t i c a l l y .  

a l l o w  for these c o s t s  i n  h i s  i n p u t  d a t a .  

The a s s o c i a t e d  c a p i t a l  and 

The u s e r  i s  f r e e  t o  

H .  S o r t i n g ,  Phase S e p a r a t i o n ,  and - Flow --- S p l i t t i n g  - 
1. S o r t i n g  

The s o r t i n g  s u b r o u t i n e  SORT i s  r e q u i r e d  f o r  t w o  

purposes  i n  t h e  program. 

streams i n  descending o r d e r  of t empera tu re  i n  o r d e r  t o  

The f i r s t  i s  t o  a r r a n g e  t h e  f l u i d  

a l l o w  t h e  stream s e l e c t i o n  l o g i c  t o  f u n c t i o n  p r o p e r l y .  The 
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second i s  t o  a r r a n g e  p r o c e s s e s  s i m i l a r l y  so t h a t  h igh  

t empera tu re  p r o c e s s e s  are cons ide red  f i r s t .  T h i s  p rocedure  

i s  in t ended  t o  f a c i l i t a t e  t h e  u s e  of s t ream cascading .  I f  

t w o  supply  streams p o s s e s s  i d e n t i c a l  t empera tu res ,  t h e  

stream w i t h  t h e  smaller f l o w  r a t e  i s  p l aced  h ighe r  i n  t h e  

ranking  so t h a t  streams wi th  l a r g e  mass f lows  remain i n t a c t  

f o r  l a t e r  u s e s .  For  p r o c e s s e s  w i t h  i d e n t i c a l  t empera ture  

r equ i r emen t s ,  t h e  p r o c e s s  w i t h  l a r g e r  f low i s  ranked h i g h e r  

so t h a t  cascading  i s  p o s s i b l e .  

The program u s e s  a t echn ique  known as “bubble  

s o r t i n g ”  w i t h  u n i d i r e c t i o n a l  p a s s e s  .’ 
of s o r t i n g  p a s s e s  p o t e n t i a l l y  r e q u i r e d  through t h e  s t r eams  

e q u a l s  one less than  t h e  number of streams t o  s o r t .  To 

avoid  e x c e s s i v e  movenent of d a t a  i n  t h e  supply o r  p r o c e s s  

p r o p e r t y  v e c t o r s  du r ing  t h e  s o r t i n q  p rocedure ,  a mapping 

v e c t o r  i s  employed. Th i s  t r a n s l a t e s  t h e  stream rank number 

i n t o  t h e  a c t u a l  v e c t o r  s u b s c r i p t  of t h e  s t ream o r  p r o c e s s  

and i s  used wherever a stream o r  p r o c e s s  i s  r e f e r r e d  t o  i n  

t h e  matching program. 

The maximum number 

2 .  Phase s e p a r a t i o n  

The two-phase s e p a r a t i o n  s u b r o u t i n e  SEPPAT i s  

c a l l e d  o n l y  i f  t h e  a p p r o p r i a t e  c o n t r o l  v a r i a b l e  i s  set  

e q u a l  t o  u n i t y .  S e p a r a t i o n  w i l l  be suppres sed ,  however, 
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i f  t h e  q u a l i t y  of the supply  stream i s  less than  1 0 %  or  

g r e a t e r  t han  9 0 % .  These f i g u r e s  r e p r e s e n t  estimates of t h e  

optimum t r a d e o f f  p o i n t s  between t h e  c a p i t a l  cost  of t h e  

s e p a r a t o r  and t h e  u t i l i t y  of having s e p a r a t e d  streams. 

P 

3 .  Flow s p l i t t i n g  

T h i s  s imple  s u h r o u t i n e ,  SPLIT,  reproduces  i n  t h e  

new stream t h e  p r o p e r t i e s  of t h e  g iven  stream and d i v i d e s  

t h e  f low r a t e  of t h e  o r i g i n a l  accord ing  t o  t h e  m a s s  f l o w  

ra te  s p e c i f i e d  when it i s  c a l l e d .  
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CHAPTER 4 - ECONOMIC ANALYSIS PROCEDURES 

P 

3 

b 

A. G e n e r a l  C o n s i d e r a t i o n s  

While t h e  t e c h n i c a l  a n a l y s i s  d e s c r i b e d  i n  p rev ious  

c h a p t e r s  may be of i n t e r e s t  t o  s o m e ,  t h e  economic conc lus ions  

which f o l l o w  a r e  more l i k e l y  t o  engage t h e  a t t e n t i o n  of de- 

c is ion-makers .  

t a n t ,  an a t t e m p t  has  been made i n  t h e  fo l lowing  d i s c u s s i o n  

t o  s t a t e  e x p l i c i t l y  a l l  assumptions made i n  t h e  c o u r s e  of 

deve loping  t h e  economic model. 

A s  t h e s e  conc lus ions  are ex t remely  impor- 

Cost  e n g i n e e r s  d i v i d e  inves tment  estimates and 

economic a n a l y s e s  i n t o  f i v e  c a t e g o r i e s :  o r d e r  of magnitude, 

s t u d y ,  p r e l i m i n a r y ,  d e f i n i t i v e ,  and d e t a i l e d .  The p r e s e n t  

a n a l y s i s  would be termed a rough " s tudy"  e s t i m a t e ,  w i t h  an 

accuracy  of *25%-30%.  P r o j e c t  a u t h o r i z a t i o n  i s  u s u a l l y  

g iven  on t h e  b a s i s  of a p re l imina ry - type  e s t i m a t e  wi th  an 

accuracy  of t12%: t h i s  e s t i m a t e  t y p i c a l l y  would cost  ap- 

proximate ly  $ 1 0 0 , 0 0 0  f o r  a $30 m i l l i o n  p r o j e c t .  The pur-  

pose of t h e  e n t i r e  methodology developed h e r e  i s  t o  ascer- 

t a i n  whether p rocur ing  t h i s  p r e l i m i n a r y  estimate i s  worth- 

wh i l e  and then  t o  assist i n  t h e  f i n a l  decision-making pro-  

1 

cess. 

Many of t h e  f e a t u r e s  inc luded  i n  t h e  economic 

model p r e s e n t e d  below a r e  somewhat s u p e r f l u o u s ,  g iven  t h e  
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i n a c c u r a c i e s  and u n c e r t a i n t i e s  i n  more c r i t i c a l  parameters .  

These o p t i o n s  have been r e t a i n e d  n o n e t h e l e s s  f o r  t h r e e  

r e a s o n s .  F i r s t ,  t h e i r  p re sence  a l lows  q u e s t i o n s  of p u b l i c  

p o l i c y  (e .g .  a p p r o p r i a t e  t a x  i n c e n t i v e s )  t o  be addressed .  

Second, t h e y  pe rmi t  performance of a more complete s e n s i -  

t i v i t y  a n a l y s i s .  F i n a l l y ,  t h e i r  i n c l u s i o n  l ends  f l e x i b i l i t y  

t o  t h e  model and may h e l p  t o  answer t h e  cr i t ic ism of i n -  

f l e x i b i l i t y  t h a t  i s  o f t e n  d i r e c t e d  a t  cash-flow ana lyses .  

A f l o w  c h a r t  of t h e  economic a n a l y s i s  module of 

t h e  computer program i s  g iven  i n  Appendix D.  

B.  C a l c u l a t i o n  of t h e  I n i t i a l  C a p i t a l  Investment  -- -- 
The model f i r s t  c a l c u l a t e s  t h e  t o t a l  i n i t i a l  i n -  

vestment  i n  c o n s t a n t  1 9 7 8  d o l l a r s .  Th i s  inves tment  i n -  

c l u d e s  e n g i n e e r i n g ,  d e s i g n ,  and a d m i n i s t r a t i v e  c o s t s  a s  

w e l l  as  t h e  c o s t  of purchase  and i n s t a l l a t i o n  of equipment. 

However, working c a p i t a l  needs are omi t t ed  i n  o r d e r  t o  b r i n g  

t h e  methodology i n t o  conformi ty  wi th  o t h e r  cash-flow models 

i n  widespread use .  

Equipment costs ,  i n c l u d i n g  d e l i v e r y  and i n s t a l -  

l a t i o n ,  are d e r i v e d  from t h e  t e c h n i c a l  d a t a  gene ra t ed  by 

s u b r o u t i n e  MATCH and t y p i c a l  c o s t  cu rves .  2,3,4,5 These 

curves re la te  measures  of equipment c a p a c i t y  t o  cost:  on 

double  l o g a r i t h m i c  graphs  t h e  r e l a t i o n s h i p  i s  n e a r l y  l i n e a r .  

I 
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The e x p o n e n t i a l  r e l a t i o n  t h a t  r e s u l t s  from t h e  assumption 

of l i n e a r i t y  between t h e  loga r i thms  of c a p a c i t y  and cost  

p rov ides  t h e  b a s i s  f o r  most of t h e  cost  c o r r e l a t i o n s  found 

i n  t h e  l i t e r a t u r e .  Table  4-1 p r e s e n t s  bo th  t h e  c o r r e l a t i o n s  

used i n  t h e  p r e s e n t  economic model (denoted by a s t e r i s k s )  

and o t h e r  c o s t  r e l a t i o n s  which may be of i n t e r e s t . 6  

c o s t  f i g u r e s  y i e l d e d  by t h e s e  c o r r e l a t i o n s  are i n  mid-1978 

d o l l a r s  (Marsha l l  and S w i f t  equipment cost index of 5 5 0 ) .  

The 

I t  should be noted  t h a t  u n i t  p r o c e s s e s  wi th  s i m i -  

l a r  energy needs f r e q u e n t l y  r e q u i r e  s i m i l a r  a u x i l i a r y  equip-  

ment ( f l u i d  pumps, compressors ,  e t c ) .  I n  an  a c t u a l  p l a n t  

f a c i l i t y ,  t h e s e  p i e c e s  of a u x i l i a r y  equipment might  be com- 

bined i n t o  one u n i t  of l a r g e r  c a p a c i t y .  As a r e s u l t  of t h e  

e x p o n e n t i a l  c o s t  f u n c t i o n s  adopted above, t h e  cost  of a 

combined u n i t  is  less t h a n  t h a t  of s e p a r a t e  u n i t s .  Con- 

v e r s e l y ,  i f  t h e  s i z e  of equipment m u s t  be l i m i t e d  f o r  ease 

of ma in tenance  o r  o t h e r  r e a s o n s ,  it may be  advan tageous  i n  

p r a c t i c e  t o  employ two pieces of e q u i p l e n t  instead of one 

f o r  a s i n g l e  f l u i d  stream and t h e r e f o r e  t o  i n c u r  t h e  h i g h e r  

c o s t  of s e p a r a t e  u n i t s .  

Engineer ing ,  d e s i g n ,  and a d m i n i s t r a t i v e  costs are 

c a l c u l a t e d  as 18% of t h e  i n s t a l l e d  cost  of a l l  equipment 

o t h e r  t han  u n i t  p r o c e s s  equipment.  The t o t a l  inves tment  i n  

equipment i s  then  t h e  sum of  t h e s e  a n c i l l a r y  c o s t s  and t h e  
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All c o s t s  are upda ted  t o  mid-1978 u s i n g  a M a r s h a l l  and S w i f t  i n d e x  of 550. 

(I 
ITEM EOUATION, COST I N  1978 SOURCE 

F o s s i l  f u e l  h e a t e r s :  0.68857 
p r o c e s s  f u r n a c e *  $ = 422595 (:8$.z) Gut h r  i e  , 

125-29 0.5 
CE 3 / 3 / 7 5 ,  

1 4  9 ) ni i n  k g / h r  
2679.6 

61 i n  kg /h r  

i n d u s t r i a l  bo i ler  $ = 963810 ( 2  

$ = 1314286 ( 2  

1 5 0  p s i g  

600 p s i g  CE 3 / 3 / 7 5 ,  
1 4  9 2679.6 

Heat exchange r s  : 

shell and t u b e ,  c a r b o n  
steel, u n d e r  300 p s i  s u r f a c e  area, m 0.68831 

8.58061 '1 G u t h r i e ,  
$ = 18951.9  ( 

c o o l e r  

e v a p o r a t o r s ,  
ve r t i ca l  tube*  

h o r i z o n t a l  t u b e  

c o n d e n s e r s  

* 
0 .65  fi i n  k g / h r  

22679.6 $ = 61905 ( 
ni i n  k g / h r  

$ = 64762 ( 22679.6 

i n  k g / h r  $ = 354286 ( 
22679.6 

ni i n  k g / h r  
22679.6 $ = 289524 ( 

138-44 

CE 3 / 3 / 7 5 ,  
1 4  9 

CE 3 / 3 / 7 5 ,  
14  9 

CE 3 / 3 / 7 5 ,  
14  9 

CE 3 / 3 / 7 5 ,  
14  9 

$ = 474359 + 1.7241 (i i n  k g / h r )  GEOCOST, 
p .  28 

Compressors  : 

Gut h r  i e  , (y4;n lw)  0 * 5 7 4 8 3  c e n t r i f u g a l ,  motor  d r i v e *  $ = 144389 
165-69 0 . 9 8 1 8 9  

+ 9756 ( Q  in ") 59.656 

c e n t r i f u g a l ,  t u r b i n e  
d r i v e  

0 .57483  
$ = 144389 (:4F1y) 

0.40697 
+ 89755 (' in ") 178.968 

0 . 3 0 5 0 6  
+ 7805 (' in ") 

59.656 

Gut h r  i e  , 
165-71 

TABLE 4-1 - EQUIPMENT COST CORRELATIONS (continued . .) 
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EQUATION, COST I N  1978 SOURCE 

CE 3 /3 /75 ,  1 4 9  
a i r  compresso r ,  unde r  

ni i n  k g / h r  
2679.6 125  p s i g  $ = 347619 ( 

c e n t r i f u g a l  w i t h  motor  
< 1 3 , 0 0 0  f t 3 / m i n  $ = 1.167 exp[11 .6351 + 0.67406R CE 10 /10 /77 ,  

+ 0. 123145R2 ] 118 

T u r b o g e n e r a t o r s :  

where R = Rn ("E.:") 
GEOCOST, 28 i n  k g / h r  

0.45359237 $ = 474.359 ( 
$ = 46153.8 + 6410.3(Q i n  MWe) GEOCOST, 28 

Pumps : 

p< 22 b a r s ,  m< 230,000 k g / h r ,  
Ap < 10  b a r s  

AVS-horizontal ,  tr=15OoC, 

$ = 1.183exp[7.59589 + 0.58051R CE 10 /10 /77 ,  
+ 0.17915R'I 1 2 1  

1 (61 i n  kg /h r ) (Ap  i n  b a r s )  
449564.4 

where R = Rn[ 

u n s p e c i f i e d  type*  $ = 22.297[(6  i n  kg/hr ) (Ap i n  b a r s ) ]  0.568 

GEOCOST, 28 

CE 3 / 3 / 7 5 ,  
14 9 

ni i n  k g / h r  c e n t r i f u g a l  w i t h  motor  $ = 14285.7 ( 2 2  679.6 

CE 3 / 3 / 7 5 ,  
1 4  9 

c e n t r i f u g a l  w i t h  
ni i n  k g / h r  

2679.6 t u r b i n e  $ = 28571.4 ( 
Steam f l a s h i n g  equipment :*  

0.9996 

x ( i n l e t  p r e s s u r e  i n  bars) o.09795 
$ = 1 . 6 2 5 9 1 ( e x i t  steam 6 i n  k g / h r )  

P r o c e s s  Equipment : * $ = ( c o s t  of o l d  equipment )  o.6 
s i z e  of new equipment  
s i z e  of o l d  equipment  GEOCOST, 28 

TABLE 4-1 - (Cont inued  ...) 
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SYMBOLS 

= f l u i d  m a s s  f l o w  r a t e  

Ap = p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  equipment  

Q = i n p u t  power o r  abso rbed  h e a t  

SOURCES 

G u t h r i e  = R e f e r e n c e  5 

CE 3 /3 /75  = R e f e r e n c e  3 

GEOCOST = R e f e r e n c e  4 

CE 10/10/77 = R e f e r e n c e  2 

TABLE 4-1 (Concluded)  

I 
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c o s t  of t h e  equipment i t s e l f ,  or 

- 0.18 x C C - - 1 . 1 8  x f: Cequip 
p r o c e s s , j ’  

j ‘equip, t o t  7 , j  

where 

= t o t a l  c o s t  of equipment p l u s  e n g i n e e r i n g ,  
d e s i g n ,  and a d m i n i s t r a t i v e  costs ‘equip, t o t  

C = i n s t a l l e d  c o s t  of equipment p i e c e  j e q u i p ,  j 

Cprocess ,  j 
= i n s t a l l e d  c o s t  of u n i t  p r o c e s s  j .  

F i n a l l y ,  t h e  i n i t i a l  inves tment  i n c l u d e s  t h e  

c o s t  of t h e  geothermal  f i e l d ,  computed as t h e  sum of t h e  

fo l lowing  terms: 

b e r  of w e l l s ,  t h e  c o s t  of t h e  f l u i d  t r a n s m i s s i o n  system 

from f i e l d  t o  p l a n t ,  t h e  cost  of l and  a c q u i s i t i o n ,  and 

misce l l aneous  o t h e r  c o s t s  ( e x p l o r a t i o n ,  environmental  p l an -  

n ing ,  pe rmi t  procurement,  e t c . ) :  

t h e  cost  p e r  w e l l  m u l t i p l i e d  by t h e  num- 

‘ f i e l d  = c  w e  11 1J w e l l  + ‘ t rans  + ‘land + ‘other ‘ 14.21 

where 

= c o s t  of geothermal  f i e l d  development 

= c o s t  p e r  w e l l  

= number of w e l l s  r e q u i r e d  

= cost of f l u i d  t r a n s m i s s i o n  system 

‘ f i e l d  

‘ w e l l  

N w e l l  

‘ t rans  
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= c o s t  of l and  a c q u i s i t i o n  ‘land 

‘other = misce l l aneous  o t h e r  c o s t s .  

The i n i t i a l  inves tment  i s  t h u s  
I 

equ ip  , t o t  + ‘field’ = c  ‘ i n i t i a l  14.31 

C .  C a l c u l a t i o n  of Cash Flows Before Fede ra l  Tax -- 

A f t e r  t h e  i n i t i a l  inves tment  has  been c a l c u l a t e d ,  

t h e  n e x t  s t e p  i s  t o  compute be fo re - t ax  cash  f lows .  ( B e -  

f o r e  t h i s  i s  done, however, t h e  program f i n d s  t h e  n e t  i n -  

come which w i l l  be  imputed t o  t h e  f i r m  f o r  t h e  purposes  of 

t h e  pe rcen tage  d e p l e t i o n  al lowance.  

procedures  involved  i n  t h i s  c a l c u l a t i o n  i s  g iven  i n  Appen- 

d i x  B . )  

A d e s c r i p t i o n  of t h e  

The program h e r e  e n t e r s  a year-by-year loop be- 

g inn ing  wi th  t h e  y e a r  of p r o j e c t  s t a r t  and ex tending  ove r  

t h e  l i f e t i m e  of t h e  p r o j e c t .  

v i d e  ample f l e x i b i l i t y  i n  d e a l i n g  w i t h  r e l a t i v e  as w e l l  as 

a b s o l u t e  p r i c e  changes.  They r e f l e c t  i n f l a t i o n  i n  t h e  

p r i c e s  of f o s s i l  f u e l ,  e l e c t r i c i t y ,  and geothermal  f l u i d  

as  w e l l  as e s c a l a t i o n  i n  g e n e r a l  p r i c e  l e v e l s  (equipment,  

Four i n f l a t i o n  i n d i c e s  pro- 

i n s u r a n c e ,  p r o p e r t y  t a x e s ,  maintenance,  e t c . ) .  A d i f f e r e n t  

i n f l a t i o n  r a t e  f o r  each  of t h e s e  f o u r  c a t e g o r i e s  may be 

assumed f o r  t h e  p e r i o d  through 1986 as  opposed t o  t h e  p e r i o d  
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a f t e r  1 9 8 6 .  

F i r s t  t o  be c a l c u l a t e d  i s  t h e  annual  c a s h  o u t l a y  

f o r  inves tment ,  s p e c i f i e d  a s  a g iven  f r a c t i o n  of t h e  i n i -  

t i a l  inves tment  and i n f l a t e d  t o  c u r r e n t  d o l l a r s .  The f rac-  

t i o n  used i n  any p a r t i c u l a r  y e a r  i s  an independent  i n p u t  

parameter .  Thus,  

= r f  ‘ invst  , i i i n v s t , i  ‘ i n i t i a l  
1 4 . 4 1  

where 

= expend i tu re  on inves tment  i n  y e a r  i ‘ invs t  , i 

i r = i n f l a t i o n  f a c t o r  i n  y e a r  i 
i 

= II 
j=1  

(1 + I . ) ] ,  i n  which r .  i s  t h e  appropr i -  
a t e  i A f l a t i o n  r a t e  i A  y e a r  j and i 
r e p r e s e n t s  t h e  c u r r e n t  y e a r  

= f r a c t i o n  of inves tment  s p e n t  i n  yea r  i. i n v s t ,  i f 

Three cumula t ive  investment  f i g u r e s  are then  

brought  up t o  d a t e :  t h e  a c t u a l  d o l l a r  amount s p e n t  ( t h e  

sum of t h e  annual  ca sh  o u t l a y s  found a b o v e ) ,  t h e  c o n s t a n t  

( 1 9 7 8 )  do l l a r  amount s p e n t  t h u s  f a r ,  and t h e  a c t u a l  d o l l a r  

If ‘ invs t ‘  ‘ i nvs t , c ‘  amount s p e n t  on d e p r e c i a b l e  i t e m s .  

and ‘ invs t ,d  
then  

r e p r e s e n t  t h e s e  t h r e e  q u a n t i t i e s  r e s p e c t i v e l y ,  

i 

j=1 
[ 4  51 - - ‘ ‘ invs t ,  j 

‘ invst  



9 6  

i 
C = C f  

j=1  C i n v s t  , c i n v s t ,  j init.iia1 

+ 
‘invst  , d j=1  r j f  i n v s t  , j ‘equip, t o t  

N 
f t a g  (’ - f d e p l ’  ‘ w e l l  w e l l  

+ 

where 

f = f r ac t ion  of geothermal  w e l l  c o s t s  a t t r i b u t a b l e  

= f r a c t i o n  of t a n g i b l e  w e l l  expenses  a t t r i b u t a b l e  

= annual  e x p e n d i t u r e  f o r  i n t e r e s t  on d e b t  

tang to t a n g i b l e  expenses  

t o  d e p l e t a b l e  accoun t s  

c? (see 
i n t r j  below) i f  c u r r e n t  y e a r  j i s  w i t h i n  c o n s t r u c t i o n  

p e r i o d ,  o the rwise  e q u a l s  ze ro  

i = c u r r e n t  y e a r .  

may be determined 
Appropr ia te  v a l u e s  f o r  f t a n g  and f d e p l  
by c o n s u l t i n g  t h e  g u i d e l i n e s  g iven  i n  Reference 7 .  

e s t  p a i d  on d e b t  d u r i n g  t h e  c o n s t r u c t i o n  p e r i o d  i s  c a p i t a l -  

i z e d  a s  a d e p r e c i a b l e  expend i tu re .  8 

t h a t  cumulat ing t h e s e  amounts a t  t h i s  p o i n t  i n  t h e  program 

i s  e q u i v a l e n t  t o  assuming t h a t  a l l  expenses  f o r  t h e  c u r r e n t  

yea r  which depend upon cumula t ive  investment  employ a f i g -  

u r e  which i n c l u d e s  t h e  c u r r e n t  y e a r ’ s  inves tment .  

I n t e r -  

I t  should be noted 



? 

3 

97 

Next,  energy c o s t s  f o r  t h e  y e a r  are determined 

i n  c u r r e n t  d o l l a r s  from t h e  t e c h n i c a l  d a t a  provided  by sub- 

r o u t i n e  MATCH, from t h e  1 9 7 8  p r i c e s  g iven  as i n p u t ,  and 

from t h e  i n f l a t i o n  f a c t o r s .  Inc luded  i n  t h i s  amount are 

e x p e n d i t u r e s  f o r  f o s s i l  f u e l ,  e l e c t r i c i t y ,  and purchased 

geothermal  f l u i d .  The c o s t  of energy  i s  t aken  as  ze ro  un- 

til p l a n t  c o n s t r u c t i o n  i s  completed: a f t e r  t h a t  t ime ,  an 

i n p u t  parameter  g i v e s  a v a l u e  f o r  t h e  annual  c a p a c i t y  f a c -  

t o r .  For f o s s i l  f u e l ,  burner  e f f i c i e n c y  i s  assumed t o  be 

80%.  Thus 

‘ f o s s i l  Q f o s s i l r i ,  f o s s i l  ( 0.80 
= f ( 8 7 6 0 )  (3600) 

‘energy cap  

+ ‘elect Q e lectr i ,e lect  

+ f (8760)CGT fiGT ri,GT , cap 

where 

= c o s t  of energy  i n  y e a r  i energy 

cap  

C 

f = p l a n t  c a p a c i t y  f a c t o r  

‘ f o s s i l  

‘elect 

= cost of f o s s i l  f u e l ,  1978 $/kJ  

= c o s t  of e l e c t r i c i t y ,  1978 $/kJ 

= c o s t  of geothermal  f l u i d  i f  purchased ,  ‘GT 
1 9 7 8  $/kg h r - I  

= f o s s i l  f u e l  r e q u i r e d ,  kW Q f o s s i l  
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= e l e c t r i c i t y  r e q u i r e d ,  kW Qelect 
-1 kGT = m a s s  f low r a t e  of geothermal  f l u i d ,  kg h r  . 

The i n t e r e s t  expense on indebtedness  i s  c a l c u l a t e d  

n e x t .  A l l  l o a n s ,  bonds,  o r  o t h e r  t y p e s  of d e b t  are assumed 

t o  be n e g o t i a t e d  i n  t h e  yea r  of p r o j e c t  s t a r t ;  d e f e r r e d  

c a s h  requi rements  due t o  extended c o n s t r u c t i o n  p e r i o d s  may 

be deemed s a t i s f i e d  by i m p l i c i t  forward 1 0 a n s . ~  Bonds are 

assumed n o t  t o  be cal led b e f o r e  m a t u r i t y .  The i n t e re s t  ex- 

pense f o r  t h e  c u r r e n t  y e a r  i s  t h e n  computed as  t h e  cumula- 

t i v e  inves tment  t o  d a t e  i n  c u r r e n t  d o l l a r s ,  times t h e  f r a c -  

t i o n  f inanced  by d e b t ,  t i m e s  t h e  i n t e r e s t  ra te  p a i d ,  o r  

i - u - 
‘ in t  ‘ invst  d e b t ’  [4 .91 

where 

= annual  i n t e r e s t  expense 

= d e b t / e q u i t y  r a t i o  

‘int  

f d  
= i n t e r e s t  r a t e  on d e h t .  idebt  

must be ‘int  
However, i f  bonds are  no longe r  o u t s t a n d i n g ,  

e q u a l  t o  ze ro .  

The n e x t  expense c a l c u l a t e d  i s  t h e  annual  i n s u r -  . 

ance premium, which e q u a l s  t h e  cumula t ive  investment  i n  

c o n s t a n t  d o l l a r s  m u l t i p l i e d  by t h e  i n s u r a n c e  r a t e  and by 

an i n f l a t i o n  f a c t o r ,  o r  
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i r - - 
‘insur ‘ invs t , c  i n s u r  i , g e n e r a l  

where 

= annual  i n su rance  premium, y e a r  i ‘insur 
i = i n su rance  r a t e .  i n s u r  

[ 4  . l o 1  

T h i s  procedure  i m p l i c i t l y  assumes t h a t  i n s u r a n c e  rates are 

c o n s t a n t  i n  r ea l  terms, t h a t  i n f l a t e d  f i r s t  c o s t  i s  a f a i r  

approximation of replacement  c o s t  o r  i n s u r e d  v a l u e ,  and 

t h a t  technology changes and d e t e r i o r a t i o n  are minimal.  I n  

a d d i t i o n ,  no i n s u r a n c e  i s  taken  d u r i n g  c o n s t r u c t i o n  f o r  

funds  committed t o  f i r m  c o n t r a c t s  b u t  n o t  y e t  p a i d .  

Annual p l a n t  maintenance c o s t s  are i n c u r r e d  once 

t h e  p l a n t  beg ins  o p e r a t i o n .  They are assumed t o  be  con- 

s t a n t  i n  r e a l  terms, and are c a l c u l a t e d , a s  w e r e  i n s u r a n c e  

c o s t s ,  by app ly ing  an  i n f l a t i o n  f a c t o r  t o  a f r a c t i o n  (g iven  

a s  an  i n p u t  pa rame te r )  of t h e  i n i t i a l  i nves tmen t  i n  1 9 7 8  

d o l l a r s .  The maintenance c o s t  f o r  t h e  geothermal  f i e l d  

e q u a l s  t h e  annual  f i e l d  maintenance expense g iven  as i n p u t  

m u l t i p l i e d  by an  i n f l a t i o n  f a c t o r .  

P r o p e r t y  t a x e s  are assumed t o  be p a i d  d u r i n g  con- 

s t r u c t i o n  as  w e l l  as d u r i n g  t h e  o p e r a t i n g  l i f e  of t h e  p l a n t .  

The amount i s  found by a procedure  i d e n t i c a l  t o  t h a t  used 

f o r  p l a n t  maintenance costs .  
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The g r o s s  income imputed t o  t h e  f i r m  f o r  deple-  

t i o n  purposes  i s  c a l c u l a t e d  n e x t .  lo R o y a l t i e s  f o r  t h e  

p roduc t ion  of geothermal  f l u i d  are  computed as a g iven  

f r a c t i o n  of t h i s  g r o s s  income f i g u r e .  

F i n a l l y ,  a c a s h  o u t l a y  f o r  t h e  r e t i r e m e n t  of 

bonds i s  made i n  t h e  y e a r  i n  which t h e y  mature.  The t o t a l  

annual  c a s h  o u t l a y s  are t h e n  summed, y i e l d i n g  

- - 
‘bef . t a x  ‘ invst  , P + ‘energy + ‘int  + ‘insur + ‘maint 

+ ‘prop.tax + ‘royal + ‘gond’ L4.111 

where 

= b e f o r e  t a x  c a s h  e x p e n d i t u r e s  f o r  c u r r e n t  
y e a r  ‘bef . tax 

= annual  p l a n t  and geothermal  f i e l d  
maintenance c o s t  ‘maint 

‘royal 

%and 

= annual  p r o p e r t y  t a x  payments 

= annual  r o y a l t y  payments 

= amount of bonds o u t s t a n d i n g  i f  c u r r e n t  
y e a r  i s  t h e  y e a r  i n  which t h e y  mature,  
o the rwise  ze ro .  

p rop ,  t a x  C 

D.. A f , t e r - T a x  

The 

t h e  d e p r e c i a t  

Cash Flows 

f i rs t  s t e p  a long  t h i s  road  i s  t o  c a l c u l a t e  

on t aken  as an expense i n  t h e  c u r r e n t  y e a r .  I 

The “sum-of- the-years ’ -d ig i t s”  method i s  used.  Depreci-  
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ation begins when the asset is placed in service." 

asset cost upon which depreciation is based equals the 

total investment in current dollars, plus capitalized int- 

erest, minus expected salvage value (expressed as a given 

fraction of the total asset cost), minus investment charge- 

able to intangible drilling cost or depletable accounts. 

Thus 

The 

2(n-i+1) , (1-f 1 - - 
'depr . 'invst,d s n(n+l) 

where 

= depreciation expense, year i 'depr . 
= salvage value fraction of depreciable 

S investment 
f 

n = depreciation lifetime. 

14.121 

The firm is assumed to incur sufficient tax lia- 

bility from its various operations to offset the entire 

amount of tax d e d u c t i o n s  and c r e d i t s  c r e a t e d  by t h i s  p ro -  

ject. 

tax payments equal to the investment tax credit taken 

below) plus the product of the marginal income tax rate 

times the appropriate deductions. 

for energy costs, depreciation, maintenance and repairs, 

insurance premiums, property taxes, interest on indebted- 

Thus the effect of taxes consists of a savings in 

(see 

Deductions are available 

ness, royalties, depletion, and intangible drilling costs. 12 



1 0 2  

Thus 

’taxes = f  t a x  [‘depr. + ‘energy + ‘ in t  + ‘insur 

+ ‘maint + ‘prop.tax + ‘deplet  + ‘royal 

1 r f  + ( l - f t ang)  ‘ w e l l  N w e l l  i i n v s t ,  i 

r i f i n v s t , i  IC e q u i p , t o t  

+ f t a n g  

+ ‘ t rans  + ‘other 1 

+ 

d e p l  ) ‘we1 1 N w e 1  1 

, 

I 

19.131 

where 

= annual  c a s h  sav ings  a t t r i b u t a b l e  t o  t a x  
deduc t ions  and c red i t s  

= marg ina l  income t a x  r a t e  

= d e p l e t i o n  deduct ion  - see t e x t  below 

= inves tment  t a x  c r e d i t  f r a c t i o n .  

f t a x  

‘deplet  
f c r  

An inves tment  t a x  c r e d i t  i s  al lowed on 1 0 0 %  of 

t h e  c u r r e n t  d o l l a r  inves tment  i n  t h e  g iven  y e a r ,  n o t  i n -  

c luding,  c a p i t a l i z a t i o n  of i n t e r e s t  o r  amounts p r o p e r l y  

cha rgeab le  t o  d e p l e t a b l e  or i n t a n g i b l e  d r i l l i n g  c o s t  

accounts .13  I t  i s  assumed t h a t  t h e  c r e d i t  f o r  energy equip-  

ment w i l l  be extended a t  t h e  p r e s e n t  r a t e  beyond t h e  c u r r e n t  
1 4  

e x p i r a t i o n  d a t e  of 1 9 8 2 .  

The d e p l e t i o n  deduc t ion  i s  c a l c u l a t e d  as  t h e  n 

lesser of two amounts: t h e  a p p l i c a b l e  pe rcen tage  s p e c i f i e d  
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by s t a t u t e  m u l t i p l i e d  by t h e  g r o s s  geothermal  p roduc t ion  

income imputed t o  t h e  f i r m ,  o r  one-half  t h e  n e t  income im- 

puted .  l5 

i n  Appendix B.  

Th i s  c a l c u l a t i o n  i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  

F i n a l l y ,  t h e  n e t  cash  f low a t t r i b u t a b l e  t o  t h e  

p r o j e c t  i s  c a l c u l a t e d  a s  t h e  be fo re - t ax  c a s h  o u t l a y s  minus 

t h e  t a x  sav ings  determined above, o r  

- - - 
' a f t .  t a x  'bef . t a x  ' taxes '  

where 

= a f t e r - t a x  c a s h  f low i n  c u r r e n t  y e a r .  ' a f t .  t a x  

[ 4  .14] 

Before complet ing t h e  y e a r l y  loop ,  t h e  c o n t r i b u t i o n  of 

t h i s  y e a r ' s  n e t  ca sh  f low t o  n e t  p r e s e n t  v a l u e  

cussed  below) i s  found. 

( t o  be d i s -  

E .  Economic F i g u r e s  of Merit - 
A f t e r  t h e  a n n u a l  cash f l o w  data  have been a s s e m -  

b l e d  by t h e  program, t h e  v a l u e s  of s e v e r a l  overa l l  economic 

i n d i c a t o r s  must be c a l c u l a t e d .  

are t h e  n e t  p r e s e n t  v a l u e ,  t h e  d i scoun ted  payback p e r i o d ,  

and t h e  i n t e r n a l  r a t e  of r e t u r n .  l6 

t o  d e b a t e  t h e  s i g n i f i c a n c e  and v a l i d i t y  of t h e s e  f i g u r e s  

of m e r i t .  

Three prominent i n d i c a t o r s  

Economists con t inue  
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A s  w a s  exp la ined  i n  Chapter  2 ,  t h e  d r i v i n g  pro-  

gram f i r s t  c a l l s  t h e  economic model t o  f i n d  t h e  cash  f lows  

a s s o c i a t e d  w i t h  a conven t iona l  f o s s i l - f u e l e d  system. 

sequen t  c a l l s  are made a f t e r  t h e  t e c h n i c a l  program a n a l y z e s  

each  geothermal  a l t e r n a t i v e .  During t h e  l a t t e r  ca l l s ,  t h e  

fo l lowing  economic comparison of conven t iona l  and geo the r -  

Sub- 

m a l  p l a n t s  i s  performed. 

The n e t  p r e s e n t  v a l u e  of each  system i s  computed 

a s  annual  ca sh  f lows  a r e  found: 

NPV = C ' system,j  
j-1 

1 j = 1  (1 + idisc 

where 

14 .151  

system NPV = n e t  p r e s e n t  v a l u e  of system sav ings  S 

= annual  system cash  sav ings  'system, j 
- - - 

' a f t .  t a x ,  f o s s i l  ' a f t  . t a x ,  geothermal  

k = t i m e  i n  y e a r s  from p r o j e c t  s t a r t  t o  end 

i = d i s c o u n t  ra te  g iven  a s  i n p u t  parameter .  

of p l a n t  o p e r a t i o n  

d i s c .  

I t  should  be no ted  t h a t  t h e  u s u a l  assumption 

h e r e )  t h a t  c a s h  t r a n s a c t i o n s  occur  on t h e  l a s t  day of t h e  

y e a r  u n d e r s t a t e s  t h e  t r u e  p r e s e n t  v a l u e  by up t o  11%. 1 7  

A s  t h e  program e n t e r s  t h i s  comparison s e c t i o n ,  t h e  cash  

( a l s o  made 
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flows corresponding to the fossil fuel alternative .are sub- 

tracted from those of the geothermal alternative to pro- 

duce an annual record of differential costs. The dis- 

counted payback period is computed at this point as the 

number of years j* required until the present value of 

differential costs becomes negative (or equivalently diff- 

erential savings become positive): 

o = c  j* 'system,j 
j -1 

j=1 -k idisc.) 
I4 .161 

Finally, the internal rate of return ( " I R R " )  is 

computed; it is defined as the discount rate m at which 

the present value of the differential costs or savings 

equals zero: 

o = c  'system,j 
j=1  (1 + m) j -1 

Ed .17] 

A bisection rule is followed to converge upon the proper 

value. The I R R  is frequently indeterminate if the sign 

of the partial sum of discounted differential cash flows 

changes more than once: in this case a warning is printed. 

As profitability indices (benefit/cost ratios) 

are rarely used in private industry, none are calculated 

here. Moreover, attempts to include such a measure would 

encounter some difficulty in evaluating benefits and costs. 

I 
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CHAPTER 5 - OPTIMIZATION AND THE VALUE OF INFOWATION - - --- - 
A. Optimization 

As was mentioned in Chapter 1, the decision to 

invest in geothermal energy depends largely upon the economic 

return. 

geothermal energy in order to maximize this return. 

It is therefore important to optimize the use of 

1. What to optimize? -- 
One portion of the program which could be optimized 

is the matching procedure described in chapter three. While 

the procedure incorporates one methcd of matching energy de- 

mands and supplies in a geothermal facility, the particular 

method adopted is not the only possihle or feasible one. 

Even with the same values chosen for input parameters, each 

method will generally lead to a different facility design 

and thus to a different economic rate of return. 

Three aspects of the matching procedure require 

the exercise of judgment and therefore present opportuni- 

ties for optimization. 

technical rules. 

cisions such as the policy of desuperheating between stages 

of vapor compression and the value of effectiveness assumed 

for the secondary heat exchanger. 

ed were described in chapter three. 

The first may loosely be called 

This rubric encompasses technical de- 

The specific rules adopt- 

The second flexible 
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aspect of the matching procedure is the choice of geother- 

mal fluid flow rate; any flow rate short of the maximum 

production capacity of the resource can be utilized if de- 

sired. The final aspect of the procedure is the stream 

selection logic used to match each unit process with a hot 

fluid stream. A wide variety of selection logics could be 

employed. A discussion of these problems from a theoreti- 

cal as well as practical perspective will be presented be- 

low. 

2. Technical rules 

Economic tradeoffs are implicit in many decisions 

made in the course of the matching procedure. For example, 

any decision regarding the effectiveness of the secondary 

heat exchanger represents a balancing of the capital cost 

of the exchanger and the value of the heat transferred. 

However, as this decision has only a slight effect upon the 

remainder of t h e  analysis, any variation from the optimum 

value will generally yield a negligible change in overall 

economic results. This conclusion holds true for other 

technical rules as well. 

Since inclusion of such rules in the form of 

parameters to be optimized would complicate the program 

and yield insignificant benefits, no attempt is made to 

optimize the technical rules. 
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3 .  Choice of f low r a t e  -- 
With t h e  sole excep t ion  of t h e  geothermal  f l u i d  

f low r a t e ,  t h e  t e c h n i c a l  c h a r a c t e r i s t i c s  of u n i t  p r o c e s s e s  

and f l u i d  streams are  f i x e d  by t h e  cho ice  of i n d u s t r i a l  

a p p l i c a t i o n  and l o c a t i o n .  The cho ice  of a geothermal  f l u i d  

f low r a t e  a t  t h e  wel lhead ( w i t h i n  t h e  c o n s t r a i n t  of t h e  

maximum p o s s i b l e  p roduc t ion  ra te)  a f f e c t s  t h e  r e l a t i v e  

f r a c t i o n  of f o s s i l  f u e l  t o  geothermal  energy  used t o  sat-  

i s f y  p r o c e s s  energy needs. Since  the economic r e s u l t s  c a n  

be h i g h l y  s e n s i t i v e  t o  t h e  f l o w  r a t e  chosen,  one must a t -  

tempt t o  de te rmine  an optimum flow r a t e .  

The compl ica ted  n a t u r e  of t h e  r e l a t i o n  between 

f l o w  r a t e  and economic r e t u r n  p r e c l u d e s  an a n a l y t i c  so lu -  

t i o n  f o r  t h e  op t ima l  f low r a t e .  I t  i s  easiest t h e r e f o r e  t o  

run  t h e  computer program f o r  a var ie ty  of f low r a t e s  and t o  

choose t h a t  f low r a t e  which y i e l d s  t h e  optimum economic re- 

s u l t s .  The program p e r m i t s  m u l t i p l e  r u n s  wi thout  t h e  i n -  

p u t  of new d a t a  i f  o n l y  t h e  geothermal  f l u i d  flow r a t e  i s  

a l t e r e d .  

I t  i s  assumed t h a t  o p t i m i z a t i o n  of t h e  stream 

s e l e c t i o n  l o g i c  ( t o  be d i s c u s s e d  below) i s  independent  of 

o p t i m i z a t i o n  of t h e  geothermal  f l u i d  f low ra te .  

4 .  Choice of stream s e l e c t i o n  l o g i c  - 
The e s sence  of t h e  procedure used t o  match u n i t  
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p r o c e s s e s  w i t h  geothermal  supply streams i s  t h e  c o n t r o l  

l o g i c  which governs t h e  s e l e c t i o n  of a p a r t i c u l a r  stream 

f o r  a g iven  p r o c e s s .  The c h o i c e s  made i n  a g iven  c a s e  can 

be r e p r e s e n t e d  by a m a t r i x  c o n t a i n i n g  columns which c o r r e s -  

pond t o  u n i t  p r o c e s s e s  and rows which cor respond t o  f l u i d  

streams. The stream s e l e c t i o n  c h o i c e s  are r e p r e s e n t e d  by 

an "X" p laced  i n  each column a t  t h e  r o w  cor responding  t o  

t h e  stream s e l e c t e d  f o r  t h a t  p r o c e s s .  Such a m a t r i x  i s  

shown i n  F i g .  5-1. [Although some f e a t u r e s  of t h e  stream 

s e l e c t i o n  l o g i c  d e s c r i b e d  i n  c h a p t e r  t h r e e  pe rmi t  u se  of 

two or more streams f o r  one p r o c e s s ,  t h i s  added compl ica t ion  

w i l l  be omi t t ed  from t h e  p r e s e n t  a n a l y s i s . ]  

I n  t h e  n o t a t i o n  adopted i n  t h e  fo l lowing  d i s c u s -  

s i o n ,  t h e r e  a r e  m p r o c e s s e s ,  n o r i g i n a l  f l u i d  streams, and 

s streams c r e a t e d  by s p l i t t i n g  o r i g i n a l  streams i n t o  seve r -  

a l  s m a l l e r  streams. Stream n + s + l  i n d i c a t e s  w a t e r  a t  am- 

b i e n t  c o n d i t i o n s .  

p r o c e s s  requi rements  u s ing  f o s s i l  f u e l  h e a t e r s  and t h u s  

r e p r e s e n t s  a p o s s i b l e  stream c h o i c e .  F i n a l l y ,  stream n+s+2 

i n d i c a t e s  a c losed- loop  f l u i d  system i n  which water i s  c i r -  

c u l a t e d  between a f o s s i l  h e a t e r  and t h e  p r o c e s s .  I t  r e p r e -  

s e n t s  a n o t h e r  p o s s i b l e  stream c h o i c e  i f  t h e  p r o c e s s  i s  n o t  

of t h e  d i r e c t - i n j e c t i o n  type .  

Such a stream can  always be upgraded t o  
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P R O C E S S  

n 

n+s 

n+s+ l  

n+s+2 

FIGURE 5-1 - STREAM SELECTION MATRIX -- 
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1 

b 

b 

b 

1 

I n  t h e  sample m a t r i x  shown i n  F i g .  5-1, p r o c e s s e s  

number 1 and 3 u s e  stream 1 i n  series: t h e  e x i t  stream 

from p r o c e s s  1 becomes t h e  i n p u t  stream t o  p r o c e s s  3 .  

cess 2 u s e s  stream 3 ,  and p r o c e s s  m u s e s  stream n+s .  

P ro -  

A p a r t i c u l a r  set of s t ream c h o i c e s ,  o r  " c o n t r o l  

s t r a t e g y " ,  can t h u s  be d e s c r i b e d  by a v e c t o r  of m 

d e c i s i o n  v a r i a b l e s ,  x such t h a t  t h e  v a l u e  of x 

t h e  number of t h e  stream matched w i t h  p r o c e s s  j .  

c i s i o n  a n a l y s i s  l i t e r a t u r e ,  each p r o c e s s  would be 

j j '  

i n t e g e r  

e q u a l s  

I n  de- 

termed 

a d e c i s i o n  s t a g e .  The streams and t h e i r  c h a r a c t e r i s t i c s  

a t  each s t a g e  de te rmine  what would be c a l l e d  t h e  system 

s t a t e .  

t h e  energy needs of a l l  p r o c e s s e s  would be termed t h e  ob- 

j e c t i v e .  I t  should be noted  t h a t  t h e  problem i s  determin-  

i s t i c  i n  t h e  s e n s e  t h a t  t h e  c o s t  a t t r i b u t a b l e  t o  a c o n t r o l  

d e c i s i o n  (stream s e l e c t i o n  c h o i c e )  i s  f i x e d  by t h e  p r e s e n t  

s y s t e m  s t a t e  and t h e  decision t aken .  

The g o a l  of minimizing t h e  t o t a l  cost  of s a t i s f y i n g  

A t  t h i s  p o i n t  t h e  problem s u p e r f i c i a l l y  resembles 

t h e  s tagecoach  example of dynamic programming. 1 However, 

t w o  f a c t o r s  d i s t i n g u i s h  t h e  problem from t h e  s t agecoach  

p r o t o t y p e .  

F i r s t ,  t h e  f i n a l  r e s u l t s  depend on t h e  o r d e r  i n  

which p rocesses  a r e  cons ide red  s i n c e  each p r o c e s s  e x t r a c t s  
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h e a t  and t h e r e f o r e  a l te rs  t h e  streams a v a i l a b l e  f o r  l a t e r  

p r o c e s s e s .  N o  i n h e r e n t  o r d e r i n g  can be determined from 

tempora l ,  s p a t i a l ,  or c a u s a l  r e l a t i o n s h i p s .  Neve r the l e s s ,  

' it i s  assumed t h a t  an o r d e r i n g  can be e s t a b l i s h e d  on i n t u i -  

t i v e  grounds ( e .g .  o r d e r i n g  by d e c r e a s i n g  p r o c e s s  tempera- 

t u r e  t o  encourage stream c a s c a d i n g ) .  Furthermore,  it i s  

assumed t h a t  such an o r d e r i n g  w i l l  g e n e r a t e  "optimum" re- 

s u l t s  when t h e  res t  of t h e  matching procedure i s  opt imized .  

These assumptions r educe  t h e  number of p o s s i b l e  c o n t r o l  

s t r a t e g i e s  by a f a c t o r  of m! ( t h e  f a c t o r i a l  of m ) ,  which 

r e p r e s e n t s  t h e  number of ways i n  which t h e  m p r o c e s s e s  may 

be a r r anged .  

Second, t h e  number of streams a t  any s t a g e  and 

t h e  p o s s i b l e  s ta tes  of t h e s e  s t r eams  depend upon t h e  c h o i c e  

of streams ( v a l u e s  of x.) f o r  a l l  p rev ious  s t a g e s .  For ex- 

ample, c h o i c e  of a stream of l o w  f low r a t e  f o r  a d i r e c t -  

i n j e c t i o n  p r o c e s s  might  r e s u l t  i n  fewer streams because 

e f f l u e n t  f l u i d  does  n o t  e x i s t  f o r  such  p r o c e s s e s .  On t h e  

o t h e r  hand, c h o i c e  of a stream of h i g h e r  f low r a t e  might 

n e c e s s i t a t e  f l o w  s p l i t t i n g  and t h u s  r e t a i n  t h e  o r i g i n a l  

number of streams. 

7 

A s  a r e s u l t  of t h e s e  t w o  d i s t i n g u i s h i n g  f a c t o r s ,  

t h e  d e c i s i o n  problem i s  i n s o l u b l e  by conven t iona l  dynamic A 
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programming methods: one cannot  " ' s t ep"  backwards from t h e  

l a s t  s t a g e  t o  t h e  f i r s t  wi thou t  knowing t h e  p o s s i b l e  s ta tes  

a t  each p rev ious  s t a g e .  

3 

I n  o r d e r  t o  de te rmine  whether  e x h a u s t i v e  s e a r c h  

methods should  be employed, it i s  u s e f u l  t o  estimate t h e  

scale of t h e  d e c i s i o n  problem as  measured by t h e  number of 

p o s s i b l e  c o n t r o l  s t r a t e g i e s  (number of sets of stream 

c h o i c e s ) .  The number of c o n t r o l  s t r a t e g i e s  i s  c o n s t r a i n e d  

by t h e  n e c e s s i t y  t h a t  a stream e x i s t  a t  a p a r t i c u l a r  s t a g e  

f o r  it t o  be chosen a t  t h a t  s t a g e .  For example, i f  a 

stream i s  c r e a t e d  by f l o w  s p l i t t i n g  a t  s t a g e  5 ,  it i s  un- 

a v a i l a b l e  f o r  s e l e c t i o n  a t  s t a g e  4 .  This  c o n s t r a i n t  i s  

e q u i v a l e n t  t o  t h e  assumption t h a t  d e c i s i o n s  must he made 

i n  a p u r e l y  s e q u e n t i a l  manner: stream c h o i c e s  cannot  be 

r econs ide red  i n  l i g h t  of l a t e r  developments.  

The maximum p o s s i b l e  number of s t r a t e g i e s  i s  

(n+m+l) ! 

n! (n+m) 
# of s t r a t e g i e s  = I f5.11 

where 

I 

n = o r i g i n a l  number of f l u i d  streams 

m = number of u n i t  p r o c e s s e s  

! = f a c t o r i a l  s i g n .  

I n  o r d e r  t o  a r r i v e  a t  t h i s  e x p r e s s i o n ,  i t  has been assumed 
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t h a t  t h e  number of streams i n c r e a s e s  by one a t  each  s t a g e  

(as a r e s u l t  of e i t h e r  f low s p l i t t i n g  o r  u s e  of a new am- 

b i e n t  w a t e r  stream). I n  a d d i t i o n ,  i t  has been assumed t h a t  

stream n+s+2 can on ly  be chosen a t  t h e  l a s t  s t a g e ,  s i n c e  

i n  s e l e c t i n g  it one does  n o t  i n c r e a s e  t h e  number of streams 

a v a i l a b l e  f o r  l a t e r  p r o c e s s e s .  

The minimum p o s s i b l e  number of s t r a t e g i e s  e q u a l s  

m .  T h i s  s i t u a t i o n  a r i s e s  i f  on ly  one o r i g i n a l  f l u i d  stream 

exis ts  ( n = l )  and a l l  p r o c e s s e s  a r e  of t h e  d i r e c t - i n j e c t i o n  

type .  The o r i g i n a l  stream may be s e l e c t e d  f o r  any one of 

t h e  m p rocesses  wh i l e  t h e  o t h e r  p r o c e s s e s  employ stream 

n+s+ l .  

For  a s m a l l  problem, n might equa l  one  and m 

e q u a l  seven.  

i n  t h e  n e x t  c h a p t e r . ]  The p o s s i b l e  number of c o n t r o l  s t ra te-  

g i e s  l ies  somewhere between 7 and 4 5 , 3 6 0 .  

depends upon t h e  t y p e  of p r o c e s s e s  and t h e i r  o r d e r i n g .  

Systems c o n s i s t i n g  p r i m a r i l y  of d i r e c t - i n j e c t i o n  p rocesses  

w i l l  r e s u l t  i n  f i g u r e s  closer t o  t h e  lower bound, whi le  

systems c o n s i s t i n g  l a r g e l y  of heat-exchange p rocesses  w i l l  

g e n e r a t e  a l a r g e r  number of p o s s i b l e  s t r a t e g i e s .  

[Th i s  cor responds  t o  t h e  second example g iven  

The e x a c t  f i g u r e  

I n  c e r t a i n  cases, t h e  number of p o s s i b l e  s t r a t e -  

g i e s  i s  a l s o  c o n s t r a i n e d  by o t h e r  requi rements .  

ample, a stream may be matched w i t h  a p r o c e s s  o n l y  i f  t h e  

For ex- 
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stream p o s s e s s e s  " s u f f i c i e n t  mass f low r a t e "  ( a s  was d e f i n e d  

i n  Chapter  3 ) .  C o n s t r a i n t s  such a s  t h e s e  serve t o  l i m i t  t h e  

p o s s i b l e  domain of t h e  x t o  a much s m a l l e r  range  of c o n t r o l  

s t r a t e g i e s .  Thus t h e  maximum number of f e a s i b l e  c o n t r o l  

s t r a t e g i e s  f o r  t h e  above problem (n-1, m = 7 )  might  be c l o s e r  

t o  35,000 i n s t e a d  of 45,360. 

j 

The c r u c i a l  parameter  a t  t h i s  p o i n t  i s  computer 

run  t i m e :  i f  run  t i m e s  are  s u f f i c i e n t l y  s h o r t ,  e x h a u s t i v e  

s e a r c h  methods may be t r i e d .  The program d e s c r i b e d  i n  

Chapters  2 ,  3 ,  and 4 e x e c u t e s  one a n a l y s i s  i n  approximate ly  

one second. 

f o r e  consume ove r  9 . 7  hours  of computer t i m e .  

i f  any of t h e  s i m p l i f y i n g  assumptions made throughout  t h e  

above d i s c u s s i o n  w e r e  r e l a x e d ,  t h i s  f i g u r e  would i n c r e a s e  

d r a m a t i c a l l y .  

T h i r t y - f i v e  thousand s t r a t e g i e s  would t h e r e -  

Moreover, 

D i r e c t  v e r i f i c a t i o n  t h a t  t h e  "rule-of-thumb" 

s t r a t e g y  adopted i n  Chap te r  3 i s  op t ima l  i s  t h e r e f o r e  i n -  

f e a s i b l e  s i n c e  a n  e x h a u s t i v e  s e a r c h  of c o n t r o l  s t r a t e g i e s  

r e q u i r e s  t o o  much computer t ime.  N e v e r t h e l e s s ,  s o m e  con- 

f i d e n c e  i n  t h e  "rule-of-thumb" s t r a t e g y  may be j u s t i f i e d ,  

a s  w i l l  be demonstrated i n  t h e  example d e s c r i b e d  i n  S e c t i o n  

B of Chapter  6 below. 
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B. Value of Informat ion  - 
One of t h e  most impor tan t  f a c t o r s  involved  i n  

t h e  e v a l u a t i o n  of geothermal  energy i s  t h e  u n c e r t a i n t y  t h a t  

sur rounds  t h e  geothermal  r e s o u r c e  i t s e l f .  This  u n c e r t a i n t y ,  

which re la tes  p r i m a r i l y  t o  t h e  tempera ture  and product ion  

f low rate  of t h e  r e s o u r c e ,  i s  t r a n s l a t e d  i n t o  a correspond-  

i n g  u n c e r t a i n t y  i n  t h e  a n t i c i p a t e d  c o s t  of t h e  p r o j e c t .  

A p o t e n t i a l  u s e r  of geothermal energy might wish 

to reduce  this u n c e r t a i n t y  by commissioning a d d i t i o n a l  geo- 

l o g i c a l  s t u d i e s  o r  even by d r i l l i n g  an i n i t i a l  p roduct ion  

w e l l .  I n  t h e  p r e s e n t  c o n t e x t ,  t h e s e  a c t i v i t i e s  w i l l  be 

termed exper iments .  However, t h e  u s e r  should weigh t h e  

cost  of such exper iments  a g a i n s t  t h e  p o t e n t i a l  v a l u e  of t h e  

informat ion  t o  be ga ined  from them. 

The v a l u e  of in fo rma t ion  d e r i v e d  f r o m  experiment 

t o  a p o t e n t i a l  u s e r  of geothermal  energy  depends upon t h e  

e f fec t  posses s ion  of t h e  informat ion  w i l l  have upon h i s  

decis ionmaking.  A t  one e x t r e n e  i s  t h e  s i t u a t i o n  i n  which 

t h e  d e c i s i o n  t o  u t i l i z e  geothermal  energy  and t h e  cho ice  

of p l a n t  des ign  are  made i n  advance. I n  t h i s  case, posses- 

s i o n  of in fo rma t ion  f r o m  an experiment  cannot  a l t e r  t h e  ex- 

pec ted  n e t  p r e s e n t  v a l u e  of t h e  p r o j e c t .  A t  t h e  o t h e r  ex- 

t r e m e  lies t h e  s i t u a t i o n  i n  which t h e  d e c i s i o n  t o  use  geo- 

thermal  energy and t h e  cho ice  of p l a n t  d e s i g n  can be post-  

( 

I 
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poned u n t i l  t h e  in fo rma t ion  has  been o b t a i n e d .  I f  no ex- 

per iment  i s  performed, t h e  u s e r  will des ign  t h e  p l a n t  on 

t h e  b a s i s  of t h e  expec ted  r e s o u r c e  c h a r a c t e r i s t i c s .  Thus i f  

r e s o u r c e  c h a r a c t e r i s t i c s  a r e  found t o  d i f f e r  i n  a c t u a l i t y  

f r o m  t h e i r  expec ted  v a l u e s ,  t h e  u s e r  w i l l  have b u i l t  a sub- 

op t ima l  p l a n t .  However, i f  a n  experiment  i s  performed, t h e  

u s e r  can des ign  t h e  p l a n t  t o  make optimum use  of t h e  

d i scove red  c h a r a c t e r i s t i c s  of t h e  r e s o u r c e .  

The v a l u e  of t h e  in fo rma t ion  t o  t h e  u s e r  i s  rep-  

r e s e n t e d  by t h e  d i f f e r e n c e  between t h e  expec ted  v a l u e  of 

t h e  p r o j e c t  v i t h o u t  expe r imen ta t ion  and t h e  expec ted  v a l u e  

of t h e  p r o j e c t  w i th  exper imenta t ion .*  

decision-maker who has  t h e  o p p o r t u n i t y  t o  perform t h e  ex- 

per iment  a t  a c o s t  less than  t h i s  v a l u e  should  choose t o  do 

so. If t h e  c o s t  of t h e  experiment w i l l  exceed t h e  v a l u e  of 

t h e  in fo rma t ion  t o  be o b t a i n e d ,  th .e  decision-maker should 

proceed without the experiment. 

There fo re ,  a r a t i o n a l  

Th i s  concept  has  import .ant i m p l i c a t i o n s  f o r  t h e  

p r a c t i c e  of geothermal  r e s o u r c e  assessment  as w e l l .  The 

m o s t  impor tan t  of t h e s e  i m p l i c a t i o n s  i s  t h a t  loca t ion-  

s p e c i f i c  assessment  e f f o r t s  can be r i g o r o u s l y  j u s t i f i e d  on 

t h e  b a s i s  of t h e  v a l u e  of t h e  in fo rma t ion  t o  be procured.  

Furthermore,  such a j u s t i f i c a t i o n  cannot  be made wi thou t  

c o n s i d e r a t i o n  of a p a r t i c u l a r  a p p l i c a t i o n ,  s i n c e  t h e  econo- 
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mics of the specific application determine in part the value 

of the information to be gained from the experiment. 

The procedure used to calculate the value of in- 

formation for a given application is outlined in the next 

section. An example is then presented in Section 2. 

1. Calculation of the expected value of information -- - 
Among the simplifying assumptions made in the course 

of the analysis are the following. The net present value of 

the project is defined as the net present value of cash flows 

associated with the proposed system minus that associated 

with a conventional system. It is assumed that only a geo- 

thermal system can be used. Under certain circumstances, 

it is possible that the net present value of the project 

will be negative. If the user had the option of employing 

a conventional system, the net present value as defined 

here could never be below zero. It is also assumed that 

the user makes decisions solely upon the basis of their 

monetary consequences. It is further assumed that the user 

is not risk-averse. This condition is equivalent to tho 

assumption that the value of a marginal dollar is constant 

regardless of the user's total financial wealth. 

The second and third assumptions together imply 

that the net present value of the project is a sufficient I 

measure of its attractiveness. In the present analysis, 
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t h i s  f i g u r e  i s  assumed t o  be a f u n c t i o n  of t h e  geothermal  

f l u i d  tempera ture  and of t h e  f l u i d  f low r a t e  used  i n  t h e  

p l a n t .  [ I t  i s  assumed t h a t  t h e  p:lant des ign  i s  opt imized  i n  

terms of a l l  o t h e r  pa rame te r s . ]  The t empera tu re  i s  cons ide r -  

ed  t o  be a random v a r i a b l e  d e s c r i b e d  by a p r o b a b i l i t y  d i s -  

t r i b u t i o n .  The f l u i d  f low r a t e  i s  viewed a s  a d e c i s i o n  

v a r i a b l e  under  t h e  c o n t r o l  of t h e  u s e r  s i n c e  he i s  f ree  t o  

d r i l l  any number of w e l l s  i n t o  t h e  geothermal  reservoir.  

[The e x i s t e n c e  of t h i s  freedom depends upon t h e  assumption 

t h a t  t h e  r e s e r v o i r  i s  l a r g e  compared t o  t h e  range  of p o s s i -  

b l e  f l o w  r a t e s . ]  

Thus 

V = V ( m , t )  I 

where 

V = n e t  p r e s e n t  v a l u e  of cash  f lows  
a s s o c i a t e d  w i t h  t h e  geothermal  
system minus t h a t  associated w i t h  
a conventional- system 

m = m a s s  flow r a t e  of geothermal  f l u i d  
purchased 

r 5 . 2 1  

t = t empera tu re  of t h e  geothermal  f l u i d .  

T o  compute t h e  v a l u e  of i n f o r m a t i o n ,  one must f i r s t  ca l cu -  

l a t e  t h e  expec ted  v a l u e  of t h e  p r o j e c t  w i thou t  experimen- 

t a t i o n  and then  a s c e r t a i n  t h e  expec ted  v a l u e  wi th  e x p e r b e n -  

t a t i o n .  
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I f  no experiment  i s  performed, t h e  u s e r  can only  

a t t e m p t  t o  maximize t h e  expec ted  p r o j e c t  n e t  p r e s e n t  v a l u e .  

Applying t h e  e x p e c t a t i o n  o p e r a t o r  (denoted by < > ) :  

The maximum f i g u r e  f o r  t h i s  expec ted  v a l u e  w i l l  occur  a t  a 

m a s s  f l o w  r a t e  which can be found by d i f f e r e n t i a t i n g  wi th  

r e s p e c t  t o  m and s e t t i n g  t h e  r e s u l t  equa l  t o  zero: 

Y 

Q 

a<v> - 0 .  - -  
am L5.41 

I f  t h e  op t ima l  v a l u e  of m i s  denoted by m* and t h e  opt imal  

expec ted  n e t  p r e s e n t  v a l u e  by <V>*, t h e  expec ted  p r o j e c t  

n e t  p r e s e n t  v a l u e  wi thou t  expe r imen ta t ion  can be w r i t t e n  

as 

The exsec ted  p r o j e c t  n e t  p r e s e n t  v a l u e  wi th  ex- 

pe r imen ta t ion  depends upon t h e  accuracy  of t h e  experiment .  

I f  it i s  assumed t h a t  t h e  experiment  y i e l d s  p e r f e c t  i n f o r -  

mation ( i . e .  it de te rmines  wi th  c e r t a i n t y  t h e  t r u e  v a l u e  of 

t ,  or  t 

u s e r  can compute a p r e c i s e  v a l u e  f o r  V which cor responds  t o  

) ,  t h e n  a f t e r  t h e  experiment  i s  performed t h e  a c t u a l  

any cho ice  of m :  
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v =  V ( m f t a c t u a l  1 r5.61 

The u s e r  would then  maximize t h e  n e t  p r e s e n t  v a l u e  by set-  

t i n g  t h e  der ivat ive of V e q u a l  t o  z e r o ,  

15.71 

which g i v e s  t h e  op t ima l  v a l u e  of m ,  m ' ,  and t h u s  t h e  opt imal  

v a l u e  of V ,  

b 

V '  = V h ' ,  tactual 1 .  

However, a p r i o r i  t h e  u s e r  does  n o t  know t h e  re- - 
s u l t s  of t h e  experiment  and t h u s  cannot  compute e i t h e r  m '  

o r  V I .  Neve r the l e s s ,  he can c a l c u l a t e  a n  expec ted  va lue :  

T h i s  f i g u r e  r e p r e s e n t s  t h e  p r i o r  expec ted  project net pres- 

e n t  v a l u e  i f  a n  experiment  i s  performed. 

The expec ted  v a l u e  of p e r f e c t  i n fo rma t ion  i s  

d e f i n e d  t o  be t h e  d i f f e r e n c e  between t h e  expec ted  n e t  p r e s -  

e n t  v a l u e  i f  t h e  b e s t  f low ra te  is  chosen a f t e r  p e r f e c t  i n -  

format ion  i s  ob ta ined  and t h e  expec ted  n e t  p r e s e n t  v a l u e  

i f  t h e  b e s t  f low ra te  i s  chosen wi thou t  t h e  b e n e f i t  of 

t h e r  in format ion .  Thus 

f u r -  
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EVPI = < V I >  - < v > *  I i5.101 

where 

EVPI = expected value of perfect 
information. 

2. An example - 

The net present value information required for the 

calculation of the EVPI is determined by utilizing the com- 

p u t e r  model described in previous chapters. 

The model is run using data from the second ex- 

ample of Chapter 6. One modification is made in these 

data: it is assumed that the user pays for geothermal fluid 

on a "per unit mass" basis rather than investing directly 

in geothermal resource development. While the assumption 

of a constant price per unit mass may not be realistic 

over a wide range of flow rates, it is probably reasonable 

for the more limited range of flow rates of interest in 

this analysis. 

The results for net present value as a function 

of mass flow rate and fluid temperature (as shown in Fig. 

5-2)  are represented by the following expression: 

2 3 a + a m + a m  + a m  1 2 3 4 v =  I 15.111 
A 
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FIGURE 5-2  - NET PRESENT VALUE A S  A FUNCTION - -  
OF GEOTHERMAL FLUID TEMPERATURE AND FLOW RATE 
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where for the sake of convenience V is in millions of 

dollars and m is normalized by division by 162,530 kg/hr, 

and where the Coefficients ai are functions of temperature. 

For each fluid temperature a least-squares analysis is used 

The coeffi- 4 to determine the values of a , a a and a 

cients are then cross-plotted against temperature. A 
I 2' 3 

linear least-squares analysis is then employed to yield ex- 

pressions of the form 

a + a  'r il i2 a =  i I 15.121 

where 

T = t-60 . 
The reason for using T instead of t will become clear in 

the following discussion. The coefficients determined by 

the present analysis are given in Table 5-1. 

The next step is to assume a probability density 

function for the geothermal fluid temperature. On the 

basis of the geological record for Ontario, Oregon (the 

site of the Ore-Ida facility in Example 21, it is extremely 

unlikely that this temperature would be less than approxi- 

mately 6 O O C .  A two-tailed probability function is there- 

fore inappropriate for modeling the distribution of possible @ 



b 

j=1  

1 2 7  

j = 2  

1 2 9 . 7 0  

- 3 5 . 6 6  
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a 

j 

- 2 . 1 3 0 2  

0 . 5 E 5 1  

i = l  

i = 2  

i = 3  

i = 4  

i = 5  

I 1  I 

- 1 7 . 0 6  - 5 . 6 3 2  

4 3 . 5 4  0 . 5 3 5  

- 3 0 . 0 7  - 0 . 0 1 2  

6 . 7 2  1 . 1 8 9 E - 4  

- 4 . 0 6 6 E - 7  

d 1 1  1 . 9 4 1  I -8 .961E-3 
11 

# 

b 

Note: V = net present value in millions of dollars 

geothermal f l u i d  f l o w  rate, kg/hr 
1 6 2 , 5 3 0  m =  

-r = (geothermal f l u i d  temperature,OC) - 6 0  . 

TABLE 5-1 - COEFFICIENTS USED I N  THE 

VALUE OF INFORMATION ANALYSIS 
--- 

- 
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fluid temperatures. A more suitable distribution is the 

log-normal function, 

where 

Since the probability approaches zero as T approaches zero 

and thus as t approaches 6 O o C ,  this function has the ap- 

propriate form. It can be shown by performing the follow- 

ing analysis with a different probability function that 

the ultimate results are relatively insensitive to the 

particular functional form assumed. 

For the sake of completeness, it should be noted 

that use of the log-normal function implies that 

P ( T )  = probability of the fluid temperature 
being equal to T 

a,B,y = constants. Note that normalization 
of the probability function forces 

15.141 

[5 .151 
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and 

L5.161 

a where 

O ( T )  = standard deviation of T 

V ( T )  = coefficient of variation of T 

It is assumed for the purposes of this analysis 

that t equals 13OOC It 30%. However, it is ambiguous to 

state the uncertainty in terms of ? 3 0 %  of the temperature. 

A more precise statement would be that three standard devi- 

ations equal 3 0 %  of the mean, or 

d 

3 

1 
3 V ( T )  = - x 0 .30  = 0.10 . [5.17] 

From Eqs. 5.14 and 5.16, 

B = 432.40 

y = 50.25  . 

Now the expected net present value of the pro- 

ject in the absence of experimentation can be evaluated. 

By definition, the expected value of V is 

a2 

<v> = J V(m,-r)P(-r) d-r . 
0 

15.181 
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Replacing V ( m , . r )  by E q s .  5.11 and 5.12, P ( T )  by Eq. 5.13, 

and changing v a r i a b l e s  such t h a t  x = Rn T y i e l d s  

2 + Dex)exp[ (P+ l )x  - yx ] dx , [5.191 

where 
4 

i-1 c =I a i lm 
i= 1 

4 
D =I a m i- 1 

i 2  

15.201 

r5.211 

i=l 

Separa t ing  t h e  t w o  te rms  and complet ing t h e  squa res  i n  t h e  

exponents  g i v e s  

2 
[5.22] exp [ -y(x  - -) B+2 2 + (t3+2) 3 & . 

2Y 4Y 

I f  t h e  c o n s t a n t  term i n  each  i n t e g r a l  i s  e x t r a c t e d  and 

var iables  changed once aga in  such t h a t  

15.231 
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and 

8+2 
2Y s = 2y (x - - )  I 

t h e n  Eq.  5 . 2 2  can be r e fo rmula t ed  as  

2 
QC / _ i p  [ -  -1 r d r  ' +  4Y 2 <v> = 

2 
[5.251 QD (8+2)  I[!p [ - - I  S d s  . 

4Y 2 + - exp [ 
J2y 

But t h e s e  i n t e g r a l s  are each fi times t h e  i n t e g r a l  of t h e  

normal p r o b a b i l i t y  d i s t r i b u t i o n  over  t h e  e n t i r e  domain. 

S ince  t h e  l a t t e r  i n t e g r a l  must equa l  u n i t y ,  t h e  g iven  i n -  

t e g r a l s  bo th  equa l  =. Performing t h i s  s u b s t i t u t i o n  and 

r e p l a c i n g  a by i t s  v a l u e  i n  terms of f3 and y (g iven  below 

E q .  5.13) y i e l d s  

or 

I 

c3 

15.241 

<v> = C + D < T >  . 

Thus it can be seen t h a t  

<v> = V(rn ,< -c>)  . 

C5.261 

15.271 
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To e v a l u a t e  E q .  5 . 4 ,  d e f i n e  

a + a <'I> 1 5 . 2 8 1  - - 
bi il i 2  

The v a l u e s  of t h e  bi f o r  t h i s  example are l i s t e d  i n  Table  

5-1. Thus 
4 

l 5 . 2 9 1  

and 

- -  acV> - o =  b + 2b3m + 3b4m 2 
a m  2 i 5 . 3 0 1  

F i n a l l y ,  t h e  op t ima l  v a l u e  f o r  m i n  t h e  absence of an ex- 

per iment ,  m*, can be determined t o  be 

m* = -b3 - d-3b2bq 
3b4 

L5.311 

= 1.239 I 

s i n c e  on ly  t h e  smaller r o o t  i s  of s i g n i f i c a n c e  i n  t h i s  ex- 

ample. S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  E q .  5 . 2 9  t h e n  y i e l d s  

t h e  expec ted  p r o j e c t  v a l u e  wi thou t  exper imenta t ion :  

<V(m*,-r)> = 3 . 5 2 1  ( d o l l a r s  x . [ 5 . 3 2 ]  

Next,  t h e  expec ted  n e t  p r e s e n t  v a l u e  of t h e  
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p r o j e c t  w i t h  exper imenta t ion  must  be e v a l u a t e d .  The o p t i -  

m a l  va lue  of m a f t e r  t h e  experiment  has  been performed i s  

found by d i f f e r e n t i a t i n g  V:  

2 
- -  a v - o =  a + 2a m + 3a4m am 2 3 I 

o r ,  s o l v i n g ,  
I 

15.331 

2 -a - d  a3 - 3a2a4  
I 15.343 3 m' = 

3a4 

where it i s  aga in  t h e  s m a l l e r  root which i s  of i n t e r e s t .  

T h i s  expres s ion  i s  awkward f o r  t h e  man ipu la t ions  t o  fo l low.  

S ince  m' i s  a f u n c t i o n  of T through t h e  c o e f f i c i e n t s  

a t h e  equa t ion  above may t h e r e f o r e  be r e p l a c e d  by t h e  

l i n e a r  r e l a t i o n  

a c t u a l  

i f  

15.351 

w h i c h  g ives  f i g u r e s  w i t h i n  2 .5% of t hose  derived f r o m  Eq- 

5.34  throughout  t h e  r e l e v a n t  domain. 

and d12 f o r  t h i s  example are g iven  i n  Table  5-1.1 

[The v a l u e s  of dll 

Then 

4 
+ a T I  (dll  + d12 i-1 I 15.361 

i 2  v1 = 1 (ail  

i= 1 
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o r ,  r ea r r ang ing ,  

5 
V '  =I C . T  1 i-1 I 

i= 1 
1 5 . 3 7 1  

w h e r e  

c1 - - (all + a 211 d 11 + 2 + a 4 1 d l l  3 

= 
( a 1 2  i- a2:Ld12 + a 2 2 d l l  + 2a31 d d  11 1 2  2 

2 2 + 2a3 
+ 3 a 4 1  d d  11 1 2  c = (a22d12 + a  3 1 d 1 2  2 11 1 2  3 

2 3 d d  2 1 
( a 3 2 d 1 2  + a 4 1 d 1 2  + 3 a 4 2  11 1 2  

c =  4 

V a l u e s  f o r  t h e  ci are  given i n  T a b l e  5-1. 

va lue  of V '  i s  

T h e  expected 



I 

3 

a 

P 

1 3 5  . 

Following t h e  same procedure a s  w a s  used above, change v a r i -  

a b l e s  such t h a t  x=Rn T ,  s e p a r a t e  terms, complete t h e  squa res  

i n  t h e  exponents ,  and e x t r a c t  t h e  c o n s t a n t s  f r o m  t h e  i n t e -  

g r a l s .  Next,  change v a r i a b l e s  once a g a i n  such t h a t  

r = J2y (x  - -1 B + 1  
2r 

s = & ( x - - )  B+2 
2Y 

and analogous e x p r e s s i o n s  a r e  used f o r  t h e  remaining i n t e -  

g r a l s .  Each i n t e g r a l  now equals $... F i n a l l y ,  s u b s t i t u t -  

i n g  f o r  a y i e l d s  

8+2 1 + c exp[-] < V I >  = c + c2 exp[- 2 B+3 
4Y 3 Y 1 

15.391 

Eva lua t ion  of t h i s  expres s ion  r e v e a l s  t h a t  for t h i s  example, 

< V I >  = 3 .561  ( d o l l a r s  x 15.401 

One can now compute t h e  expec ted  v a l u e  of p e r f e c t  

i n fo rma t ion  us ing  Eqs. 5 .32  and 5.40. 

e q u a t i o n s  i n t o  Eq. 5.10,  

S u b s t i t u t i n g  t h e s e  

EVPI = $ 3 . 5 6 1  x l o 6  - $3 .521  x 1 0  6 

= $ 4 0 , 7 0 0 .  15.411 
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CHAPTER 6 - TWO APPLICATIONS OF THE METHODOLOGY 

Two direct-use geothermal applications are analyzed 

in the following pages with the aid of the computer model 

described in previous chapters. The actual computer input 

and output statements are reproduced with explanatory com- 

ments in Appendix D. 

A. Retrofit of a Pulp and Paper Mill - Example 1 - 
As a part of this research, several industrial firms 

provided data from their plants for analysis using the com- 

puter program. The data included energy costs, projected 

inflation rates, taxes, and other economic figures as well 

as steam flow drawings and technical data relating to present 

facilities. 

The following analysis employs data furnished by a 

firm engaged in pulp and paper manufacturing. Pursuant to 

an agreement concerning confidentiality of data, firm-spe- 

cific and location-specific information has been omitted 

from the following discussion. 

1. General approach 

For this analysis, the manual matching mode of the 

program is used. As was discussed in Chapter 1, the geo- 

thermal fluid must be cooled to as low a temperature as 

possible in order to maximize the quantity of heat extracted 



13 8 

p e r  d o l l a r  o f  f l u i d .  The a n a l y s i s  t h u s  begins  by i d e n t i f y -  

i n g  t h e  c o l d e s t  t empera ture  i n d i c a t e d  on t h e  f a c i l i t y  steam 

f low diagram: t h e  f l u i d  a t  15.6"C e n t e r i n g  t h e  b o i l e r  deae r -  

a to r s  from t h e  deminera l ized  water s t o r a g e  t a n k s .  S ince  

d e a e r a t o r s  o p e r a t e  a t  s a t u r a t i o n  tempera tures ,  t h i s  f l u i d  

must be hea ted  a s u b s t a n t i a l  amount by h o t  steam. C l e a r l y ,  

r e p l a c i n g  some of  t h e  steam h e a t  w i th  geothermal h e a t  would 

reduce t h e  demand fo r  steam and thus for f o s s i l  fuel. 

The system c o n f i g u r a t i o n  shown i n  F ig .  6 - 1  i s  

t h e r e f o r e  proposed.  I n  t h e  p a r t i c u l a r  d e a e r a t o r  examined, 

condensa te  r e t u r n e d  from t h e  p r o c e s s e s  i s  n o t  employed; to -  

g e t h e r ,  make-up water and t h e  steam used t o  h e a t  it p rov ide  

t h e  e n t i r e  f l o w  r a t e  r e q u i r e d  by t h e  s i n g l e  b o i l e r  se rved  

by t h e  d e a e r a t o r .  

2 .  Assumptions 

Table  6-1  l i s t s  t h e  impor tan t  assumptions made i n  

t h e  a n a l y s i s .  Several p o i n t s  are of s p e c i a l  i n t e r e s t  and 

t h u s  are d i s c u s s e d  more e x t e n s i v e l y  below. 

The manner i n  which t h e  new o p e r a t i n g  c o n d i t i o n s  

of t h e  d e a e r a t o r  a f f e c t  i t s  performance i s  u n c e r t a i n  (see 

assumption 1.e) and w a r r a n t s  f u r t h e r  a n a l y s i s  by q u a l i f i e d  

p l a n t  pe r sonne l .  

S ince  t h e  purpose o f  u t i l i z i n g  geothermal  energy 

i s  t o  reduce  f o s s i l  f u e l  consumption, t h e  d e c r e a s e  i n  b o i l e r  
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1. ASSUMPTIONS RELATING TO THE PROPOSED AND EXISTING SYSTEMS: 

a. 
b. 
C. 

d. 

e. 

f. 

9- 

h. 

i. 

1 
Steady state flow. 
No steam losses through vent condenser of deaerator. 
Gases expelled through vent condenser carry negligible 
sensible heat. 
Exit fluid from the deaerator is at saturation con- 
ditions. 
Deaerator and pumps, etc., will function properly at 
the reduced steam rate and increased feedwater rate 
assumed. 
The cost of changes in the demineralized water stor- 
age system, if any, is neglected. 

The reduction in steam requirements is assigned to 
the fossil fuel boilers, not to the recovery or hog 
f u e l  boilers. 
No reduction in electricity generation - any reduc- 
tion in total plant steaming rate is absorbed by 
decreased flow through pressure release valves. 
New heat exchanger characteristics: 
-- two shell and tube units, each with half the total 

flow rate. 
-- heat exchanger effectiveness = 85% (maximum heat 

transfer from geothermal fluid consistent with 
normal design practice). 

2. ASSUMPTIONS RELATING TO GEOTHERMAL RESOURCE DEVELOPMENT: 

a. Two production wells each = 10 kg/hr, 5 

saturated at a 
temperature 
left as a para- 
meter. 

b. Two reinjection wells. 
c. Cost of field development: ( 1 9 7 8  dollars) -- exploration = $ 500,000 

-- cost per well = $1,800,000 
-- fluid transmission system = $4,500,000 
-- annual.maintenance = $ 250,000 
-- intangible drilling cost 
-- depletable account fraction 

-- land acquisition = $ 200,000 

fraction of well cost = 60% 

of tangible well costs = 8 0 %  

TABLE 6-1 - ASSUMPTIONS MADE IN THE ANALYSIS OF EXAMPLE 1 - 
(continued . . .I 
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d. Royalties as percent of fluid value. Fluid value 
based on gross income from geothermal property as 
used to compute depletion allowance = 12% 

e. Temperature l o s s  in transmission = 20°C 
f. Total dissolved solids content = 1,000 ppm. 
g. Negligible scaling and corrosion. 

3 .  ASSUMPTIONS RELATING TO TAX TREATMENT: 

a. 
b. 

C. 

d. 
e. 
f. 
g- 

h. 

Depreciation lifetime = 13 years. 
Depreciation method = sum of years' 

Salvage value for depreciation = 2% of depreci- 
digits. 

able invest- 
ment. 

Investment tax credit = 20% 
Depletion allowance per Energy Tax Act of 1978. 
Intangible drilling costs expensed. 
Property tax rate = 2.2C/dollar 

investment. 
Overall marginal income tax rate 
(federal, state, local) = 48%. 

4. ASSUMPTIONS RELATING TO ECONOMIC ANALYSIS, FINANCING, AND 
ADDITIONAL EXPENSES: 

a. 
b. 

C. 

d. 
e. 
f. 

g. 
h. 

i. 

All costs and prices are in 1978 dollars. 
Discount rate for net present value 
calculations = 20% 
Fipancing method is ignored (i.e. no interest charges 
on debt). 
Project starting date = 1982 
Project construction time = 3 years. 
Investment profile - 10% in first year, 40% in second, 
and 50% in third. 
Operating lifetime = 15 years. 
Fossil fuel cost in 1979 dollars = $2-84/GJ6 

= $3.00/10 Btu. 
Inflation factors: general fossil fuel 

after 1986: 7.0% 8.0% 
through 1986: 7.5% 11.2% 

TABLE 6-1 - ASSUMPTIONS MADE IN TEE ANALYSIS OF EXmPLE 1 - - -c --- 
(continued . . .I 
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j. Insurance premium rate 

k. Annual maintenance expenses 

1. Annual capacity factor 

= 0.12C/dollar 
investment. 

= 2,0+/dollar 
investment. 

= 75%.  

1 

TABLE 6-1 - ASSUMPTIONS PIADE IN THE ANALYSIS OF EXAMPLE 1 
7 ,  - - -_ 

(concluded) 
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steaming rate attributable to use of geothermal fluid must 

be assigned to the fossil fuel boilers only. For simplicity, 

the exit flow rate of the boiler associated with the deaer- 

ator being analyzed is assumed to remain constant, the de- 

crease in overall steaming rate is assigned to other boilers 

which are served by a low pressure deaerator. As a result of 

this decrease, the low pressure deaerator water flow rate 

must also decrease, necessitating even less steam for deaer- 

ator operation. The iterative calculations required to bal- 

ance the system could be performed somewhat more easily with 

energy models developed by industry than with the present 

methodology. For the purposes of this analysis, however, 

the iteration requirement will be ignored. This omission 

biases the eventual results toward conservatism, since less 

fossil fuel will be needed than previously calculated. 

1 

Until recently, many industrial cogenerators have 

been unable to sell excess electricity because of legal 

restrictions. As a result, large quantities of high pressure 

steam are simply expanded through pressure release valves, 

bypassing the turbogenerators. A sufficient flow rate of 

such bypass flow is assumed to be present to absorb the re- 

duction in low pressure steam production discussed above. 

Electrical energy generation then remains constant. 
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The geothermal  f l u i d  tempera ture  cannot  be es t i -  

mated d i r e c t l y  a t  t h i s  time because of i n s u f f i c i e n t  inform- 

a t i o n  about  t h e  geothermal  r e s o u r c e .  I n s t e a d ,  each w e l l  i s  

assumed t o  produce a f l u i d  f low r a t e  t y p i c a l  of s u c c e s s f u l  

w e l l s ,  w i th  tempera ture  l e f t  as a parameter .  A high  c o s t  

p e r  w e l l  i s  l i s t e d  i n  Table  6-1  t o  r e f l e c t  t h e  d i f f i c u l t  

d r i l l i n g  c o n d i t i o n s  l i k e l y  t o  e x i s t  i n  t h e  igneous fo rma t ions  

of t h e  t a rge t  area.  

The cost  of deve loping  t h e  geothermal  f i e l d  a l so  

depends upon t h e  l e n g t h  of t h e  r e q u i r e d  p i p e l i n e  from t h e  

f i e l d  t o  t h e  p l a n t .  The cost  w i l l  v a r y  g r e a t l y  accord ing  t o  

t h e  s p e c i f i c  t e r r a i n  encountered .  More c a r e f u l  des ign  would 

be necessa ry  t o  reduce  t h e  u n c e r t a i n t y  sur rounding  t h e  $ 4 . 5  

m i l l i o n  ( i n s t a l l e d )  f i g u r e  assumed. 

I n  conformi ty  w i t h  p r o v i s i o n s  of t h e  Energy Tax 

A c t  of 1 9 7 8 ,  i n t a n g i b l e  d r i l l i n g  costs  a r e  expensed f o r  t ax  

purposes ,  and a t a x  deduc t ion  i s  taken  f o r  d e p l e t i o n  of t h e  

r e s o u r c e .  

F i n a l l y ,  n o t e  t h a t  t h e  p r e s e n t  a n a l y s i s  does n o t  

c o n s i d e r  t h e  f i n a n c i n g  method ( d e b t / e q u i t y  r a t i o )  used fo r  

t h e  p a r t i c u l a r  p r o j e c t .  The omission of i n t e r e s t  expenses 

i s  suppor ted  by a l a r g e  p r o p o r t i o n  of t h e  r e c e n t  l i t e r a t u r e  

concerning t h e  t h e o r y  of c a p i t a l  e x p e n d i t u r e s .  
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3 .  R e s u l t s  

The thermodynamic p r o p e r t i e s  of a l l  f l u i d  streams 

i n  t h e  p r e s e n t  and t h e  proposed systems are shown i n  Table  

6-2. 

The most s t r i k i n g  f e a t u r e  of t h e  proposed system 

i s  t h e  s u b s t a n t i a l  r e d u c t i o n  i n  steam usage (stream no. 6 ) ;  

35,650 kg/hr ( 7 8 , 6 0 0  lbm/hr ) .  The geothermal  system ev iden t -  

l y  s aves  a t  l e a s t  t h i s  much steam. Approximately 8 , 0 0 0  kg/hr 

of a d d i t i o n a l  steam s a v i n g s ,  which r e s u l t  from ba lanc ing  t h e  

f low a s  p r e v i o u s l y  mentioned between t h e  f o s s i l  f u e l  b o i l e r s  

and t h e  low p r e s s u r e  d e a e r a t o r ,  a r e  n o t  i nc luded  i n  t h e  a n a l -  

y s i s .  Foss i l  f u e l  s av ings  t h u s  a r e  u n d e r s t a t e d  by roughly 

18%.  Neglec t ing  t h i s ,  approximately 2 5  MW(th) o r  86  m i l l i o n  

Btu/hr of f o s s i l  f u e l  s av ings  a r e  r e a l i z e d .  

F i g u r e  6-2 d i s p l a y s  t h e  r e l a t i o n s h i p s  among f o s s i l  

f u e l  c o s t s ,  geothermal  f l u i d  t empera tu re  a t  t h e  p l a n t  en-  

t r a n c e ,  and r a t e  of r e t u r n  on inves tmen t .  I t  must  be noted  

t h a t  t h e  i n t e r n a l  r a t e  of r e t u r n  ( " I R R " )  r e f e r s  t o  t h e  en- 

t i r e  c a s h  investment  and n o t  mere ly  t o  s h a r e h o l d e r s '  e q u i t y .  

F igu re  6-3 i l l u s t r a t e s  t h e  r e t u r n  on investment  

a t t a i n a b l e  by t h e  f i r m  i f  it develops  t h e  geothermal  re- 

source  wi thou t  r e s o r t  t o  purchases  of f l u i d  from a f i e l d  

deve loper .  Using t h e  f i e l d  development cos ts  l i s t e d  i n  



T o t a l  
Dissolved Mass 

Stream no. S o l i d s  P r e s s u r e  T e m p e r a t u r e  E n t h a l p y  E n t r o p  Flow R a t e  
(PPm) (MPa) (degrees C) '(Jlg) (kg/hr) 

----- PROPOSED GEOTHERMAL SYSTEM --r-- 

1 1 0 0 0  0 . 7 0 0  
2 1 0 0 0  0 .700  
3 0 0 . 1 0 1  
4 0 1 . 1 3 6  
5 0 1 . 1 3 6  

' 6  0 1 . 1 3 6  
7 0 1 . 1 3 6  

----- PRESENT CONVENTIONAL SYSTEM 

1 6 5 . 0  
4 5 . 4  
1 5 . 6  
1 5 . 9  

1 4 3 . 1  
2 2 6 . 7  
1 8 5 . 5  

6 9 6 . 7  1 . 9 9 0 1  2 0 0 , 0 0 0  
1 9 4 . 8  0 . 6 5 3 8  2 0 0 , 0 0 0  

6 5 . 7  0 . 2 3 5 3  1 8 7 , 6 1 0  
6 8 . 1  0 . 2 3 9 9  1 8 7 , 6 1 0  

6 0 3 . 2  1 . 7 7 3 5  1 8 7 , 6 1 0  
2 8 8 4 . 0  6 . 7 5 3 9  1 6 , 5 0 7  

7 8 7 . 6  2 . 1 9 3 2  2 0 4 , 1 1 7  
0-l 

3 0 0 . 1 0 1  1 5 . 6  6 5 . 7  0 . 2 3 5 3  1 5 1 , 9 5 8  
0 . 2 3 9 9  1 5 1 , 9 5 8  5 = 4  0 1 . 1 3 6  

1 . 1 3 6  2 2 6 . 7  2 8 8 4 . 0  6 . 7 5 3 9  5 2 , 1 5 8  6 0 
7 0 1 . 1 3 6  185.5 7 8 7 . 6  2 . 1 9 3 2  2 0 4 , 1 1 7  

1 5 . 9  6 8 . 1  

N o t e :  1 p s i  = 0 . 0 0 6 8 9 4 7 6  MPa 
1 B t u / l b m  = 2 . 3 2 6  J/g 
1 B t u / l b m - O F  = 4 . 1 8 6 8  J/g-K 
1 l b m  = 0 . 4 5 3 5 9 2 3 7  kg 

TABLE 6-2 - PROPERTIES OF FLUIDS AT STATE POINTS LISTED I N  FIGURE 6 - 1  - - - 
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3 . 5  4.0 4.5  5.0 5.5 6.0 3 .O 

F o s s i l  Fuel Cost  i n  1980 ($/GJ) 

F I G U R E  6-2 - INTERNAL RATE OF RETURN AS A FUNCTION O F  F O S S I L  

F U E L  COST AND GEOTHERMAL F L U I D  TEMPERATURE - EXAMPLE I. 
- -- -- 

--- 
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Table  6-1 ,  t h e  b e s t  es t imate  of t o t a l  p r o j e c t  c o s t s  i s  

approximate ly  $ 1 2 . 7  m i l l i o n .  The cor responding  I R R  i s  1 6 . 6 % .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  an I R R  of 2 0 %  would be p o s s i -  

b l e  i f  o n l y  $10 .5  m i l l i o n  w e r e  s p e n t ,  t h e  d e f i c i t  being 

covered by $ 2 . 2  m i l l i o n  i n  governmental  a i d .  

Given t h e  p r e s e n t  u n c e r t a i n t y  i n  geothermal  rer 

source  tempera ture  and f o s s i l  f u e l  c o s t ,  t h e  s e n s i t i v i t y  o f  

t h e  I R R  t o  v a r i a t i o n s  i n  t h e s e  f a c t o r s  i s  h i g h l y  s i g n i f i c a n t .  

F i g u r e  6-4 shows t h e  minimum f l u i d  t empera tu re  needed t o  

y i e l d  i n t e r n a l  r a t e s  of r e t u r n  of 1 5 %  and 2 0 %  f o r  a range  

of f o s s i l  f u e l  c o s t s .  F i g u r e  6-5 g i v e s  a n o t h e r  view of 

t h e s e  r e l a t i o n s h i p s .  

4 .  Conclusions 

The proposed geothermal  p r e h e a t e r  f o r  t h e  b o i l e r  

d e a e r a t o r  under examinat ion should be cons ide red  c a r e f u l l y  

as  more in fo rma t ion  about  t h e  p o t e n t i a l  of l o c a l  geothermal  

resources surfaces.  Governmental c o s t - s h a r i n g  might  r a i s e  

p r o s p e c t i v e  ra tes  of r e t u r n  s u b s t a n t i a l l y  wh i l e  reducing  

t h e  r i s k  t o  t h e  f i r m .  

B.  R e t r o f i t  of a Food-Processing P l a n t  - Example 2 

I n  November 1 9 7 7 ,  a s u b s i d i a r y  of H . J .  Heinz 

Company, Ore-Ida Foods, submi t ted  a p roposa l  f o r  f e d e r a l  

c o s t - s h a r i n g  i n  a geothermal  r e t r o f i t  of t h e i r  p o t a t o -  
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processing facility in Ontario, Idaho. The data contained 

in the proposal (which was subsequently approved) are suffi- 

cient for the application of the present computer methodol- 

ogy 

An analysis of the Ore-Ida facility using the 

methodology developed here serves two purposes. First, 

such an analysis provides a check upon the validity of the 

methodology: if the computer results were to differ signi- 

cantly from those determined manually by the authors of the 

proposal, some doubt would be cast upon the methodology. 

Second, agreement between the results of the computer 

analysis and those of the proposal indicates that the 

computer methodology could be of value in the evaluation of 

future cost-sharing proposals submitted to the government. 

1. General approach and assumptions 

For this analysis, the automatic matching mode of 

the program is used. The characteristics of the seven pro- 

cesses indicated on the process flow sheet in the proposal 

are entered as input to the program along with values for 

economic variables and geothermal resource parameters. As 

far as is possible, the data used in the present analysis 

(listed in part in Table 6-3) correspond to that used by 
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Ore-Ida i n  t h e  p r e p a r a t i o n  of i t s  p roposa l .  F u r t h e r  com- 

ments r e l a t i n g  t o  t h e  i n p u t  data employed are g iven  i n  

Appendix D .  

2 .  R e s u l t s  

F igu re  6-6 i l l u s t r a t e s  t h e  f l u i d  f low connec t ions  

Several a r r i v e d  a t  by t h e  au tomat ic  computer methodology. 

f e a t u r e s  of t h i s  system should be noted .  F i r s t ,  t h e  geo- 

thermal  f l u i d  i s  reduced i n  tempera ture  t o  a n  average  of 

53OC, approximately t h e  same f i g u r e  a s  g iven  i n  t h e  p roposa l .  

Second, t h e  system designed by t h e  computer u t i l i z e s  seven 

h e a t  exchangers  wh i l e  t h e  system shown i n  t h e  p roposa l  e m -  

p l o y s  e l even .  However, t h e  computer r e q u i r e d  u s e  of a 

s m a l l  f o s s i l  f u e l  h e a t e r  which w a s  unnecessary  i n  t h e  pro-  

p o s a l .  T h i r d ,  t h e  computer succeeded i n  cascad ing  geo the r -  

mal f l u i d  through a series of h e a t  exchangers:  one geo the r -  

m a l  stream p a s s e s  through t h r e e  h e a t  exchangers and one unit 

process  before r e i n j e c t i o n .  

The economic r e s u l t s  c a l c u l a t e d  by t h e  computer 

c l o s e d l y  p a r a l l e l  t h e  f i g u r e s  g iven  i n  Ore- Ida ' s  p roposa l .  

(See Table  6-4. )  The computer program overestimates t h e  

c o s t  of r e t r o f i t t i n g  t h e  p l a n t  ( p r i m a r i l y  due t o  t h e  cost  

of t h e  e x t r a  fossil b u r n e r )  by 12%, w e l l  w i t h i n  t h e  margin 

of error of 25% d i scussed  i n  Chapter  4. I t  should be noted  
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4 1. ASSUMPTIONS RELATING TO THE PROPOSED AND EXISTING SYSTEMS: 

a. Steady state flow 
b. Processes in the proposed system must operate at the 

same flow rate and temperature as listed in the Ore- 
Ida proposal 

-- shell and tube units -- heat exchanger effectiveness = 85% 

c. New heat exchanger characteristics: 

2. ASSUMPTIONS RELATING TO GEOTHERMAL RESOURE DEVELOPMENT: 
-1 a. Two production wells- total = 162 ,500  kg hr , 

b. One r e i n j e c t i o n  well 
c. Cost of field development: (1978 dollars) 

15OOC 

-- land acquisition = $  0 
-- cost per well = $782,000 
-- fluid transmission system = $443,000 
-- other costs (exploration, 

project management, etc.) = $731,500 -- annual field maintenance = $ 81,000 
cost 

d. Royalties = 0 %  
e. Temperature l o s s  in trans- = approx. O°C 

f. Total dissolved solids content = 1,000 ppm 
mission 

3. ASSUMPTIONS REJATING TO TAX TREATMENT: 

a. 
b. 

C. 
d. 
e. 
f. 
9. 

h. 

Depreciation lifetime = 15 years 
Depreciation method = sum of years' 

Salvage value for depreciation = 0% 
Investment tax credit = 10% 
Depletion allowance not allowed 
Intangible drilling cost deduction not allowed 
Property tax rate = 2.6C/dollar 

Overall marginal income tax = 48% 
rate 

digits 

investment 

TABLE 6-3  - ASSUMPTIONS MADE IN THE ANALYSIS OF EXWPLE 2 --- - 
(continued . . * )  
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4 .  ASSUMPTIONS RELATING TO ECONOMIC ANALYSIS, F I N A N C I N G ,  
AND ADDITIONAL EXPENSES: 

a .  
b.  

C .  

d .  
e. 
f .  

g .  
h.  

i. 

k. 

3 

3 

1. 

A l l  costs and p r i c e s  i n  1978 d o l l a r s  
Discount ra te  f o r  n e t  p r e s e n t  v a l u e  c a l c u l a t i o n s  

= 1 0 %  
Financing  method ignored  ( i . e .  no i n t e r e s t  charged 
on d e b t )  
P r o j e c t  s t a r t i n g  d a t e  = 1978 
P r o j e c t  c o n s t r u c t i o n  time = 2 y e a r s  
Investment  p r o f i l e  - 18.1% i n  t h e  f i r s t  y e a r ,  81.9% 
i n  second 
Opera t ing  l i f e t i m e  = 1 5  y e a r s  
Foss i l  f u e l  cost  i n  1978 
d o l l a r s  = $2.37/10 B t u  

= $2.25/GJ6 
- ~~ I -  

I n f l a t i o n  factors  : g e n e r a l  f o s s i l  f u e l  e l e c t r i c i t y  
through 1986: 6 , O %  10.74% 7 . 2 7 %  
a f t e r  1986: 6.0% 7.59% 7 . 2 7 %  

Insurance  premium r a t e  = O.l lC/dol la r  

Annual maintenance expenses  = 5.OC/dollar 

Annual c a p a c i t y  fac tor  = 6 0 %  

inves tment  

inves tment  

TABLE 6-3 - ASSUMPTIONS MADE I N  THE ANALYSIS O F  EXAMPLE: 2 
_ c .  --- 

(concluded)  
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Ge othe mal 

Process 1 

(51,100/93) 

(133,900/66) 
1 

Process 4 

A 

Stream parameter code: 
(flow rate, kq hr-l/tenperature, " C )  

F I G U R E  6.6 - FLOW CONFIGURATION F O R  EXAMPLE 2 (continued . . . ) 
- -- -- 
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P r o c e s s  3 

( 9 9 , 8 0 0 / 6 6 )  I I 

P r o c e s s  6 

T o  r e i n j e c -  
t i o n  w e l l  

P r o c e s s  7 

* 1 
( 1 1 , 9 0 0 / 3 3 )  

S t r e a m  parameter code: 
( f l o w  r a t e ,  kcj h r - l / t empera ture ,  " C )  
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Computer Ore-Ida 
Ana lys i s  P roposa l  

Investment  i n  geothermal  f i e l d  $ 3 . 5 2 0  E 6  $3 .521  E 6  

Tota l  investment  i n  geothermal  
system 4 . 6 0 6  E 6  4 . 4 9 0  E6 

N e t  p r e s e n t  v a l u e  of geothermal  
system cash  f lows  ( a t  1 0 % )  4 . 4 9 9  E 6  --- 

N e t  p r e s e n t  v a l u e  of system 
sav ings  ( a t  1 0 % )  3.170 E 6  2 . 7 4 2  E 6  

4 

1 9 . 7 2 %  19.61% I n t e r n a l  r a t e  of r e t u r n  

NOTES : 

1. A l l  costs are  i n  c o n s t a n t  1 9 7 8  d o l l a r s .  

2 .  The f i g u r e  f o r  inves tment  i n  t h e  geothermal  f i e l d  
g iven  i n  t h e  p roposa l  w a s  used a s  i n p u t  t o  t h e  com- 
p u t e r  a n a l y s i s  s i n c e  t h e  l a t t e r  does n o t  estimate 
f i e l d  development c o s t s .  

3 .  C o s t s  do n o t  i n c l u d e  sums f o r  r e p o r t i n g  o r  o p e r a t i o n  
of t h e  system. 

TABLE 6-4 - ECONOMIC RESULTS FOR EXAMPLE 2 -- 
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t h a t  t h e  program u t i l i z e s  fewer h e a t  exkhangers  y e t  e s t i -  

mates  a somewhat h ighe r  c o s t .  However, s i n c e  t h e  r e t r o f i t  

c o s t s  amount t o  23.6% of t h e  t o t a l  cost  of t h e  geothermal  

system, t h e  program o v e r e s t i m a t e s  system c o s t  by o n l y  2 . 6 % .  

The m o s t  impor t an t  f i g u r e  f o r  manager ia l  decis ion-makers ,  

t h e  i n t e r n a l  r a t e  of r e t u r n  on t h e  inves tment ,  w a s  over- 

e s t i m a t e d  by on ly  0 . 6 %  (computer = 19.7%; Ore-Ida p roposa l  = 

1 9 . 6 % ) .  The economic a n a l y s i s  performed by t h e  computer 

was comparable t o  t h a t  of t h e  p roposa l  i n  eve ry  r e s p e c t  

save  one: t h e  former used t h e  sum-of-years ' -d ig i t s  method 

of c a l c u l a t i n g  d e p r e c i a t i o n ,  wh i l e  t h e  l a t t e r  employed t h e  

double-dec l in ing  ba lance  method. T h i s  d ive rgence  has  l i t t l e  

e f f e c t  upon t h e  r e s u l t s .  

3 .  Conclusions 

The c l o s e  agreement between t h e  economic and t ech -  

n i c a l  r e s u l t s  found by t h e  p r e s e n t  methodology and t h o s e  

con ta ined  i n  Ore- Ida ' s  p roposa l  i n d i c a t e s  t h a t  t h e  computer 

program ach ieves ,  a t  l eas t  i n  t h i s  c a s e ,  i t s  g o a l  of q u i c k l y  

and a c c u r a t e l y  ana lyz ing  t h e  p o t e n t i a l  f o r  geothermal  energy 

i n  i n d u s t r i a l  p r o c e s s  h e a t  a p p l i c a t i o n s .  

a l s o  p o i n t s  t o  t h e  p o s s i b i l i t y  of u s i n g  t h e  methodology as  

an e v a l u a t i v e  t o o l  i n  t h e  assessment  of new cos t - sha r ing  

p roposa l s  submi t ted  t o  governmental  agenc ie s .  

Such agreement 

I 
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CHAPTER 7 - CONCLUSION 

3 

P 

3 

The computer program d e s c r i b e d  i n  t h e  p r e ’ i o u s  chap- 

ters i s  in tended  t o  provide  a qu ick  and a c c u r a t e  a n a l y s i s  

of t h e  u s e  of geothermal  energy i n  i n d u s t r i a l  p rocess  h e a t  

a p p l i c a t i o n s .  I t  can be ope ra t ed  e i t h e r  a s  a des ign  ana ly-  

s is  t o o l  t o  match energy  s u p p l i e s  and demands, o r  as  an 

economic a n a l y s i s  t o o l  i f  a p a r t i c u l a r  f a c i l i t y  des ign  has  

a l r e a d y  been selected. 

Two examples employing t h e  computer m o d e l  are p re -  

s en ted  i n  Chapter  6 .  I n  t h e  f i r s t ,  t h e  program i s  used t o  

ana lyze  t h e  economics of a proposed geothermal  a p p l i c a t i o n .  

The i n t e r a c t i v e  f e a t u r e  of t h e  model i s  used t o  perform 

a s e n s i t i v i t y  a n a l y s i s  t h a t  o u t l i n e s  t h e  economic c o n d i t i o n s  

under which t h e  a p p l i c a t i o n  i s  p r o f i t a b l e .  I n  t h e  second 

example, t h e  program i s  employed as  a d e s i g n  t o o l  t o  au to -  

m a t i c a l l y  match p r o c e s s  energy needs wi th  geothermal  energy 

s u p p l i e s .  Data are t a k e n  from a p roposa l  f o r  f e d e r a l  f i n a n -  

c i a l  a i d  i n  c o n s t r u c t i n g  a geothermal  f a c i l i t y .  

n i c a l  and economic r e s u l t s  y i e l d e d  by t h e  program c l o s e l y  

p a r a l l e l  t h o s e  found by t h e  a u t h o r s  of t h e  p r o p o s a l  u s ing  

conven t iona l  des ign  t echn iques .  T h i s  correspondence a t t e s t s  

t o  t h e  v a l i d i t y  of t h e  computer model. 

The t ech -  

A s  t h e  p r i c e s  of conven t iona l  s o u r c e s  of energy con- 
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tinue to rise, geothermal resources will attract greater 

attention on the part of governmental policy-makers and in- 

dustrial managers. 

aid of analytical t oo l s  in evaluating the potential of geo- 

thermal energy. It is hoped that the present computer 

model will furnish such a tool. 

These decision-makers w i l l  require the 
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APPENDIX A - ECONOMIC O P T I M I Z A T I O N  O F  U N I T  

PROCESSES U S I N G  GEOTHERMAL F L U I D  
-- 

I. INTRODUCTION 

I n t e r e s t  i n  t h e  u t i l i z a t i o n  of geothermal  energy 

f o r  i n d u s t r i a l  p r o c e s s  h e a t  has  grown markedly i n  r e c e n t  

y e a r s .  Seve ra l  i n d u s t r i a l  p l a n t s  a l r e a d y  employ geothermal  

ene rgy ,  and t h e  government i s  sponsor ing  a wide v a r i e t y  of 

geothermal  demonst ra t ion  f a c i l i t i e s .  A s  conven t iona l  f o s s i l  

f u e l s  become i n c r e a s i n g l y  expens ive  and domest ic  geothermal  

resources b e t t e r  mapped, t h i s  t r e n d  w i l l  con t inue  t o  g a t h e r  

momentum. P l a n t  d e s i g n e r s  must now l e a r n  how t o  u t i l i z e  

geothermal  r e s o u r c e s  e f f i c i e n t l y .  

The fo l lowing  a n a l y s i s  must n o t  be cons ide red  a 

d e t a i l e d  p r e s c r i p t i o n  f o r  des ign .  

be made i n  o r d e r  t o  i l l u s t r a t e  t h e  s a l i e n t  c h a r a c t e r i s t i c s  

of geothermal  r e source  u t i l i z a t i o n .  C r u c i a l  among t h e s e  

i s  t h e  assumption t h a t  t h e  u n i t  p r o c e s s  ma.y be opt imized 

wi thou t  r e g a r d  t o  t h e  remainder  of t h e  p l a n t .  

a t i o n s  t h e  r e s u l t s  of r e g i o n a l  o p t i m i z a t i o n  d i f f e r  s i g n i f i -  

c a n t l y  from t h o s e  of global o p t i m i z a t i o n .  Another impor-  

t a n t  assumption i s  t h a t  geothermal  f l u i d  i s  used d i r e c t l y  

i n  t h e  p r o c e s s .  With some v a r i a t i o n s ,  i t  would be p o s s i b l e  

t o  ana lyze  t h e  more common s i t u a t i o n  of a secondary h e a t  

exchanger  i n  which energy i s  t r a n s f e r r e d  f r o m  t h e  geother -  

Many a s s m p t i o n s  w i l l  

I n  m o s t  s i t u -  

mal  f l u i d  t o  a c l e a n  l i q u i d .  

c a t i o n s ,  t h e  g e n e r a l  t e n o r ,  i f  n o t  t h e  d e t a i l s ,  of t h e  

I n  s p i t e  of  t h e s e  s i m p l i f i -  
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fo l lowing  r e s u l t s  should  a i d  i n  more r e a l i s t i c  a t t e m p t s  a t  

p rocess  des ign .  
(I 
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11. S I Z I N G  OF PROCESS EQUIPMENT 

Three t y p e s  of p rocess  equipment w i l l  be examined. 

The f i r s t  c o n s i s t s  of a h e a t  exchanger  i n  which bo th  t h e  

h o t  f l u i d  stream used i n  a conven t iona l  f o s s i l - f i r e d  p l a n t  

and t h e  s t r eam t o  be employed i n  a new geothermal  p l a n t  are 

s ing le -phase  strems. Thus, bo th  streams are l i q u i d  o r  

both a r e  supe rhea ted  vapor .  I n  t h e  second p r o c e s s  t y p e ,  

both streams a r e  i n  t h e  two-phase r eg ion  ( i . e . ,  a conden- 

s e r ) .  F i n a l l y ,  t h e  t h i r d  equipment type  c o n s i s t s  of an i n -  

j e c t i o n  p rocess  i n  which t h e  h o t  streams a r e  in t roduced  

i n t o  d i r e c t  c o n t a c t  w i th  t h e  p rocess  subs t ance .  

_** * It w i l l  prove u s e f u l  t o  d e r i v e  a t  t h i s  p o i n t  some 
b 

Q 

I 

@ 

e q u a t i o n s  r e l a t i n g  t o  t h e  f i r s t  two t y p e s  of p r o c e s s e s .  

For  t h e s e  h e a t  exchangers ,  t h e  t r u e  h e a t  t r a n s f e r  r e l a t i o n s  

may be approximated by 

Q = A U A t  I 

w h e r e  

Q = t o t a l  h e a t  t r a n s f e r  r a t e ,  kW 
2 

A = h e a t  t r a n s f e r  area, m 

U = o v e r a l l  h e a t  t r a n s f e r  conductance,  
-2 -1 kW m K 

-1 -1 -1 - ) , where h i n d i c a t e s  a - (hho t  + hprocess  

h e a t  t r a n s f e r  c o e f f i c i e n t  
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At = effective temperature difference across 

the heat exchanger, OC 

1 - 
- (%ot,inlet -k thot,exit 

- 
tprocess, average. 

Two assumptions implicit in this equation should be noted. 

First, the definition of U neglects the thermal resistance 

of the heat transfer surface itself as well as that of 

scale on the surface. Second, the above definition of At 

bas been adopted instead of the more usual definition, the 

product of the log-mean temperature difference and a factor 

used to correct for departures from pure counterflow con- 

ditions. The expression employed here results in equations 

whose physical significance is more readily interpreted, 

in addition to facilitating the mathematical manipulations 

to follow. As will be shown below, the errors introduced 

by this approximation are small. 

Since the Q necessary for a given process require- 

ment remains constant whether the new geothermal system or 

the old conventional system is considered, the ratio of 

heat transfer area in the new situation to that in the old 

can be found from E q .  1 to be 

Q 
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The ratio of conductances may be expanded from the defini- 

tion of U as 

, I A . 3 1  
hhot,old h hot, new + h  (2) = (hhot,new)(hhot,old + hprocess 

where it has been assumed that the process side heat trans- 

fer coefficient is independent of the hot side fluid (i.e. 

= h  that hprocess ,old process, new) 

Process Type 1 - Single-phase Heat Transfer 

For single-phase fluid streams one can use the 

McAdams turbulent flow correlation to estimate the magni- 

tude of the hot-side heat transfer coefficient: 1 
3 

= (constant)lihot 0.8 
hhot 

Substitution of this relation into Eq. A.3 and of the re- 

p sult into Eq. A.2 yields 
- 

where 

hot ,new/'hot ,old 1 - I =  li 

r =  /h hhot,old process 

This formulation implicitly assumes that the characteris- 

tic flow diameter of the new heat exchanger (used to find the 



168 

Reynolds number) is identical to that of the old. More- 

over, it assumes that fluid properties (Pr,v,k) are un- 

affected by the substitution of geothermal fluid for con- 

ventional water or steam. 

also depends upon the mass Atnew Unfortunately, 

flow rate of the hot stream, since a larger flow rate re- 

sults in a smaller stream temperature drop. This compli- 

cation may be included in Eq. A.5 by noting that for a hot- 

side stream of constant specific heat 
K 

= Kt -3 , 
Atnew P 

where 

- - 
Kt - that, inlet ,new tprocess, average 

A K =  \c 

9 2fihot,old cp 

Thus Eq. A.5 becomes 

(I 

[A.  61 

Equation A.7 expresses for this process type the 

relationship between heat transfer area of the geothermal 

system and heat transfer area of the conventional system 

as a function of several variables. Of these variables, 

K 

I 

63 Atold, and I? are independent of the characteristics of 
q' 
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the new geothermal system. The ratio of surface areas thus 

is a function solely of the new hot-side mass flow rate, 

represented within 11, and of the hot-side inlet temperature, 

which appears in K t' 

Process Type 2 - Condensation Heat Transfer 
Condensation heat transfer coefficients do not 

depend on mass flow rates, and thus hhot in Eq. A.3 will 

vary only as some function of At. The overall heat trans- 

however, but by fer conductance is controlled not by h 

the much smaller hproces . 
stant when geothermal fluid is substituted for the conven- 

tional hot-side fluid, the ratio of conductances in Eq. 

A.3 reduces to approximately unity. 

hot 
Since the latter remains con- 

s 

However, the presence of non-condensable gases 

in the geothermal stream can adversely affect the heat 

transfer coefficient. 

form for the reduction in Q due to this effect, data which 

Sparrow presents data in graphical 

has been correlated as follows: 2 

where 

Qactual = f(rl) ' Qwithout gases 
0.7933 

I f(n) = 1 - 2.0112611 

f = correction factor for Q due to the 
presence of non-condensable gases, 
a function of 7 
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q = weight fraction of non-condensable 
gases in the stream. 

With this addition, Equations A.l and A.2 become respec- 

tively 

Q = f(7) A U At [A. 101 

[A. 111 

c 
since in the conventional system q equals zero by assump- 

tion and thus f(q) equals unity. Noting that for conden- 

equals t hot, exit ’ and recalling sing streams t 

.-ram above that the ratio of heat transfer conductances 
hot, inlet 

(in the absence of non-condensables) is approximately one, 

- t  
- t  

process 
that ,new process 

$ =  - (i)) (that ,old ( IA.121 

For this type of process equipment, the ratio of 

heat transfer areas depends on the parameters whose values 

are determined by the characteristics of the conventional 

t 1 ,  and on only two new variables: system (thot,old’ process 
the new hot-side stream temperature and the non-condensable 

gas content of that stream. 

Process Type 3 - Direct Fluid Injection 
The dimensions of direct injection process equip- 

ment are controlled by several factors, the most important I 

of which is reaction kinetics. Unfortunately, a general 



b 

b 

b 

171 

method of predicting reaction kinetics as a function of 

fluid characteristics (temperature, pressure, etc.) remains 

outside the scope of this analysis. For present purposes 

it has been assumed that the size of the, equipment used is 

proportional to the process substance residence time in the 

reactor. Furthermore, it is assumed that the required resi- 

dence time is inversely proportional to the absolute temper- 

ature at which the process operates. Finally, it is assumed 

that the operation temperature of the process is character- 

ized by the average hot fluid temperature in the equipment, 

since the fluid is in intimate contact with the process 

substance. 

Upon these assumptions, the ratio of the size of 

the new equipment (suitably measured) to that of the old, 

4 ,  may be determined: 

4 = Ctprocess + + 273.15)  

(tprocess + %ew + 273.15) [ A .  131 

where the tPrOCeSS, At notation has been retained for the 

purposes of comparison with previous expressions. It is 

important to note that the details of the individual pro- 

cess being considered will impose restrictions upon the 

range of validity of this formulation. 
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111. OPTIMIZATION OF PROCESSES WITHOUT AUXILIARY FOSSIL 
FUEL 

In those cases in which the temperature of the 

geothermal fluid exceeds that of the process by a sufficient 

amount, auxiliary fossil fuel need not be used to upgrade 

the thermodynamic availability of the fluid. For these 

cases the optimum size of equipment and quantity of fluid 

may be determined by the following analysis. 

As a f i r s t - o r d e r  approximation, t h e  i n i t i a l  cos t  

of process equipment is proportional t o  its size. The cost 

of geothermal fluid is similarly proportional to the flow 

rate purchased. The total annualized cost of the process 

therefore is assumed to be 

[A. 141 GT TC = KA (size) + KA fi 
or 

TC = Ka $I + Km )J [A. 151 

where 

TC = total hourly cost of the process, $/hour 

K = capital cost of the conventional equipment, 
multiplied by a capital recovery factor and 
divided by the product of the length of a 
year in hours times the plant capacity 
factor, $/hour 

a 

K = cost per unit of geothermal mass flow rate, 
multiplied by the conventional system flow 
rate r i~  hot,old' $/hour. 

By differentiating with respect to p ,  a stationary 
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point of total cost can be located: 

or rearranging, 

[A. 161 

IA.171 

Process Type 1 - Single-phase Heat Transfer 
The ratio of heat transfer areas, $ ,  was given 

for this process type in Eq. A.7, which is equivalent to 

where 

I [A. 181 

Differentiation of this expression yields 

D 

Substitution into Eq. A.17 then gives 

which represents an implicit solution for the optimal 

value of p. 

An example is given in Figure A-1. The solution is 
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noteworthy because it i l l u s t r a t e s  a common c h a r a c t e r i s t i c  

of geothermal  a p p l i c a t i o n s :  t h e  l a r g e  magnitude of o p e r a t -  

i n g  c o s t s  as compared w i t h  c a p i t a l  costs.  I n  a d d i t i o n ,  t h e  

t o t a l  cost i s  h i g h l y  s e n s i t i v e  t o  t h e  q u a n t i t y  of f l u i d  re- 

q u i r e d ,  a s i t u a t i o n  which unde r sco res  t h e  importance of 

c a r e f u l  des ign  t o  minimize f l u i d  usage.  

P rocess  Type 2 - Condensation Heat T r a n s f e r  

An examination of Eq. A.12 reveals that for t h i s  

r>rocess t y p e ,  @ does n o t  depend, a t  l e a s t  i n  a f i r s t - o r d e r  

approximation,  upon t h e  mass flow r a t e  v a r i a b l e  p. 
m a s s  f low r a t e  i s  determined by t h e  magnitude of  t h e  re- 

q u i r e d  h e a t  t r a n s f e r  r a t e  and by t h e  amount of non-conden- 

s a b l e  g a s e s  p r e s e n t .  

z a t i o n  i s  p o s s i b l e .  

The 

A s  a r e s u l t ,  no  f i r s t - o r d e r  op t imi -  

4 

A second-order  a n a l y s i s  would i n c l u d e  t h e  e f f e c t s  

of p r e s s u r e  drop and pumping power, a s  w e l l  a s  t h e  s m a l l  

va r ia t ion  i n  t h e  o v e r a l l  h e a t  t r a n s f e r  conductance due t o  

t h e  i n f l u e n c e  of A t  on t h e  condensa t ion  h e a t  t r a n s f e r  co- 

e f f i c i e n t .  

Process Type 3 - Direct F l u i d  I n j e c t i o n  

I n j e c t i o n  p r o c e s s e s  can be c a t e g o r i z e d  by t h e  

phase of f l u i d  used. I n  t h o s e  c a s e s  i n  which steam i s  

i n j e c t e d  and condensed i n  t h e  r e a c t o r ,  a f i r s t - o r d e r  opt imi-  @ 
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CONVENTIONAL SYSTEM: 
Process 

3OOOC Side 25OOC 

265OC Hot Fluid 
Side 315OC 

Parameters: 
Parameter 

r 

that I inlet 
Iil hot I old 
Capital re- 
covery fac- 
tor at 15%, 
20 yrs. 

Value Parameter 

tprocess I average 

that I exit 
2.0 

315OC 

68 I 120 Capital Cost 
kg/hr 

Capacity factor 

Computed variables: 

Geothermal fluid 
0.15976 unit cost 

D 

= 0.5(315+265) - 275 
- - 68120 (4.1868) (315-265) 3600 Q 

- 3 9 6 1 . 2  K - 
q 68120) (4.1868) 

( 3600 
- 15 - 2.0 + 1 Y 

- 0.15976 
Ka - 1401000 0.75(8760) 

= (700~10-~) (68120) Km 

Value 
275OC 

265OC 

$~40,000 

75% 

$700/106 
kg 

= 15OC 

= 3961.2 kW 

= 25°C 

= 5.O0C 

=$3.404/hr 

=$47.684/hr 

FIGURE A-1 - EXAMPLE OPTIMIZATION OF TYPE 1 PROCESS - 
WITHOUT AUXILIARY FOSSIL FUEL 

(continued) 
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GEOTHERMAL SYSTEM: 

3OOOC Process 25OOC 
Side 

Hot Fluid 
Side 308OC 

(I 

Parameters: 

Geothermal fluid inlet temperature = 308OC 

Computed variables: 

= 308 - 275 Kt 

OPT IMI ZAT ION : 

From E q .  A.20, 

= 33OC 

+ 50 - 47.684 26.4~"~ + 5y-O.8 - 
(33p - 25)2 (5.0)3.404 

Solving by trial and error gives 

= 0 . 9 2 1  , "ptimum 

which yields 

+optimum = 2.62 

Tcoptimum = $52.84/hr, of which 

$8.93/hr is due to capital 
costs and 

n 

! $43.91/hr is due to fluid costs. 

F I G U R E  A-1 (concluded) 
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zation is not possible and the comments made in the pre- 

ceding section apply. However, in those cases in which 

single-phase fluid is utilized, the following analysis 

appears appropriate. 

Equation A.13 (the expression for @ for this pro- 

cess type) can be rearranged as 

B 
+ 273.15 , , exit, new + =  + 0.5thot 

O 5thot , inlet , new 

[A. 211 

in which it proves convenient to define 

? 

) + 273.15 B =  (that , inlet ,old + that , exit ,old 
IA.221 

An energy balance can be used to determine 

in Eq. A.21 as follows: that , exit ,new 

1 - 
old ’ ‘p (tin th , out Q = f i  I 

where 

I OC 

, OC 

- 
‘=in - that, inlet , new 

- - 
th,out that , exit ,new 

[A. 231 
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Reactions which are endothermic or exothermic could be modeled 

by a slight change in the right-hand side of this equation. 4 

This formulation is grounded upon two important 

assumptions. First, it is assumed that the process sub- 

stance and the hot fluid stream do not necessarily come to 

thermal equilibrium. This assumption is clearly met in 

many common processes. Consequently, the exit temperature 

of the hot fluid is a function not only of Q but also of 

v .  
Second, it is assumed that the total quantity of 

heat transferred in the conventional system is identical 

to that in the new system, an assumption which necessitates 

further explanation. It may be recalled that the "job" of 

this type of process equipment is defined solely in terms 

of process temperatures and residence times, For example, 

the ''job'' of a cooker in the food processing industry 

essentially consists of raising the temperature of the food 

to a certain level. If the characteristic Biot number of 

the food is moderately small, the temperature throughout 
3 the food product will be almost uniform. The temperature 

profiles of the food will then be approximately the same 

regardless of what external fluid temperature is applied; 

the sole difference will be the rate at which the temper? 

ature increases. In this situation the temperature profile 



0 
P 

a 

3 

1 7 9  

of food which has just been cooked at a low temperature 

will resemble that of food which has been cooked at a higher 

temperature. A s  a result, the total amount of energy ab- 

sorbed by the food will remain unchanged if the process 

temperature is raised, and thus the total heat transferred 

will also remain constant. 

Rearrangement of Eq. A . 2 3  then yields 

[A. 2 4 1  

A Second Law constraint limits the acceptable 

values of t 

temperature must be no lower than that of the process sub- 

stance. Thus 

and thus of 11, since the hot fluid exit h I out 

where 

- - OC . t P I out tprocess I exit I 

[ A .  251 

An energy balance on the process substance analogous to 

Eq. A . 2 3  gives 

Q = r i l  c - t  1 1  P PIP (tPlout Plin 

or 

t = t  + Q I 

P cPIP P I out plin 51 

l A . 2 6 1  

[ A .  271 
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where 
-1 61 = mass rate of process substance, kg hr 

P 

PIP 
C = specific heat of process substance, 

-1 f-1 kJ kg 

t = inlet temperature of process substance, OC. 
PIin 

Applying the constraint A.25 by substitution of Eqs. h.24 

and A.27 yields after manipulation 

2 K  
IA.281 

- Q ,  

11' 
p,in m c (tin - t 

P PIP 

With this constraint in mind, substitution of 

Ea. A.24 into Eq. A.21 gives 

I IA.291 

where 

= t + 273.15. Tin in 

Differentiation with respect to p then permits 

the result to be substituted into the optimization condi- 

tion (Eq. A.171, giving 

IA.301 
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or rearranging, 

2 BK K 
3 = 
m 

(Tin p - Kq) K 

Taking the positive square root and solving, 

poptimum 

S 

in T 

4 bject to the cons-raint given by Eq. A.28. 

IA.311 

IA.321 

An example is given in Fig. A-2. Note that opti- 

mization tends to minimize the use of expensive geothermal 

fluid and that fluid costs again dominate the total process 

cost. Unfortunately, the Second Law constraint severely 

limits the possible reduction in flow rate. The restric- 

tiveness of this limitation is highly dependent on the geo- 

thermal fluid inlet temperature: if t = 315'C instead 

of 308OC, then 1-1 = 0.833 and TC = $43,17/hr. 
in 
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CONVENTIONAL SYSTEM: 

235OC 
I 

Process 
Side 

t = 255OC P I out 

Hot Fluid 
Side 

315OC 

Values for all parameters used in this case are identical 

to those shown in Fig. A-1 except as noted. 

Parameters 

that I exit I o l d  
= 265OC 

Computed variables: 

B = 0.5(315 + 265) + 273.15 = 563.15 K 

- t  = 234 - 235 = 20°C = t  Q 
P PIP f i c  P I out p1in 

GEOTHERMAL SYSTEM: 

235OC 
I 

Process 
Side 

t = 255OC 
P I out 

Process [-* 

308OC 

Hot Fluid 
Side 

FIGURE A-2 (continued) 
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a 

a 

Parameters: 

Geothermal fluid inlet temperature, tin = 308OC 

Computed variables: 

Tin 

OPTIMIZATION : 

= 308 + 273.15 = 581.15OC 

From Ea. A.32, 
25 + \i-' (563.15) (3.404) (25) 

1 - 1 =  I 

581.15 
(47. 684) 

yielding 

'optimum = 0.0976. 

However, the constraint Eq. A.28 gives 

2 ( 2 5 )  ' (308 - 235 - 20) 
or 

' 0.9434 . 
Using this latter figure, 

th, out = 255OC 

FIGURE A-2 - 

@ = 1.015 

TC = $48.44/hr, of which 

$3.46/hr is due to capital costs and 

$44.98/hr is due to fluid costs. 

EXAMPLE OPTIMIZATION OF TYPE 3 PROCESS WITHOUT 
AUXILIARY FOSSIL FUEL (concluded) 
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IV. OPTIMIZATION OF PROCESSES WITH AUXILIARY FOSSIL HEAT 

In situations in which geothermal fluid temper- 

atures arc insufficient to supply process needs, fossil 

fuels must be burned to supplement or replace geothermal 

energy. The configuration of equipment shown in Fig. A-3 

is assumed to hold throughout this section. The system 

features an auxiliary fossil-fueled heater upstream of the 

process equipment which boosts the temperature of the geo- 

thermal fluid to a preset value. 

A parameter must be defined at this point to des- 

cribe the fraction of total energy use that is supplied by 

fossil fuel. However, each possible definition presents 

difficulties. 

fuel to process energy requirements can be misleading. For 

example, the inlet stream to the heater could be at a lower 

temperature (at the limit, ambient conditions) than the 

exit stream from the process, indicating that more energy 

was put into the stream than was taken out. The ratio 

suggested then would have a value greater than unity, an 

inappropriate figure for a parameter designed to measure 

the fraction of heat supplied by fossil fuel. 

Use of the ratio of energy added by fossil 

A better definition is given by 

(I 

n 
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9 

4 

Geot 
Cond 

Equipment 
Auxi 1 iary 
Heater 

Geothermal or 
Ambient Water 

Input 

FIGURE A-3 - SYSTEM CONFIGURATION FOR PROCESSES WXTH 
AUXILIARY FOSSIL HEAT 
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e 

heat added by fossil fuel 
5 =  total enthalpy in stream at inlet above ambient 

I rA.331 
- 

Hin Hamb 

where 
-1 H = total enthalpy rate, kJ hr 

in = condition at inlet to process unit, or 
equivalently at exit from auxiliary heater 

either geothermal fluid or water at ambient 
conditions if geothermal fluid is not used 
at all 

GT = condition at inlet to the auxiliary heater - 

amb = ambient conditions (here taken to be 2OOC). 

Now 5 ranges from zero for no use of fossil fuel to unity 

for water drawn at ambient conditions (no geothermal fluid 

used). 

The cost equation (A.15) must be expanded by the 

addition of a term representing the cost of fossil fuel 

utilization: 

TC = Ka $ + Km 1-I -t Rf Y I IA.341 

where 

Kf = the cost per unit energy of fossil fuel, 

including the annualized capital investment 

e 
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required for the auxiliary heater, multi- 

plied by the heat transfer rate of the 

process in the conventional system, Q, 

$/hr 

Y = ratio of energy supplied by fossil fuel to 

the heat transfer rate o f  the process in the 

conventional system, Q. 

The total cost is thus a function of p, 5 ,  and assorted 

constants. 

with respect to 1.1 and <, setting the results equal to zero, 

The minimum cost is found by differentiating 

and solving the two equations simultaneously. 

equations become 

Process Type 1 - Single-phase Heat Transfer 

The coupled 

[A.  351 

LA.361 

In most single-phase flows, the enthalpy can be 

expressed as a function of temperature alone. 

A . 3 3  can then be recast: 

Equation 

t~~ 
tamb 

t -  in 
in 

c = t  - I IA.  3 7 3  
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where the subscripts are as defined above. 

and the definition of Kt in E q .  A . 6 ,  

From Eq. A . 3 7  

K t = t  - tprocess, average in 

1 - 1  
I A . 3 8 1  

where 

t = t  
P process,average ' 

Keeping in mind that Kt is now a function of 5 ,  the two 

partial derivatives of 4 can be derived from Eq. A . 1 8 .  

Furthermore, from the definition of Y after E q .  A . 3 4 ,  

or 

rA.401  

in which it has been assumed -hat the fossil heater does 

not change the phase of the geothermal fluid. 

rewritten as a function of 1 by using E q .  A . 3 7 ,  giving 

This can be 

[A .  411  
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from which the two partial derivatives of Y can be evalu- 

ated. 

footnotes. 

The four derivatives of 4 and 'Y are given in the 
5 

a 
Unfortunately, the complexity of the four partial 

derivatives precludes solution of E q s .  A . 3 5  and A . 3 6  analyti- 

cally. 

which can be rewritten as 

Returning then to the original cost equation A . 3 4 ,  

the minimum cost can be found by trial and error. 

In those cases for which the geothermal fluid 

temperature is sufficient for satisfaction of process 

energy needs, the optimization procedure forces 5 to zero. 

The optimum value of 1-1 then corresponds to that derived 

from the rule in Eq. A.20. 

In those cases f o r  w h i c h  t is too low, optimi- GT 
zation tends to drive 7-1 towards zero and t towards in- 

finity. 

tin, 4 and Q fossil 
of y and tin in the optimization process suggest that at 

least one important constraint upon the system has been 

overlooked. 

in 
It is curious that although they depend on p and 

remain finite. These weird tendencies 
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Among the factors neglected thus far in the analy- 

sis are the following. First, the size of the auxiliary 

heater is a function of mass flow rate and temperature as 

well as of heat transfer rate. For example, the equipment 

size approaches infinity as the required fluid temperature 

at the heater exit nears the flame temperature. Second, 

the assumption of single-phase flow fails to hold as the 

fluid temperature passes the boiling point. Third, the 

size of the process heat exchanger is limited by the avail- 

able space in the factory. Fourth, the equations used to 

predict heat transfer coefficients are no longer applicable 

for low flow rates, rates at which flow in the heat ex- 

changer becomes laminar instead of turbulent. 

These difficulties serve to create feasibility 

boundaries which limit the range of values which parameters 

can assume. A s  the above results indicate, the optimization 

procedure will then generate a boundary solution. In par- 

ticular, one can assume that these difficulties result in 

a constraint on the maximum allowable value of t , If 

is then fixed at this boundary value, 5 can be found tin 
from Eq, A.37 and the total cost (TC) becomes a function 

of only one variable: p. The cost equation A.34 thus can 

be rewritten using Eq. A.40 as 

in 

n 



a 

s 

191 

. I A . 4 3 1  0.2 1-I (tin - t ~ ~ )  P r  + 1-1 
2 K  

9 

Differentiation with respect to p, equation to zero,  and 

rearrangement then yields 

This equation represents an implicit solution for the value 

of 1-1 which minimizes the total cost, given the constraint 

upon t . in 
An example is worked out in Figure A - 4 .  Note 

that as in the previous examples, optimization tends to 

reduce the quantity of fluid used and to increase the size 

of equipment employed. 

( 5  = 1.0, ambient temperature water heated to 315OC by the 

heater), the process cost would be $297.88/hr, of which 

$294.47/hr would be due to the cost of f o s s i l  fuel. If 

the assumed cost figures are accurate, the geothermal s y s -  

tem thus would generate significant savings. 

If no geothermal fluid Were used 
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COWENTIONAL SYSTEM: 

3OOOC Process 
Side 

25OOC 

I 

315OC 

Parameters : 

Parameter 

r 

hot, inlet 

hot,old fi 

Value 

Hot Fluid 
Side 

Parameter 

i 

265OC 

Value 

275OC 

265OC 
tprocess, average 

that, exit 
2.0 

315°C 

68,120 Capital cost 
kg/hr 

$140,000 

Capital recovery Capital factor 75% 
factor at 
15%, 20yrs 0.15976 Geothermal fluid $700/106 

unit cost kg 

Fossil fuel 
unit cost $3. 50/106 

kJ 

Computed variables: 

= 0.5 (315 + 265) - 275 = 15OC 

- - 68120 (4.1868) (315-265) = 3961.2 kW 3600 Q 
- 3961.2 K - 

q 2 (6:ig:) (4.1868) 
- 15 - 

Y 2.0+1 
0.15976 

K a = 140r000 0.75(8760) 
= (700X10-6) (68120) m K 

= 25OC 

= 5.0"C 

= $3.404/hr 

= $47.684/hr 

FIGURE A-4 - EXAMPLE OPTIMIZATION OF TYPE 1 PROCESS WITH 
AUXILIARY FOSSILFUEL- (continued) 
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3 

-6 = (3.5~10 ) (3961.2 x 3600) = $49.911/hr Kf 

GEOTHERMAL SYSTEM: 
Process 

Hot Fluid 
Side 

[27OoC 
(computed) ] 

I 
15OOC 

Parameters: 

P 

Geothermal fluid temperature tGT 

Inlet temperature (assumed) tin 

Computed variables: 

Kt = 320-275 
320-150 
320-20 5 =  

OPTIMIZATION: 

= 15OOC 

= 32OOC 

= 45oc 

= 0.567 

From E q .  A.44, 

49.911(320-150) = 0.8 (45) ~'.~+0.2 (25) vcoa8+2. 0 (25) 
2 + 47.684 

(3.404) ( 5 . 0 )  2(25) (3.404) (5.0) (45' - 25) 
Solving by trial and error gives 

'optimum = 0.6146, 

which yields 

'optimum = 4.02 

= $147.29/hr, o f  which 
TCoptimum $13.70/hr is due to capital costs, 

$29.30/hr is due to fluid costs, and 
$104.29/hr is due to fossil fuel costs. 

FIGURE A-4 - (concluded) 
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Process Type 2 - Condensation Heat Transfer 
The optimization of this type of process with 

auxiliary fossil heat presents problems similar to those 

discussed in the last section concerning optimization with- 

out fossil heat. In addition, mathematical difficulties 

associated with the necessity of upgrading saturated vapor 

in pressure as well as in temperature require a more sophis- 

ticated analysis than that possible here, 

Process Type 3 - Direct Fluid Injection 
In those injection processes in which steam is 

injected and condensed in the reactor, a first-order opti- 

mization is not possible and the above comnents apply. If 

single-phase fluid is injected, however, the analysis be- 

comes slightly more tractable. 

The governing optimization relations are Eqs. 

A.35 and A.36. 

type with the aid of Eqs. A.30 and A.40 as 

The fermer can be expanded for this process 

The latter can be expressed equivalently as a derivative 

of TC with respect to tin, since t 

related by Eqs. A.29 and A.37. With this modification, the 

and 5 are uniquely in’ Tin’ 
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second optimization relation becomes 

To these two equations must be appended the constraint in- 

equality A.28. 

The unconstrained optimum values for p and t in 
Equations A.45 can be found by the following procedure, 

and A.46 are each manipulated to isolate (T. P - K  ) 2 ; the 
In q 

results are equated and an expression found for P alone as 

a function of t 

a second equation for tin in terms of 1-1 which, upon sub- 

stitution into the previous result, gives a single equation 

with 1-1 as the sole variable: 

Rearrangement of Eq. A.46 then yields in 

2BKaKf K 
- - t LA-471 

m q  
'opt. ,unconstrained (KfTGT- 2K 2 

where 

TGT - - tGT + 273.15 . 

The optimum value for t 

as 

is then determined from Eq. A.46 in 

- - - 273.15 . tin, opt, , unconstrained p 

IA.481 
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Unfortunately, an example shows that the con- 

straint inequality can be grossly violated: using the same 

assumptions as were employed in Fig. A-2, with the value of 

K taken from Fig. A-4, f 

= 0.0136 and 

= 221OOC . 
I-lopt . ,unconst. 

in,opt.,unconst. t 

From Eq. A.28, 1-1 is constrained for this value of tin to be 

no less than 0.0256, a condition clearly not met. 

The following analysis demonstrates that the con- 

strained optimum lies on the curve defined by the equality 

in the constraint expression A.28. The fact that the total 

process cost is minimized on the boundary of the feasible 

domain for p and tin can be established by showing that the 

first derivative of TC is non-negative as one moves away 

from the boundary. Both partial derivatives must be ex- 

amined. 

If the first derivative of TC with respect to p 

bound 
is non-negative for all p greater than or equal to p 

where the latter is defined by the equality in Eq. A.28, 

the first half of the proposition can be confirmed. The 

derivative is given in Eq. A.45: 
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or rearranging, 

a 2BK 

2K m q  K + Kf(tin - fsT)/ 
[A .  501 

? J L  

is greater than the critical value of p defined If 'bound 
by the right-hand side of this expression, the derivative 

must be non-negative for all ?J 

A.28. 

gives after some manipulation 

thus satisfying Eq. bound 
Substitution of pbound (from A.28) for ?J above then 

[A .  511 

where 

= t  + 273.15 . T PI out p I out 

If this inequality is satisfied, it will have been estab- 

lished that the minimum feasible value of TC with respect 

to 1-1 occurs at ybound. Since the first term typically is 

of order while the second and third terms are each 

of order -1, the condition is met. 

Similarly, the second part of the proposition 

can be established if the first derivative of TC with res- 

pect to t 

equal to tin,bound, where the latter is defined by invert- 

is non-negative for all tin greater than or in 
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ing E q .  A.28 and by assuming that the two sides are equal. 

From E q .  A.46, the derivative is 
.-. 

c 

c 

[A. 521 

or 
K 2BK K 

tin 3 - 273.15 + d  3 .  
lJ Kfl-l 

[A. 531 

is greater than this critical value of t 
If tin,bound in 
the derivative must be non-negative for all t in turn 

greater than t thus satisfying the constraint. 

Inversion of E q .  A . 2 8  yields (using the euuality) 

in 

in, bound ' 

2K 
= t  + - ,  q [A. 541 tin, bound P I out lJ 

which, upon substitution above, gives after manipulation 

2BKaK 
K -  '1 + K2 > 0 . rA.551 

p,out q Kf q -  
p2 + (2T 2 T P I out 

If this condition is met, it will have been proven that the 

minimum feasible value of TC with respect to t occurs at 

. Since the first and third terms are positive tinI bound 
and the coefficient of l~ in the second term is typically 

4 of order 10 , the inequality is satisfied. 

in 

The minimum feasible value of TC therefore occurs 
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on the constraint boundary. This reduces the problem to a 

single-variable optimization since t and 1.1 are now 

uniquely related by the equality in Eq. A.28. Unfortun- 
in 

ately, the total process cost is minimized on this boundary 

as 1.1 approaches zero and tin approaches infinity: 

tion of Eq. A.28 into the equation for TC (Eq. A.34) and 

differentiation gives a result which, when set equal to 

zero, cannot be solved for real values of 1.1. As proved 

to be the case in the analysis of Process Type 1 above, an 

arbitrary limit must therefore be assumed on the value of 

substitu- 

either p or t . If the limit is taken at 1.1 = 0.5 and the in 
parameter values listed in Fig. A-2 are assumed to hold 

here, Eq. A.54 then yields a figure for tin of 355OC. If 

is assumed equal to 15OoC, t~~ 
r$ = 0.974 

5 = 0.612 

Y = 2.05 

TC = $129.48/hr, of which 

$3.32/hr is due to capital costs 

$23.84/hr is due to fluid costs, and 

$102.32/hr is due to fossil fuel costs. 
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V. CONCLUSION 

The foregoing analysis illus-rates the difficul- 

ties associated with the optimization of unit processes 

which utilize geothermal fluid. In most cases, boundary 

solutions are obtained in which second-order considerations 

of factory space, material temperature limits, and required 

fluid flow rates control the solution. 
I 
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FOOTNOTES 

1. The proportionality of the heat transfer coefficient to 

the 0.8 power of the mass flow rate is a common feature 

of turbulent flow heat transfer correlations. See 

Rohsenow, W.M. and Choi, H.Y., Heat, Mass, and Momentum 

Transfer. Englewood Cliffs, N.J.: Prentice-Hall, InC., 

- - -  

1961, pp.192-193. 

2. Sparrow, E.M., Minkowycz, W.J., and Saddy, M., Int. J. - -  
Heat Mass Transfer, 10: 1829-1845 (1967). The expression 

in Eq. A . 9  was found by using the method of least-squares 

to fit a power curve to the data given in the article 

for Tm = 212'F. The coefficient of determination for 

-- 

this fit, using data points at 7 = 0.005, 0.02, 0.05, 

and 0.1, was r = 0.99986. The dependence of f(7) on 

temperature was slight. 

2 

3. The Biot number is defined as hro/k, where h is the sur- 

face heat transfer coefficient, r a characteristic di- 

mension (radius), and k the thermal conductivity of the 
0 

substance. Rohsenow, Op. Cit., p.115. If the Biot num- 

ber is small, the rate at which heat is conducted through- 

out the body is sufficiently fast that the overall heat 

transfer rate is controlled by the resistance to heat 

flow at the surface, measured by h. The temperature 

gradient within the body is therefore small. 
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FOOTNOTES (Continued) 

(where p optimum is defined in Eq. 4 *  If 'optimum > 'bound 
A . 3 2  and 'bound is defined by the equality in Eq. A . 2 8 ) ,  

the solution for p is clearly p 

'bound ' 
feasible region delimited by pbound. 

is minimized by this boundary solution is guaranteed 

because the first derivative of TC with respect to 1-1 is 

positive for all 1-1 greater than poptimum and thus for 

all 1-1 2 bound > p 

< If 'optimum 
the solution must lie at the boundary of the 

optimum' 

The fact that TC 

optimum' 
5. The four partial derivatives are: 

-0 .8 -0.8 K ' O m 2  - 0.2 K 1-1 - rK t 
2 (KtV - Kq) 

n 
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APPENDIX B - PERCENTAGE DEPLETION FOR GEOTHERMAL ENERGY: 
AN ALTERNATIVE METHOD FOR CALCULATION OF GROSS INCOME - -- 
I. INTRODUCTION 

While administrators and regulators strive to mold 

the world about them into a finite set of situations, each 
a 

governed by a particular rule, new events obstinately resist 

such categorization. Innovations eventually force the intro- 

duction of new classifications into regulatory schemes, but 

in the interim these innovations must somehow be accomo- 

dated into the existing framework. The tax treatment of 

geothermal energy presents a continuing example of this 

problem. 1 

Section 613(a) of the Internal Revenue Code of 

1954 provides, in part, that the allowance for depletion 

shall be a given percentage of gross income from the prop- 

erty. However, prior to 1975, the Code omitted any refer- 2 

ence to geothermal energy, the closest classification being 

oil and gas wells. The courts tried to categorize geother- 

mal steam as a gas fo r  depletion purposes in two early cases: 

Reich v. Commissioner and Rowan v. Commi~sioner.~ 

the taxpayer claimed percentage depletion on geothermal 

steam. Although geothermal fluid was nowhere mentioned in 

In Reich, 

the Code, the court held that the steam was a "gas" within 

the meaning of the statute and thus qualified for a deple- 

tion allowance. However, as the Internal Revenue Service 

refused to acquiesce in the ruling, the classification issue 
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remained unsettled. 

In the Tax Reduction Act of 1975, Congress amended 

the Code to permit percentage depletion on any geothermal 

deposit determined to be a gas.4 

explicit category in the Code for geothermal steam, it still 

neglected hot water deposits, which constitute the over- 

whelming majority of geothermal resources. Thus it appeared 

that investors seeking to take percentage depletion on geo- 

thermal resources would run into hot water if the deposit 

?.id not contain dry steam. 

While the Act created an 

5 

The long-awaited Energy Tax Act of 1978 substanti- 

ally clarified matters by creating a new classification en- 

compassing all types of geothermal deposits.' New Section 

613(e) of the Code authorizes depletion allowances for any 

geothermal resource, and to identify the applicable percent- 

age, prescribes use of a diminishing scale identical to 

that employed for certain oil and gas wells. While the 

new tax category for geothermal energy resolves the question 

of whether such resources qualify for the depletion allow- 

ance, it fails to address the issue of how gross income is 

to be computed. As we shall see, the present computational 

framework for gross income is inadequate to deal with non- 

electric uses of geothermal energy. 

(I 
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11. THE CALCULATION OF PERCENTAGE DEPLETION ALLOWANCES 

The deduction for percentage depletion is computed 

by multiplying gross income from the property by a statutory 

percentage. Although the Energy Tax Act of 1978 extends 

percentage depletion to geothermal deposits by creating a 

separate category, the Regulations continue to define gross 

income for only two cases: oil and gas, and "other miner- 

als. 'I7 The problem, again, is to fit geothermal resources 

into the appropriate category. 

The Oil and Gas Category 

The history of tax treatment of geothermal de- 

posits favors the gas classification. Both the Reich de- 

cision and the depletion provision contained in the Tax 

Reduction Act of 1975 explicitly associate geothermal steam 

with gas. 

1978 amends Section 263(c) of the Code to provide that the 

option to deduct intangible drilling costs shall extend to 

geothermal deposits (steam or hot water) "to the same ex- 

tent and in the same manner as such expenses are deductible 

In a different context, the Energy Tax Act of 

in the case of oil and gas wells. I1 8 

The Regulations governing percentage depletion 

for oil and gas employ two measures of gross income. 

first involves income from an actual sale: Treasury Regu- 

The 
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lation§1.613-3(a) defines gross income for this category as 

"the amount for which the taxpayer sells the oil or gas in 

the immediate vicinity of the well." Frequently, however, 

the crude product is not sold immediately: it may be pro- 

cessed and refined prior to sale, or utilized by the manu- 

facturing arm of an integrated field-developer and manufac- 

turer. In this situation, the Regulations require use of 

the second measure of gross income: income from construc- 

tive sales based on a locally established "representative 

market or field price" for the crude product at the well- 

head. The integrated developer-refiner cr developer- 

manufacturer is considered for depletion purposes to be 

selling the crude product to himself; the price received 

by comparable non-integrated developers is thus attributed 

to him. 9 

It is at this point that difficulties arise in 

the tax treatment of geothermal energy. To appreciate their 

nature, one must distinguish between the two major uses of 

geothermal energy: electric-power and direct-use appli- 

cations. 

In those situations in which geothermal resources 

are employed to generate electricity, the field developer 

rarely operates the generating facility. The developer 

seeks to avoid the regulation concomitant with utility 
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status, while the utility is either prohibited from engag- 

ing in such development activities or disinclined to enter 

a risky area in which it possesses no expertise. 

length sale of fluid from developer to utility creates an 

easily ascertainable sale price for the determination of 

gross income. Percentage depletion may then be calculated 

using this amount. Since electric-power applications have 

provoked most of the litigation and remain the most signifi- 

cant form of geothermal installation, utilization of the 

actual sales definition of gross income has thus far proved 

acceptable. 

The arm's 

Frequently resource temperatures are too low to 

generate electricity economically. 

thermal fluid can still be usefully employed in direct-use 

applications: 

transferred to an industrial process or utilized for space 

heating. 

the wells and develops the field; no actual sale price ex- 

ists, as the developer is integrated with the user. 

This lower-quality geo- 

the heat contained in the fluid is simply 

Here the final user of the energy often drills 

The Regulations then indicate that a representa- 

tive market price should be used to determine gross income. 

Unfortunately, no representative market exists at present 

for low-temperature geothermal fluid. The only sales in- 

volve the higher-temperature steam used for electric-power 
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applications, a situation clearly not comparable and thus 

not "representative. 'I1' 

numerous sales of fluid for direct-use applications would 

not suffice to establish a representative market. Reser- 

voirs of geothermal fluid differ greatly in temperature, 

pressure, required development costs, and other factors. 

The fluid resource being sold in a given location would not 

be comparable to that sold in another. 

Moreover, even the existence of 

If, however, one considered the commodity being 

sold in the constructive sale to be energy rather than geo- 

thermal fluid, a representative price might be found in the 

markets for fossil fuels. Several writers have proposed a 

representative market price method in which geothermal energy 

is priced by comparison with the cost of an equivalent quan- 

tity of energy derived from fossil fuels, for which estab- 

lished markets exist. This proposal avoids the pitfalls 

of the representative market price scheme based on geother- 

mal fluid as the commodity. However, a unit of energy de- 

livered by geothermal fluid and one given off by the combus- 

tion of fossil fuel are not truly equivalent: since fossil 

fuels burn at temperatures far exceeding those of geothermal 

fluid, they can provide energy to higher temperature pro- 

cesses than would be possible with geothermal energy sources. 

In thermodynamics, this notion of "quality" of energy or of 
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the ability of energy to perform useful work is termed 

"availability." The more versatile fossil fuels, which 

possess a higher "availability," should thus command a 

higher price per unit of energy than should geothermal re- 

sources. 

Unfortunately, even were geothermal fluid to be 

priced comparably to fossil fuels on an availability basis, 

a method sufficiently esoteric to encounter opposition from 

the I.R.S., economic considerations would militate against 

acceptance of any representative market price method based 

on fossil fuel prices. In tying the price of geothermal 

energy for tax purposes to that of coal, for example, one 

must assume that a geothermal energy market, were one to 

exist, would be subject to economic and political pressures 

similar to those experienced by the market for coal. How- 

ever, there is little reason to believe that the market for 

one energy source is influenced by the same forces that 

affect the market for another; the oil market is much more 

susceptible to international pressures than is the coal 

market. 

The "Other Minerals" Catesorv 

Gross income thus cannot be calculated for direct- 

use applications by either the actual sale price or the rep- 

resentative market price methods listed in the oil and gas 
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category. Unfortunately, there is no case law concerning 

percentage depletion for direct-use geothermal applications, 

and the Regulations in the oil and gas category do not offer 

further guidance. 

There is some justification for turning at this 

point to the Regulations governing percentage depletion for 

"other minerals." The Court of Claims has indicated that 

additional methods (such as those listed in the "other min- 

erals" category) could be applied to oil and gas when, as 

in the present case, the above methods proved inapplicable. 

This decision seems to imply that use of the additional 

methods need not be confined to cases concerning "other min- 

erals." Alternatively, there are some grounds for arguing 

that geothermal resources should be classified as minerals 

ab initio. One state classifies such resources as minerals. 

Furthermore, the courts have held that reservations of min- 

eral rights either by the Federal Government or by private 

parties encompass geothermal resources. 

12 

13 - 

14 

Section 1.613-4, concerning "other minerals," re- 

quires use of the actual sale price method or, if that is 

not possible, the representative market price method. 15 

Both of these were described and rejected above. Unlike 

the regulations for oil and gas, however, this provision 

continues, stating that if a representative price cannot be 

I 
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a s c e r t a i n e d ,  g r o s s  income should be imputed t o  t h e  deve lope r  

i n  p r o p o r t i o n  t o  t h e  costs  i n c u r r e d  t o  e x t r a c t  t h e  mine ra l .  

Under t h i s  cos t -based  method, c a l l e d  t h e  p r o p o r t i o n a t e  p r o f -  

i t s  method, g r o s s  sales ( a c t u a l  or c o n s t r u c t i v e )  from t h e  

f i r s t  marke tab le  product  made from t h e  mine ra l  a r e  m u l t i p l i e d  

by a f r a c t i o n  t h e  numerator of which i s  t h e  t o t a l  annual  

mining cos t  a t t r i b u t a b l e  t o  t h a t  p roduc t ,  and t h e  denomina- 

t o r  of which i s  t h e  t o t a l  annual  c o s t  (mining and non-mining) 

a t t r i b u t a b l e  t o  t h a t  p roduc t .  The j u s t i f i c a t i o n  f o r  t h i s  

cos t -based  approach l i e s  i n  t h e  p r i n c i p l e  t h a t  "each d o l l a r  

of t h e  t o t a l  c o s t s  p a i d  or  i n c u r r e d  t o  produce,  s e l l ,  and 

t r a n s p o r t  t h e  f i r s t  marke tab le  p roduc t  . . . . . e a r n s  

t h e  same pe rcen tage  of p r o f i t . "  1 7  

While t h e  p r i n c i p l e  appea r s  t o  be r e a s o n a b l e ,  it 

i s  impor t an t  t o  n o t e  t h a t  on ly  annual  costs are cons ide red  

i n  t h e  p r o p o r t i o n a t e  p r o f i t s  method: 

are neglec ted .  T h i s  fo rmula t ion  i s  a p p r o p r i a t e  f o r  t r a d i -  

t i o n a l  mining e n t e r p r i s e s ,  i n  which annual  costs f o r  t h e  

e x t r a c t i o n  of m i n e r a l s  dominate  t h e  i n i t i a l  costs. I n  t h e  

c a s e  of d i r e c t - u s e  geothermal  a p p l i c a t i o n s ,  however, methods 

based upon annual  costs  such as  t h e  p r o p o r t i o n a t e  p r o f i t s  

scheme are u n s u i t a b l e :  annual  c o s t s ,  which c o n s i s t  p r i m a r i -  

ly of maintenance c h a r g e s ,  a r e  minor i n  comparison wi th  

t h e  c a p i t a l  inves tment  r e q u i r e d .  The p r o f i t s  a t t r i b u t a b l e  

i n i t i a l  c a p i t a l  costs  
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t o  t h e  u s e  of geothermal  f l u i d  c o n s t i t u t e  a r e t u r n  on i n i t i a l  

I r a t h e r  t h a n  annua l  c o s t s .  A s  a r e s u l t ,  t h e  p r o p o r t i o n a t e  

p r o f i t s  method a l s o  f a i l s  t o  y i e l d  r e a s o n a b l e  e s t i m a t e s  of  

g r o s s  income f o r  d e p l e t i o n  pu rposes .  

A l l  i s  n o t  l o s t ,  however: t h e  R e g u l a t i o n s  p e r m i t  

t h e  t a x p a y e r  t o  r e q u e s t  (and h o p e f u l l y  o b t a i n )  a de te rmin-  

a t i o n . ? ; y  t h e  I . R . S .  t h a t  an  a l t e r n a t i v e  method of computa- 

t i o n  which he p roposes  i s  more a p p r o p r i a t e  t h a n  t h e  propor-  

t i o n a t e  p r o f i t s  scheme. According t o  t3e R e g u l a t i o n s ,  

t h e  s t a n d a r d  f o r  a p p r o p r i a t e n e s s  i s  whether ,  "under t h e  

p a r t i c u l a r  f a c t s  and c i r c u m s t a n c e s ,  the [ p r o p o r t i o n a t e  p r o f -  

i t s  method] c o n s i s t e n t l y , f a i l [ s ]  t o  c l e a r l y  r e f l e c t  g r o s s  

income f r o m  mining ,  and t h e  a l t e r n a t i v e  method be ing  con- 

s i d e r e d  more c l e a r l y  r e f l e c t s  g r o s s  income from mining .... II 1 9  

The burden of proof  rests upon t h e  t a x p a y e r .  T h r e e  p o s s i b l e  

a l t e r n a t i v e s  are  s p e c i f i c a l l y  sugges t ed  i n  t h e  R e g u l a t i o n s :  

a method based upon r e p r e s e n t a t i v e  s c h e d u l e s ,  a scheme u s i n g  

p r i c e s  o u t s i d e  t h e  t a x p a y e r ' s  marke t ,  and a method u t i l i z i n g  

a r a t e  of r e t u r n  on t h e  r e l e v a n t  i nves tmen t .  2 0  

The f i r s t  t w o  a l t e r n a t i v e s  a r e  mere ly  v a r i a t i o n s  

o t h e  r e p r e s e n t a t i v e  m a r k e t  p r i c e  theme. The r e p r e s e n t a -  

t i v e  schedu le  r u l e  p e r m i t s  u s e  of a p r i c i n g  formula t o  

de t e rmine  c r u d e  m i n e r a l  p r i c e s  f o r  i n t e g r a t e d  p roduce r s  if 

such a formula  i s  i n  g e n e r a l  u s e  among u n i n t e g r a t e z  2rc- 

4 
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duce r s .  Again t h e  l ack  of a r e p r e s e n t a t i v e  m a r k e t  f o r  

low-temperature geothermal  f l u i d  p r e c l u d e s  adopt ion  of 

t h i s  procedure .  A method u s i n g  p r i c e s  o u t s i d e  t h e  t a x -  

p a y e r ' s  local  market  f o r  t h e  same subs t ance  i s  u n f e a s i b l e  

f o r  s i m i l a r  r ea sons .  Unfo r tuna te ly ,  t h e  r e t u r n  on i n v e s t -  

ment method, t h e  on ly  cos t -based  method o t h e r  t han  t h a t  

of p r o p o r t i o n a t e  p r o f i t s ,  i s  r e s e r v e d  f o r  f u t u r e  regula-  

t i o n ,  and no e x p l a n a t i o n  of t h e  p a r t i c u l a r  scheme env i -  

s ioned  i s  g i v e n .  
b 

111. THE RATE OF RETURN ON INVESTMENT METHOD 

For  d i r e c t - u s e  geothermal  a p p l i c a t i o n s ,  t h e  pro-  

cedures  l i s t e d  i n  e x i s t i n g  r e g u l a t i o n s  based upon a c t u a l  

s a l e s  p r i c e s ,  r e p r e s e n t a t i v e  m a r k e t  p r i c e s ,  o r  annual  costs 

do n o t  provide  an a p p r o p r i a t e  method f o r  c a l c u l a t i n g  g r o s s  

income from t h e  p r o p e r t y .  

thermal  f l u i d  and t h e  l ack  of c o r r e l a t i o n  between annual  ex- 

penses and the true cost of extracting fluid comprise the 

p r i n c i p a l  impediments t o  such schemes. 

The absence of  a m a r k e t  f o r  geo- 

Any a l t e r n a t i v e  method of c a l c u l a t i o n  f o r  direct-  

use  a p p l i c a t i o n s  sugges ted  by t h e  t a x p a y e r  must addres s  

t h e s e  d i f f i c u l t i e s .  F i r s t ,  t h e  method should  relate g r o s s  

income most c l o s e l y  t o  t h e  i n i t i a l  i nves tmen t ,  s i n c e  geo- 

thermal  w e l l s  r e q u i r e  sma l l  expenses  du r ing  p roduc t ion  b u t  

l a r g e  e x p e n d i t u r e s  d u r i n g  development. Second, such a c o s t -  

) 
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based method must estimate the gross income which a hypo- 

thetical unintegrated producer would derive from the sale 

i of his fluid, so that a gross income equal to this amount 

~ may be imputed to the integrated geothermal developer. 

As will be shown, the return on investment scheme 
, 

is such a method. 21 In its simplest form, gross income as 

determined by this procedure depends upon three factors: 

the rate base, an appropriate rate of return, and operating 

expenses. The principle involved is straightforward: an 

investor expects to earn a minimum net income on his invest- 

I 

I 

ment. If he cannot obtain a price for his goods sufficient 

' to cover all operating expenses and still leave the required 

i profit, he will not invest at all. Thus by multiplying the 

i geothermal investment, or rate base, by the proper rate of 
j 
I 

return, one may estimate the profit required by any geo- 

thermal developer, in particular an unintegrated producer. 

T o  compute the value of gross income which yields this prof- , 
~ it one need only add to the profit a sum representating oper- 

i ating expenses and all taxes. Each of the three elements 

of a return on investment scheme will be examined in turn, 

with the emphasis on applying the method to the present 

situation. 
I 

22  

The rate base is essentially equivalent to the 

capital investment in the project. Ey explicitly including 
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the initial investment in computing gross income, the return 

on investment method overcomes the difficulties which plague 

the proportionate profits method. 

Two approaches are possible for evaluating the 

rate base for geothermal property. The first and theoreti- 

cally more correct approach employs the adjusted basis pro- 

vided in Section 1011 of the Code, with the addition of ex- 

pensed intangible drilling costs and the subtraction of tax 

credits taken at the time of investment. Since this measure 

of investment represents the total cash outlay upon which 

an investor in an unintegrated firm expects a return, it is 

the appropriate figure to utilize in estimating the gross 

income which constitutes that return. That this rate base 

contains expenditures which fall into depreciable accounts 

or which may be expensed for tax purposes should cause no 

alarm; the ultimate goal is to ascertain the dollar return 

an investor would require on his investment. 

The second approach defines the rate base as equal 

to the basis for cost depletion purposes determined in 

Treasury Regulation 91.612-1 .  2 3  This approach takes cogni- 

zance of the reluctance of regulators to adopt new philo- 

sophies and methods. As the Internal Revenue Service has 

already sanctioned the definition of cost employed for cost 

depletion, it is likely that such a definition would prove 
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more acceptable. Moreover, omitting depreciable investment 

and expensed intangible drilling costs from this basis will 

result in an understatement of the gross income required 

and thus of the depletion deduction allowable, an outcome 

of dubious economic merit but one easily defensible before 
24  the I.R.S. 
The definition of an appropriate rate of return is 

to some extent subjective, and thus finding a proper rate 

for geothermal investments may prove problematical. One 

approach involves a comparable earnings standard, which 

allows the investor returns similar to those earned at the 

same time and in the same part of the country on investments 

attended by corresponding risks and uncertainties. 2 5  

Another approach provides that a proper rate of return should 

"enable the company to operate successfully, to maintain its 

financial integrity, to attract capital and to compensate 

its investors for the risks assumed . . . . ' I  
2 6  

The most tractable approach to determining rates 

of return for geothermal applications is based upon the com- 

parable earnings standard. Companies engaged in oil and gas 

drilling experience types of risk similar to those encoun- 

tered by geothermal producers, and thus rates earned by such 

companies could be employed in this context without exces- t 

sive error. 27 8 
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Operating expenses constitute the remaining ele- 

ment of the basic return on investment model. One list of 

operating expenses already used in the calculation of the 

depletion deduction appears in Treasury Regulation §1.613-5, 

in which the enumerated expenses are subtracted from gross 

income in order to compute taxable income for the purposes 

of a limitation on the depletion deduction. 

may be employed in the return on investment method. Since the 

These expenses 

product of the rate base and the rate of return discussed 

above equals net income after taxes, not only operating ex- 

penses but also federal income tax liability must be added 

to net income to arrive at gross income. 28  

Two elaborations upon the basic "return on invest- 

ment" model are frequently employed. The first concerns in- 

flation, which can quickly erode the real return earned by 

the investor. 

While one court recently characterized a discounted cash 

The second involves the time value of money. 

flow analysis which includes this factor as an "esoteric 

costing methodology which counsel could scarcely describe 

in their briefs or at oral argument," the principle of dis- 

counting cash flows is both long established and well 
29 accepted. 



218 

The r e t u r n  on investment  model p re sen ted  here 

c o n s t i t u t e s  an a l t e r n a t i v e  method of c a l c u l a t i n g  g r o s s  i n -  

come f o r  t h e  purposes  of t h e  d e p l e t i o n  al lowance.  I t  i s  

t r u e  t h a t  s e l e c t i o n  of an a p p r o p r i a t e  r a t e  of r e t u r n  s t i l l  

depends upon c o n s i d e r a t i o n s  t h a t  are somewhat s u b j e c t i v e .  

However, i n  t h e  case of d i r e c t - u s e  geothermal  a p p l i c a t i o n s ,  

t h e  r e t u r n  on inves tment  method i s  t h e  o n l y  s u i t a b l e  method 

mentioned! i n  t h e  Regu la t ions .  S ince  t h e  method does  no t  

r e q u i r e  an a c t u a l  sa le  of t h e  e x t r a c t e d  p r o d u c t ,  it can be 

a p p l i e d  t o  i n t e g r a t e d  r e s o u r c e  deve lope r s .  The method can 

be used f o r  p r o d u c t s  l a c k i n g  r e p r e s e n t a t i v e  marke ts  because 

it i s  n o t  dependent  on m a r k e t  p r i c e  comparisons.  F u r t h e r -  

more, by r e l a t i n g  g r o s s  income t o  i n i t i a l  c o s t s ,  it i s  m o r e  

a p p r o p r i a t e  t h a n  methods based upon annual  cos t s  (such a s  

t h e  p r o p o r t i o n a t e  p r o f i t s  method) f o r  those p roduc t s  which 

r e q u i r e  l a r g e  c a p i t a l  inves tments .  F i n a l l y ,  t h e  method 

sugges ted  h e r e  f i t s  w e l l  i n t o  t h e  p r e s e n t  s t r u c t u r e  of t h e  

Code by u t i l i z i n g  concep t s  such a s  cost  d e p l e t i o n  b a s i s  and 

a l lowab le  d e d u c t i o n s  which are  a l r e a d y  d e f i n e d  on t h e  Code. 

(I 
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IV. CONCLUSION 

b 

b 

b 

b 

While the Energy Tax Act of 1978 has explicitly 

extended the percentage depletion deduction to geothermal 

resources, it neglects the issue of how to compute gross 

income for depletion purposes. Three generic methods of 

calculating gross income are given in the Regulations: in- 

come from actual sales, income from constructive sales based 

on a representative market price, and income imputed to the 

taxpayer in proportion to the annual costs incurred for re- 

source extraction. 

Since direct-use geothermal applications frequently 

involve an integrated field developer-fluid user, no sale 

is made and the first method fails. The second method suc- 

cumbs to the lack of a representative market for geothermal 

fluid or energy. Finally, the last method yields an in- 

appropriate estimate of gross income because the annual costs 

of extracting geothermal fluid are minor in comparison to 

the initial capital investment. 

One additional method, based upon the return ex- 

pected on the capital investment, is listed in the Regula- 

tions although no details are given. The present paper ex- 

pands upon this suggestion to offer a detailed alternative 

method of calculating gross income. Gross income as deter- 
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mined by this method depends upon three factors: the rate 

base, a rate of return, and operating expenses. To inte- 

grate the method into the present framework of the Code, 

the definitions of cost depletion basis and allowable ex- 

penses given in the Code are adopted for the rate base and 

operating expenses respectively. By multiplying the geo- 

4 

1 

thermal investment (rate base) by the rate of return, the 

net income required by the developer may be estimated. If 

operating expenses and taxes are added to this figure, the 

gross income which yields this net income can be found. 

The method is thus independent of the need for either an 

actual sale or a representative market. Moreover, since it 

explicitly includes the capital investment, it avoids the 

pitfalls of methods based solely on annual costs. 

The rate of return method presented here offers 

some respite for the taxpayer who can justify it as an al- 

ternative method of calculation. As with all regulatory 

procedures, its efficiency and durability must await the 

test of innovations to come. 
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FOOTNOTES 

9 

1. 

2. 

3. 

4. 

5. 

6. 

For a non-technical overview of geothermal energy re- 
sources, see Million, "The Application of Depletion to 
Geothermal Resources," 9 U. Mich. J. L. Ref. 233 (1976). 

The depletion deduction is actually the larger of the 
amounts figured for cost depletion and percentage de- 
pletion. In addition, the deduction must not exceed 
50% of the taxpayer's taxable income, computed without 
allowance for depletion. Treas. Res. §1.613-1. Fi- 
nally, excess depletion is a tax preference item. I.R.C. 
457(a) ( 8 ) .  

Arthur E. Keich v. Commissioner of Internal Revenue, 52 
T.C. 708 ( i w ,  aff'd 454 F.2ndT157 (9th Cir. 1972); 
George D. Rowan et al. v. Commissioner of Internal 
Revenue, 28 T.C.M. 797 (1969), a f m 4 5 4 F . 2 d  -- 1157 
(9th Cir. 1972). Both Reich and Rowan were involved in 
drilling at the Geysers field in California, now the 
largest geothermal electric power installation in the 
world. The deduction of intangible drilling costs by 
both taxpayers was also upheld by the courts. 

--- 

Tax Reduction Act of 1975, Fub. L .  No. 94-12, 89 Stat. 
26, creating I.R.C. §613A(b) (1) (C). Superseded by pro- 
visions of the Energy Tax Act of 1978, Pub. L. No. 95- 
618, 92 Stat. 3174. 

In the first case involving hot water wells rather than 
s t e a m ,  t h e  c o u r t  d e n i e d  a d e d u c t i o n  for i n t a n g i b l e  d r i l l -  
ing costs on the grounds that only steam qualified. 
Miller v. U.S., 78-1 U.S.T.C. 79127 (D.C.C.D. Cal. 1977). 

thermal resources prior to the Energy Tax Act of 1978 
is discussed in Million, supra, and Maxfield, "Income 
Taxation of Geothermal Resources," 1 3  Land Water L. 

-- - 
The applicability of depletion allowances to geo- 

~- 
Rev. 217 (1977). - - 
Energy Tax Act of 1978, Pub. L. No. 95-618, 92 Stat. 
3174. 
mal energy are described in Eisenstat, "Geothermal Tax- 
ation: Impact of Energy Tax Act.of 1978," 27 Oil & Gas 
Tax-Q. - -  253 (1979). 

The provisions of this Act relating to geother- 

- - -  
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7. 

8. 

9 .  

10. 

11. 

Treas. Regs. §§1.613-3(a)  and 1.613-4 r e s p e c t i v e l y .  
The I n t e r n a l  Revenue S e r v i c e  has  n o t  y e t  begun a c t i v e  
c o n s i d e r a t i o n  of r e g u l a t i o n s  governing pe rcen tage  de- 
p l e t i o n  f o r  geothermal  energy.  [ P e r s o n a l  communication 
( u n o f f i c i a l )  w i t h  M r .  Max R i l e y ,  Engineer ing and Valu- 
a t i o n  Branch, J u l y  1 0 ,  1979 .1  

I . R . C .  § 2 6 3 ( c )  as  amended by Energy Tax A c t  of 1978, 
Pub. L. N o .  95-618, § 4 0 2 ( a )  (11, 92  S t a t .  3201. For a 
more d e t a i l e d  a n a l y s i s  of t h i s  q u e s t i o n ,  see M i l l i o n ,  
s u p r a .  See a l s o  t h e  comments t o  which n o t e s  1 2 - 1 4 ,  
i 'nfra ,  are a t t a c h e d .  

The p r i n c i p l e  t h a t  an i n t e g r a t e d  developer  should em-  
p loy  a p r i c e  r e p r e s e n t a t i v e  of u n i n t e g r a t e d  deve lope r s  
w a s  f i r m l y  established i n  U . S .  v .  Cannelton S e w e r  P ipe  
C o . :  "As w e  see it, t h e  miner-manufacturer i s  bu t  

-- 
- 
s e l l i n g  t o  himself  t h e  c rude  mine ra l  t h a t  he mines,  
i n s o f a r  a s  t h e  d e p l e t i o n  al lowance i s  concerned."  364 
U.S. 7 6 ,  87 ( 1 9 6 0 ) .  

See Dutcher ,  J .  L .  and Moir, L. H . ,  "Geothermal Steam 
P r i c i n g  a t  t h e  Geysers ,  Lake  and Sonoma Coun t i e s ,  
C a l i f o r n i a , "  E leven th  I n t e r s o c i e t y  Energy Conversion 
Engineer ing  Conference Proceedings , ,  Vol. I ,  pp. 786-789. 

While r e p r e s e n t a t i v e  p r i c e s  f o r  geothermal  f l u i d  
of  h igh  t empera tu re  conce ivably  could  be a d j u s t e d  t o  
y i e l d  an e s t i m a t e d  p r i c e  f o r  a g iven  low tempera ture  
r e s o u r c e ,  it i s  u n l i k e l y  t h a t  such an e s t ima ted  p r i c e  
would be a c c e p t a b l e  t o  t h e  I.R.S. See t h e  d i s c u s s i o n  
i n f r a  and Treas. Reg. §1.613-4(c)  ( 4 ) .  

Dolan, W. M . ,  "Cons ide ra t ions  f o r  t h e  P r i c i n g  of Geo- 
thermal  Energy,"  and G r e i d e r ,  Bob, " P r i c i n g  of Geother- 
m a l  Energy,"  i n  Proceedings:  E P R I  Annual Geothermal 
Program Project  R e v i e w  and Workshop, Kah-nee-ta, W a r m  
Sp r ings ,  Oregon, J u l y  25-28, 1 9 7 7 .  Report  ER-660-SR. 

- 
The e q u i v a l e n t  energy  p r i c i n g  method proposed i n  

t h e s e  a r t i c l e s  i s  sugges ted  f o r  c o n t r a c t u a l  purposes  
between non- in t eg ra t ed  d e v e l o p e r s  and u s e r s .  I n  t y i n g  
t h e  p r i c e  of geothermal  energy  t o  t h a t  of f o s s i l  f u e l ,  
t h e  u s e r  can g u a r a n t e e  t h a t  geothermal  energy w i l l  a l -  
ways be less expens ive  t h a n  t h e  a l t e r n a t i v e s ,  w h i l e  t h e  
deve lope r  can t a k e  advantage of i n c r e a s e s  i n  p r i c e  of  
t h e  a l t e r n a t i v e  t o  h i s  p roduc t .  
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Since the Treasury Regulations do not explicitly 
allow use of this method for depletion purposes, the 
taxpayer would have to petition the I.R.S. as discussed 
in footnote 18 below. 

12. Panhandle Eastern Pipe Line Co. v. U.S., 408 F.2d 690 --- - 
(Ct.Cl.1969). The taxpayer must use "a 'representative 
market or field price,' if an acceptable price of such 
nature can be established. Neither the court's deci- 
sion in [Hugoton Production Co. v. U . S . ,  349 F.2d 418 
(Ct. C1. 1965)] nor the regulation requires the impossi- 
ble, i.e. the use of a price that cannot be determined 
representative, or as precluding us from applying some 
other formula that produces a fair result." 408 F.2d 
at 718. 

13. Hawaii Rev. Stat. §182~1(1). Idaho, Montana, and 
Washington declare geothermal resources to be sui 
generis (1972 Idaho Sess. Laws 751; Mont. Rev.Cbde 
§81-2602(1) (Supp. 1377); Wash. Rev. Code Ann. 
§79.76.040 (Supp. 1978)). Utah and Wyoming do not 
define geothermal resources, but regulate them under 
water law statutes (Utah Code Ann. 973-1-20 (Supp. 
1979); Wyo. Stat. Ann. §41-3-901). 

14. Geothermal Kinetics, Inc. v. Union Oil Co. of California, 

Union Oil Co. of California, 549 F.2d 1271 (9th Cir. 
1977) , X r c  den. 434 U . S .  930, reh. den. 435 U . S .  911. 

75 Ca.App.3d 56, 141 m. R p t r m  mm; - U . S .  v. 

- -  - -  

15. Sale price method, Treas. Reg. §1.613-4(b); Represent- 

16. Treas. Regs. §1.613-4(d) (1) and §1.613-4(d) (4) (ii). 

17. Treas. Reg. §1.613-4(d) (4) (i). 

ative m a r k e t  o r  field price method, §1.613-4(c). 

18. In order to utilize an alternative methodology for 
computing gross income, the taxpayer must request per- 
mission from the I.R.S. to do so pursuant to Treas. 
Reg. §1'.613-4 (d) (1) (ii) (a). The procedures governing 
this application appear in I.R.S. Rev. Proc. 74-43, 
74-2 C.B. 496. 
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19. 

20. 

21. 

22. 

23. 

Treas. Reg. §1.613-4(d) (1) (ii) (c). 

Treas. Regs. §1.613-4 (d) (1) (ii) (e) and 51,613-4 (d) ( 5 ) ,  
(6) and (7) - 
The concept of fixing prices based on a return on in- 
vestment has frequently come under theoretical attack. 
A particularly cogent critique by Justice Jackson in 
an opinion in Federal Power Commission v. Hope Natural 
Gas Co., 320 U . S .  591, 628 (1944) argued that rate 
oTrEurn methods were suitable for utilities which 
provide services primarily through investment (e.g. 
streetcar companies laying track and purchasing cars). 
In drilling for natural gas (or geothermal fluid), how- 
ever, one producer could easily spend five times the 
amount another invests to obtain the same quantity of 
gas, a situation hardly justifying the former being 
allowed to charge five times as much for his gas. 
"The service one renders to society in the gas business 
is measured by what he gets out of the ground, not by 
what he puts into it, and there is little more relation 
between the investment and the results than in a game 
of poker." Hope, su ra, at 649. 

for geothermal applications for which the notion of 
mineral replacement value is difficult if not impossi- 
ble to implement. In addition, methods based on his- 
torical cost and rates of return are easier for regu- 
latory authorities to administer than schemes involving 
either present or future valuation. "Administrative 
expedience, the pursuit of the achievable rather than 
the perfect, provides a reasoned basis for . . . 
judgment." Tenneco Oil Co. et al. v. Federal Energy 
Regulatory Commission, 571 F.2d 834, 841 (5th Cir. 
19781, cert. dis. 439 U . S .  801. 

The actual method of calculation proposed by this paper 
is set out algebraically in Appendix 11. 

Yet fewworka + e alternatives exist, especially 

-- 

- -  

The principal differences between this basis and the 
basis considered above are that (1) the cost depletion 
basis excludes amounts recoverable through depreci- 
ation deductions, (2) it excludes the residual value 
of land and improvements, and (3) it excludes intangi- 
ble drilling costs. Treas. Regs. §1.612-1(b) (1) and 
§l. 1016-2 (a) . 

(I 
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24. The underestimation of gross income inherent in using 
the cost depletion basis is to some extent offset by 
inclusion in the basis of that portion of the cost 
which is recovered through the investment tax credit. 

25. Southern Louisiana Area Rate Cases v. F.P.C., 428 F.2d 
407, reh. 444 F.2d 125, cert. den. 400 U.S. 950; - -  In re 
PermiKBasin Area -- Rate Cases, 390 U . S .  747, 806 (19681, 
reh. den. 392 U . S .  917; F.P.C. v, Hope Natural Gas -- Co., 
supra, at 605. 

- -  

- -  

26. F.P.C. v. Hope Natural Gas -- Co., supra, at 605. See 
also Tenneco Oil -- Co. v. F.E.R.C., supra, at 840. 

27. Note that an approach based upon the weighted cost of 
capital for the firm fails for the individual, as 
opposed to corporate, taxpayers who are frequently 
involved in direct-use applications. In any case, the 
risks attending the rest of the firm's activities need 
bear no relationship to those involved in production 
of geothermal fluid, and thus such an approach would 
fail the "comparable earnings" test discussed previously. 

panies engaged in geothermal exploration will founder 
upon the same obstacles encountered in the search for 
representative market prices: the absence of an iden- 
tifiable market or of similar firms engaged in geother- 
mal drilling. 

Methods based upon returns earned by drilling com- 

28. The procedure for computing this allowance is set out 
in Appendix 11. 

2 9 .  S h e l l  Oil Co. et al. v. Federal Power Commission, _. I n  
r e  N a t E a T R a t e  Cases for N e w  Gas, 5 2 0  F . 2 d  1061, 
1080 (5th Ci=975), cert. den. 426 U.S. 941. This 
case upheld F.P.C. Opinion 699-H, 52 F.P.C. 1604 (19741, 
which employed discounted cash flow methodologies. 
For a succinct description of the fundamental assump- 
tions involved, see R.N. Anthony and 3 . S .  Reece, 

- --- 
- -  

Management Accounting. Fifth Edition. Homewood, IL: 
Richard Irwin, Inc., 1975, Chapter 19. 

The procedures. used to include inflation and the 
time value of money are set out in Appendix I. 
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APPENDIX I - THE INCORPORATION OF DISCOUNTING AND 
INFLATION IN THE METHODOLOGY 

The fundamental premise of the discounted cash flow 

R.N. Anthony 
methodology is that the net present value of all cash- flows 
must equal zero at the required rate of return. 
and J . S .  Reece, Management Accounting, supra. 
plicity of method it is assumed that all investment is made 
in year zero, and that the net income to be received by the 
investor is constant from year one to year n, then the follow- 
ing relation must be satisfied: 

If for sim- 

I = Ar + Ar2 + Ar' + .  . . - t ~ r ~  , 

where 

I = initial investment in the project 
A = constant annual net income to the investor 
r = present value of one dollar received one 

year from now, equal to l/(l+i ) , where 
is the required rate of re reeurn 1 in real i 

tm?ii. 

It can be shown that the above equation is equivalent to: 

0 

thus determining the requisite value of net income once the 
initial investment, project lifetime, and required rate of 
return are established. 

Two procedures can be used to incorporate the 
effects of inflation. 
rate of inflation is used to determine net income in constant 
dollars, which is then adjusted year by year by employing an 
appropriate price index to find net income in current dollars, 
Alternatively, net income as found above in constant dollars 
can be inflated from year to year by the inflation rate 
estimated at project start. The latter method possesses the I 

advantage of simplicity and definiteness. 
inflation can be accounted for simply by redefining r in the 

In the first, an estimated future 

In either case, 
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e q u a t i o n  above: 

where 

# 

e = e s t i m a t e d  f u t u r e  i n f l a t i o n  r a t e  
i = r e q u i r e d  ra te  of r e t u r n  i n  nominal nom t e r m s  

The annual  n e t  income needed t o  y i e l d  t h e  p rope r  ra te  of 
r e t u r n  is t h e n  g iven  i n  c o n s t a n t  yea r -ze ro  do l la rs  by A 
i n  t h e  e q u a t i o n  above. To c o n v e r t  t o  c u r r e n t  y e a r  m 
d o l l a r s ,  one must m u l t i p l y  A by ( l+e)m,  r e p r e s e n t  m 
y e a r s  of i n f l a t i o n .  

APPENDIX I1 - CALCULATION OF GROSS INCOME BY 
THE PROPOSED RETURN ON INVESTMENT METHOD 

t 

The b a s i c  r e l a t i o n  between g r o s s  income and n e t  
income can be r e p r e s e n t e d  by t h e  fo l lowing  equa t ion :  

A = (G  - E )  (1 - t )  , 
where 

A = n e t  income 
G = g r o s s  income 
E = o p e r a t i n g  expenses ,  i n c l u d i n g  s t a t e  

t = f e d e r a l  income t a x  r a t e .  
t a x e s  

Rearranging t h i s  equa t ion  t o  i s o l a t e  g r o s s  income y i e l d s  

G =  A + E  . 
(1 - t )  

N o t e  t h a t  t h e  al lowance f o r  f e d e r a l  taxes mentioned p r e v i -  
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ous ly  i s  inc luded  i n  a r r i v i n g  a t  g r o s s  income. I n f l a t i o n  
and d i s c o u n t i n g  of cash flows are  inco rpora t ed  by s u b s t i t u t -  
i n g  fo r  A i n  t h e  e x p r e s s i o n  above t h e  r e l a t i o n  developed 
i n  Appendix I :  

where 

r =  
e =  

i - 
nom 

n =  

m =  

- 

t =  
I =  

E =  

G =  

(1 + e ) / ( l  + inom) 
e s t i m a t e d  f u t u r e  i n f l a t i o n  r a t e ,  i n  decimal 
form 
r e q u i r e d  r a t e  of r e t u r n  i n  nominal terms, 
decimal  
e s t i m a t e d  p roduc t ion  l i f e t i m e  of t h e  geo- 
the rma l  f i e l d  
number of y e a r s  from s t a r t  of p roduc t ion  t o  
p r e s e n t ,  coun t ing  t h e  f i r s t  y e a r  of produc- 
t i o n  as  y e a r  one 
f e d e r a l  income t a x  r a t e ,  i n  decimal  form 
cost  d e p l e t i o n  b a s i s  i n  t h e  p r o p e r t y  a t  t h e  
s t a r t  of p r o d u c t i o n ,  Treas. R e g .  §1.612.1 
o p e r a t i n g  expenses  f o r  t h e  c u r r e n t  y e a r  a s .  
d e f i n e d  i n  Treas. Reg. §1.513-5, i n  c u r r e n t  
d o l l a r s  
g r o s s  income i n  c u r r e n t  d o l l a r s .  

The l a s t  e q u a t i o n  can now be employed t o  de te rmine  g r o s s  
income from t h e  p r o p e r t y  f o r  d i r e c t - u s e  geothermal  a p p l i -  
c a t i o n s .  
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3 

b 

APPENDIX C - THERMODYNAMIC PROPERTIES OF 
_. 

PURE AND SALINE -- (GEOTHERMAL) 

A. INTRODUCTION 

WATER 

I n  o r d e r  t o  e v a l u a t e  t h e  performance of proposed 

p r o c e s s e s  u t i l i z i n g  geothermal energy ,  it i s  e s s e n t i a l  t o  

de te rmine  t h e  thermodynamic p r o p e r t i e s  o f  f l u i d  streams a t  

v a r i o u s  p o i n t s  i n  t h e  system. The method d e s c r i b e d  on t h e  

fo l lowing  pages a s c e r t a i n s  t h e  v a l u e s  of t h e s e  p r o p e r t i e s  

f o r  e i t h e r  pu re  water o r  s a l t  s o l u t i o n s ,  c o r r e l a t i n g  t e m -  

p e r a t u r e ,  p r e s s u r e ,  e n t h a l p y ,  and en t ropy  i n  t h e  l i q u i d ,  

two-phase, and vapor  r e g i o n s .  

The cor responding  FORTRAN computer fo rmula t ion  

is  coded i n  one s u b r o u t i n e  and twenty-s ix  f u n c t i o n  sub- 

programs, s i x t e e n  of  which r e p r e s e n t  c o r r e l a t i o n s  of t h e  

p r o p e r t i e s  of pu re  w a t e r .  The s u b r o u t i n e  chooses  t h e  ap- 

p r o p r i a t e  c o r r e l a t i o n s ,  v a l i d a t e s  i n p u t  d a t a ,  and embodies 

a l a r g e  f r a c t i o n  of t h e  s a l t  s o l u t i o n  a lgo r i thms .  Inc lud-  

ing nonexecutable comment lines, the entire formulation re- 

q u i r e s  less than  9 1 0  l i n e s  of  code. 

b 

B. ALGORITHMS FOR PURE WATER -- 
1. C o r r e l a t i o n s  and a l g o r i t h m s  

S ince  p r o p e r t y  v a l u e s  are f r e q u e n t l y  needed i n  

p rocess  energy c a l c u l a t i o n s ,  a major c o n s i d e r a t i o n  i n  t h e  

des ign  of  p r o p e r t y  c o r r e l a t i o n s  i s  t h a t  of speed. T o  avo id  
# 
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t h e  time-consuming i t e r a t i o n  r e q u i r e d  by c u r r e n t  computer 

codes,  s e p a r a t e  c o r r e l a t i o n s  have been developed f o r  each 

combination of independent  and dependent v a r i a b l e s :  

L iqu id  - t ( p , h )  h ( p , s )  

s ( p , h )  h ( p , t )  

Two-phase - hf ( p )  Sf (P)  

hg (P )  Sg (PI 

P ( h f )  P (hg)  

t (P )  P ( t )  

Vapor - t ( p , h )  h ( p ,  s)  

s ( p r h )  h ( p , t )  . 

The c o r r e l a t i o n  e q u a t i o n s  themselves  are  expres sed  i n  t e r m s  

of d imens ion le s s  reduced v a r i a b l e s  ( i . e .  'lpc 

h/hc, and s/sc, where c i n d i c a t e s  v a l u e s  a t  t h e  c r ik i ca l  

p o i n t ) .  The subprograms, however, a c c e p t  and r e t u r n  d a t a  

Tabs/Tabs,  c 

i n  m e t r i c  u n i t s  ( b a r s ,  OC, J / g ,  and J/g-K). 

Polynomial r e l a t i o n s  are employed i n  a l l  b u t  one 

of t h e  c o r r e l a t i o n  equa t ions .  (For r easons  of  accuracy ,  

t h e  c o r r e l a t i o n  g i v i n g  s a t u r a t i o n  p r e s s u r e  a s  a f u n c t i o n  

of t empera tu re  h a s  t h e  f o r m  p = c 

Unfo r tuna te ly ,  t h e  use  of polynomials  of high degree  re- 

s u l t s  i n  unacceptab ly  long  computation t i m e s ,  wh i l e  l o w e r  

degree  polynomials  s u f f e r  from inaccuracy  i f  t h e  e n t i r e  

+ c 2 / T  + c3 Rn T + c 4 T . )  1 

I 

@ 
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domain of i n t e r e s t  i s  c o n s i d e r e d  as a whole. The scheme 

adopted h e r e  avo ids  t h e s e  d i f f i c u l t i e s  by d i v i d i n g  t h e  do- 

main of  each  independent  v a r i a b l e  i n t o  s e c t i o n s .  A parab- 

o l a  i s  then  f i t  t o  t h e  endpo in t s  and an  i n n e r  p o i n t  of  each 

s e c t i o n .  (The vapor phase c o r r e l a t i o n s  are  s p l i t  a t  4 . 2  

b a r s  and 235OC; t h e  l i q u i d  phase c o r r e l a t i o n s  are d i v i d e d  

i n  tempera ture  o n l y  a t  160°C; t h e  s a t u r a t i o n  l i n e  co r re -  

l a t i o n s  a r e  s p l i t  a t  2.8 and 6.35 b a r s  excep t  f o r  t h e  re- 

l a t i o n s  h ( p )  , s ( p )  , and p ( t )  , which remain unbroken.)  

The unde r ly ing  d a t a  f o r  t h e  c o r r e l a t i o n s  w e r e  
9 g 

taken  from Reference 1. 

I n  choosing t h e  a p p r o p r i a t e  c o r r e l a t i o n s  when 

p r e s s u r e  and tempera ture  c o n s t i t u t e  t h e  g iven  i n p u t  d a t a ,  

t h e  main s u b r o u t i n e  c o n s i d e r s  f l u i d  t o  be two-phase i f  i t s  

t empera tu re  d i f f e r s  by no more t h a n  one degree  C e l s i u s  from 

t h e  s a t u r a t i o n  tempera ture  a s s o c i a t e d  w i t h  t h e  f l u i d  p r e s -  

s u r e .  The p r o p e r t y  v a l u e s  r e t u r n e d  i n  t h i s  case cor respond 

t o  s a t u r a t e d  vapor because p r e s s u r e  and t empera tu re  a r e  n o t  

independent  v a r i a b l e s  w i t h i n  t h e  two-phase r eg ion .  

2 .  Er ror  l i m i t s  

The graphs  p r e s e n t e d  on t h e  fo l lowing  s i x t e e n  

pages i l l u s t r a t e  t h e  e r r o r s  i n h e r e n t  i n  t h e  c o r r e l a t i o n  

equa t ions .  The computer program w r i t e s  a warning message 



232  

i f  t h e  v a l u e s  of independent  v a r i a b l e s  passed  t o  t h e  c o r r e -  

l a t i o n s  f a l l  o u t s i d e  t h e  domain w i t h i n  which errors are 
4 

less t h a n  one  p e r c e n t .  

4 
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C. ALGORITHMS FOR SALT SOLUTIONS - I N  WATER -- 

For t h e  purposes  of  choosing between t h e  pu re  and 

s a l i n e  water a l g o r i t h m s ,  t h e  computer program c o n s i d e r s  

f l u i d  t o  b e  s a l i n e  i f  i t s  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t  

exceeds l o m 5  ( m a s s  f r a c t i o n  b a s i s ) .  

h e r e  assume t h a t  t h e  s a l t  c o n t e n t  of  t h e  b r i n e  i s  composed 

of  potassium, ca lc ium,  and sodium c h l o r i d e s  i n  t h e  r a t i o  

1 .00:1 .95:3 .55  r e s p e c t i v e l y .  However, t h e  s p e c i f i c  h e a t  

equa t ion  u s e s  d a t a  f o r  pu re  sodium c h l o r i d e  s o l u t i o n s .  

The c o r r e l a t i o n s  given 

1. P r o p e r t y  c o r r e l a t i o n s  

The f i r s t  c o r r e l a t i o n ,  t aken  from Reference 2 ,  

r e la tes  t h e  s a t u r a t i o n  p r e s s u r e  of  pu re  w a t e r  t o  t h a t  of 

b r i n e  a t  t h e  same tempera ture :  

where 

'sat, b r i n e  ( t)  

6 

1 a 

i-1 C a l i  csalt a =  1 
i=l 

P s a t , w a t e r  ( t)  I 

cc.21 

= s a l t  c o n c e n t r a t i o n  by m a s s  i n  
l i q u i d  p o r t i o n  o f  f l u i d .  s a l t  C 

Values f o r  t h e  c o n s t a n t s  a throughout  t h i s  r e p o r t  are 
i j  

l i s t e d  i n  Table  C-1 a t  t h e  conc lus ion  of t h i s  s e c t i o n .  
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The second c o r r e l a t i o n ,  a l so  taken  from Reference 

2 ,  de te rmines  s a t u r a t e d  l i q u i d  e n t h a l p y  as  a f u n c t i o n  of 

b r i n e  tempera ture :  

where a4 and a5 are d e f i n e d  by power series i n  csalt i n  an 

analogous f a s h i o n  t o  Eq. C . 2 .  

f i n e d  i n  Btu/lbm and t empera tu re  i n  OF. 

Enthalpy i n  Eq. C . 3  i s  de- 

The t h i r d  c o r r e l a t i o n ,  developed from t h e  data 

given i n  Reference 3 ,  relates sa tura ted  l i q u i d  en t ropy  t o  

b r i n e  tempera ture :  

- a + a t + a 6 t  2 
sf - 2 3 

IC .41  

a s  i n  t h e  p rev i -  s a l t  where t h e  c o n s t a n t s  are f u n c t i o n s  of  c 

ous c o r r e l a t i o n s .  

q u a d r a t i c  e q u a t i o n s  i n  t empera tu re  t o  t h e  t a b u l a t e d  d a t a  

a t  1 0 0 ,  300 ,  and 6Q0°F f o r  c o n s t a n t  s a l t  c o n c e n t r a t i o n s  of  

5,  1 0 ,  15,  2 0 ,  and 25%. T h i s  procedure  gave a set of co- 

e f f i c i e n t s  a a and a6  cor responding  t o  each  s a l i n i t y .  

Fourth-order  e q u a t i o n s  i n  s a l t  c o n c e n t r a t i o n  were t h e n  

f i t t e d  t o  t h e s e  c o e f f i c i e n t s ,  y i e l d i n g  power series f o r  t h e  

c o e f f i c i e n t s  a s  f u n c t i o n s  o f  s a l i n i t y .  

t empera ture  must be g iven  i n  OC and en t ropy  i s  computed i n  

The c o r r e l a t i o n  w a s  found by f i t t i n g  

2 '  3' 

For t h i s  c o r r e l a t i o n ,  

J / g - K .  
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The f o u r t h  c o r r e l a t i o n  de te rmines  b r i n e  e n t h a l p y  

as a f u n c t i o n  of  tempera ture .  From t h e  d e f i n i t i o n  of  en-  

t h a l p y  I 

dh = du + pdv + vdp . [C. 51 

3 
I t  i s  assumed t h a t  i n  t h e  l i q u i d  r e g i o n  b r i n e  i s  an  incom- 

p r e s s i b l e  l i q u i d  and t h a t  i t s  s p e c i f i c  h e a t  i s  a f u n c t i o n  

of  tempera ture  on ly .5  Def in ing  t h e  s p e c i f i c  h e a t  a t  con- 

s t a n t  volume and n o t i n g  t h a t  s p e c i f i c  volume is a c o n s t a n t  

f o r  an incompress ib l e  f l u i d ,  Eq. C . 5  becomes 

dh = cdT + vdp I 

where 

c =  c = s p e c i f i c  h e a t .  V 

t 

[C. 6 1  

I f  Eq. C . 6  i s  i n t e g r a t e d  a long  an i s o b a r ,  t h e  subcooled 

l i q u i d  e n t h a l p y  can be found: 

h - h f  - - / c d T  . 
s a t  

[ C .  71 

The s p e c i f i c  h e a t  can be expres sed  a s  a f u n c t i o n  of t e m -  

p e r a t u r e  a lone :  

C 
2 

a 7 + a T + a 9 T  8 I 



252  

i n  which t h e  u n i t s  of t empera tu re  are degrees  Kelvin.  

power series e x p r e s s i o n s  for  a a and a i n  terms of 

s a l i n i t y  w e r e  determined by f i t t i n g  pa rabo las  i n  tempera ture  

The 

7 '  8 '  9 

( a t  1 0 ,  2 0 ,  and 3OOC) t o  s p e c i f i c  heat d a t a  i n  Refer'ence 4 

f o r  s a l t  c o n c e n t r a t i o n s  of 0 ,  1 0 ,  and 2 5 % .  Power series 

w e r e  t h e n  f i t  t o  t h e  r e s u l t i n g  coef f ic ien ts  of t h e  parab- 

olas.  

y i e l d s  

S u b s t i t u t i o n  o f  Eq. C.8 i n t o  E q .  C . 7  and i n t e g r a t i o n  

9 3 3  a a 8 2 2  
h = hf + a 7 ( T - T  sat  ) + ( T  -Tsat) + =j-(T -Tsat) , 

where 

h = b r i n e  e n t h a l p y ,  J /g  

T = b r i n e  t empera tu re ,  K 

hf = b r i n e  s a t u r a t e d  e n t h a l p y  a t  b r i n e  t empera tu re  

= s a t u r a t i o n  tempera ture  a s s o c i a t e d  w i t h  b r i n e  
Tsat p r e s s u r e  and s a l i n i t y .  

The f i f t h  c o r r e l a t i o n  de te rmines  b r i n e  en t ropy  

as a f u n c t i o n  of tempera ture .  From t h e  Gibbs e q u a t i o n ,  

d s  
1 
T 
- P 

T du + - dv LC.101 

Using t h e  f a c t  t h a t  s p e c i f i c  volume i s  a c o n s t a n t  i n  t h i s  

case and employing t h e  d e f i n i t i o n  of s p e c i f i c  h e a t ,  

, 
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C 
T d s  = - dT I 

o r  i n t e g r a t i n g ,  
r 

s a t  

3 

[C. 1 1 1  

[C.12 ]  

The e x p r e s s i o n  f o r  s p e c i f i c  h e a t  g iven  i n  Eq. C.8 can b e  

s u b s t i t u t e d  i n t o  t h i s  i n t e g r a l ,  y i e l d i n g  t h e  f i n a l  c o r r e -  

l a t i o n  

2. Algori thms 

D i f f e r e n t  a l g o r i t h m s  a r e  used depending on which 

p r o p e r t i e s  are given as i n p u t .  6 

- -Pressure  and Q u a l i t y  Given -- 
A s  a s a l i n e  b r i n e  i s  evapora t ed ,  t h e  s a l t  con- 

c e n t r a t i o n  i n  t h e  r ema in ing  liquid increases until the Sa7,t 

s a t u r a t i o n  p o i n t  i s  reached.  

o u t  of t h e  s o l u t i o n  whi le  t h e  c o n c e n t r a t i o n  remains con- 

s t a n t .  

change d u r i n g  e v a p o r a t i o n ,  t h e  t o t a l  d i s s o l v e d  s o l i d s  con- 

t e n t  must e v e n t u a l l y  d e c r e a s e  t o  z e r o  a s  t h e  f l u i d  q u a l i t y  

i n c r e a s e s  t o  u n i t y .  

T h e r e a f t e r  s a l t  p r e c i p i t a t e s  

S ince  t h e  t o t a l  mass of  l i q u i d  and vapor  does n o t  

The b r i n e  c o r r e l a t i o n s  p r e s e n t e d  i n  t h e  p rev ious  
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s e c t i o n  depend on t h e  c o n c e n t r a t i o n  of  s a l t  i n  t h e  l i q u i d  

f r a c t i o n  of t h e  stream and n o t  i n  g e n e r a l  on the  t o t a l  d i s -  4 

so lved  c o n t e n t .  T h i s  c o n c e n t r a t i o n  can be determined f r o m  

a m a s s  ba l ance  a s  

4 
- TDS - 

s a l t  (1 - x)  C I [ C . 1 4 ]  

where 

x = f l u i d  q u a l i t y  
TDS = total disso lved  s o l i d s  content: mass of 

s a l t s  d i v i d e d  by t o t a l  m a s s  of salts, 
l i q u i d ,  and vapor .  

However, t h e  s a l t  c o n c e n t r a t i o n  cannot  exceed t h e  maximum 

s o l u b i l i t y ,  a parameter  a r b i t r a r i l y  set a t  0.50 grams of 

s a l t  p e r  gram of  s o l u t i o n  i n  d a t a  s t a t e m e n t s  a t  t h e  begin- 

n ing  of  t h e  computer code. The t r u e  v a l u e  of t h e  s o l u b i l i t y  

i s  a c t u a l l y  a complex f u n c t i o n  of t empera tu re ,  t h e  t y p e  of 

s a l t s  p r e s e n t ,  and o t h e r  f a c t o r s .  7 

The s a l t  c o n c e n t r a t i o n ,  d e f i n e d  a s  t h e  lesser of 

t h e  s o l u b i l i t y  and t h e  q u a n t i t y  g iven  by Eq. C . 1 4 ,  i s  u t i -  

l i z e d  t o g e t h e r  w i t h  t h e  b r i n e  p r e s s u r e  i n  Eq. C.l t o  d e t e r -  

mine t h e  s a t u r a t i o n  p r e s s u r e  f o r  pu re  water  cor responding  

t o  t h e  (unknown) b r i n e  t empera tu re .  The b r i n e  tempera ture  

then  can be  found f r o m  t h i s  p r e s s u r e  u s i n g  t h e  pu re  w a t e r  

c o r r e l a t i o n  t ( p ) .  sat  
The n e x t  s t e p  i s  t o  e v a l u a t e  t h e  vapor  temper- 
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ature. Due to the effect of salt on the boiling temper- 

ature of the brine, at thermal equilibrium the vapor will 

be superheated with respect to the saturation temperature 

for pure vapor at the common brine-vapor pressure. The 

degree of equilibrium achieved is described by a parameter 

(listed in a DATA satement in the computer formulation) 

which defines a fractional superheat: 

1 tvapor tsat,pure(pb&ine 
tbrine tsat,pure(Pbrine) 

- 
[C. 151 - SUPRHT = 

Given a value of this parameter, the vapor temperature can 

be found. The "fluid" temperature is considered by the 

computer program to be that of the brine for fluid quali- 

ties below 50% and that of the vapor for qualities greater 

than 50%. At present SUPRHT is set equal to unity in the 

program; brine and vapor temperatures are thus identical. 

The vapor en tha lpy  can now be c a l c u l a t e d  from 

the brine pressure and vapor temperature by use of a pure 

superheated steam correlation, h(p,t). The saturated 

liquid enthalpy is determined from the brine temperature 

by Eq. C.3. If the liquid salt concentration is less than 

5%, the algorithm utilizes a linear interpolation in csalt 

to find the value of hf, using the results of the pure 

water correlation h (p) and of Eq. C.3 at 5% salinity. f 
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- -Sa tura ted  L iqu id  Enthalpy and Q u a l i t y  Given -- 
This  a l g o r i t h m  h a s  been implemented o n l y  fo r  f l u i d  

q u a l i t y  of  0 % .  Equat ion C.3 i s  i n v e r t e d  t o  f i n d  b r i n e  t e m -  

p e r a t u r e  from s a t u r a t e d  l i q u i d  en tha lpy :  

EC.161 

The s a t u r a t i o n  p r e s s u r e  f o r  pure  w a t e r  cor responding  t o  

t h i s  t empera tu re  i s  found by c o r r e l a t i o n  p ( t ) .  Equation 

C . l  t h e n  y i e l d s  t h e  b r i n e  p r e s s u r e .  I f  t h e  s a l t  concen- 

t r a t i o n  i s  less t h a n  5 % ,  l i n e a r  i n t e r p o l a t i o n  between 5% 

c o n c e n t r a t i o n  and t h e  r e s u l t  f o r  pu re  wa te r  [found by 

c o r r e l a t i o n  p ( h f ) l  i s  employed. 

sa t  

s a t  

-- P r e s s u r e  and Temperature Given -- 
The phase of t h e  f l u i d  ( l i q u i d ,  two-phase, o r  

vapor)  must f irst  be determined.  Using t h e  same procedure  

as w a s  employed i n  t h e  f i r s t  a l g o r i t h m  above ( p  and x 

g i v e n ) ,  t h e  b r i n e  s a t u r a t i o n  t empera tu re  and vapor  temper- 

a t u r e  are found f r o m  t h e  b r i n e  p r e s s u r e  and assumed q u a l i -  

t i es  of z e r o  and u n i t y .  The computer program d e f i n e s  t h e  

two-phase r e g i o n  a s  ex tend ing  f r o m  one degree  C e l s i u s  be- 

l o w  t h e  b r i n e  s a t u r a t i o n  t empera tu re  t o  one degree  above 

t h e  vapor  t empera tu re .  

t 

@ By comparison wi th  t h e  given t e m -  



p e r a t u r e ,  t h e  f l u i d  phase i s  r e a d i l y  determined.  

I f  supe rhea ted  f l u i d  i s  i n d i c a t e d  by t h i s  test ,  

t h e  program branches  t o  t h e  a p p r o p r i a t e  pu re  w a t e r  a l g o r i t h m  

s i n c e  t h e  s a l t  c o n t e n t  of vapor is  ze ro .  For  two-phase 

f l u i d ,  t h e  l a c k  of  independence of p r e s s u r e  and t empera tu re  

3 

i n  t h e  two-phase r e g i o n  f o r c e s  t h e  a r b i t r a r y  assumption of 

1 0 0 %  q u a l i t y :  p r o p e r t i e s  r e t u r n e d  by t h e  program corres- 

pond t o  t h o s e  of pu re  vapor  a t  t h e  b r i n e  p r e s s u r e  and vapor  

t empera tu re .  For  subcooled l i q u i d ,  Eqs. C . 3 ,  C.4, C . 9 ,  and 

C . 1 3  are used t o  f i n d  h f ,  sf, h ,  and s r e s p e c t i v e l y .  

l i n e a r  i n t e r p o l a t i o n  i s  a g a i n  employed f o r  l i q u i d  s a l t  con- 

A 

c e n t r a t i o n s  below 5%.  

3 

- -Pressure  and Enthalpy or  Entropy Given -- 
A FORTRAN f u n c t i o n  subprogram i s  used  i n  t h i s  

s e c t i o n  t o  reduce  t h e  q u a n t i t y  of  redundant  code. Given 

s a l t  c o n c e n t r a t i o n ,  p r e s s u r e ,  degree  of vapor  supe rhea t  

(SUPRHT), and e i t h e r  e n t h a l p y  o r  en t ropy ,  it c a l c u l a t e s  by 

t h e  methods d e s c r i b e d  above t h e  b r i n e  and vapor t empera tu res ,  

s a t u r a t e d  l i q u i d  and vapor e n t h a l p i e s ,  and f l u i d  q u a l i t y .  

A c a l l  t o  t h i s  subprogram u s i n g  TDS a s  t h e  s a l t  concent ra -  

t i o n  which r e t u r n s  a computed q u a l i t y  less than  z e r o  i n d i -  

c a t e s  t h a t  t h e  f l u i d  i s  subcooled,  s i n c e  c 

throughout  t h e  l i q u i d  r eg ion .  S i m i l a r l y ,  a c a l l  t o  t h e  

e q u a l s  TDS s a l t  
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subprogram us ing  t h e  maximum s o l u b i l i t y  which r e t u r n s  a 

computed q u a l i t y  g r e a t e r  t h a n  u n i t y  i n d i c a t e s  t h a t  t h e  f l u i d  

must be superhea ted  vapor .  I f  t h i s  l a t t e r  be t h e  case, t h e  

program branches  t o  t h e  a p p r o p r i a t e  pu re  vapor a l g o r i t h m  

because superhea ted  vapor  cannot  c o n t a i n  a p p r e c i a b l e  q u a n t i -  

t i es  of s a l t .  

Unfo r tuna te ly ,  fo r  subcooled l i q u i d  t h e  procedure  

which c a l c u l a t e s  e n t h a l p y  o r  en t ropy  a s  a f u n c t i o n  of t e m -  

p e r a t u r e  cannot  be i n v e r t e d .  The program t h e r e f o r e  i ter-  

ates,  assuming a b r i n e  t empera tu re  and c a l c u l a t i n g  e n t h a l p y  

o r  en t ropy  t o  compare w i t h  t h e  g iven  va lue .  A b i s e c t i o n  

i t e r a t i o n  scheme i s  fo l lowed,  w i t h  endpo in t s  i n i t i a l l y  a t  

18OC and t h e  s a t u r a t i o n  t empera tu re  cor responding  t o  t h e  

b r i n e  p r e s s u r e  and s a l i n i t y .  The scheme g u a r a n t e e s  con- 

vergence ( t o  0 . 1  J /g  f o r  e n t h a l p y  o r  0 .0003  J/g-K f o r  

en t ropy)  i n  less t h a n  15  i t e r a t i o n s  for  t h e  domain of i n -  

terest. 

For f l u i d  i n  t h e  two-phase r e g i o n ,  t h e  f l u i d  

q u a l i t y  and t h e r e f o r e  t h e  l i q u i d  s a l t  c o n c e n t r a t i o n  are 

unknown. Here t h e  program i terates  t o  f i n d  t h e  s a l t  con- 

c e n t r a t i o n .  Assumption of a p a r t i c u l a r  v a l u e  y i e l d s  i n  

t u r n  b r i n e  and vapor  t empera tu res ,  s a t u r a t e d  l i q u i d  and 

vapor  e n t h a l p i e s  o r  e n t r o p i e s ,  f l u i d  q u a l i t y ,  and a com- 

puted  s a l t  c o n c e n t r a t i o n  ( f r o m  Eq. C.14). T h i s  l a s t  a t  

4 

I 

I 
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convergence should  equa l  t h e  v a l u e  of c i n i t i a l l y  

assumed. The b i s e c t i o n  scheme employed a g a i n  g u a r a n t e e s  

convergence ( t o  0 .3%)  w i t h i n  f i f t e e n  i t e r a t i o n s .  

s a l t  

3. E r r o r  l i m i t s  

There are s e v e r a l  s o u r c e s  f o r  e r r o r  i n  t h e  above 

c o r r e l a t i o n s  and a lgo r i thms .  

Most impor t an t ly ,  t h e  unde r ly ing  d a t a  are un- 

Measurements of t h e  thermodynamic p r o p e r t i e s  of  c e r t a i n .  

b r i n e s  are j u s t  beginning  t o  be  made and v a r i o u s  s t u d i e s  

d i f f e r  widely i n  t h e  r e p o r t e d  v a l u e s  of s a t u r a t i o n  p r e s -  

s u r e ,  d e n s i t y ,  en tha lpy ,  and en t ropy .*  

t h e s e  c o r r e l a t i o n s  are based a r e  c la imed t o  be  a c c u r a t e  t o  

w i t h i n  5% between 27OC and 23OOC and between 0 %  and 35% 

s a l i n i t i e s .  

The d a t a  upon which 

Unfo r tuna te ly ,  t h e  s p e c i f i c  h e a t  d a t a  i s  l i m i t e d  

t o  ve ry  l o w  t empera tu re  ranges ;  e x t e n s i v e  e x t r a p o l a t i o n  i s  

t h u s  r e q u i r e d .  Moreover, t h e  s p e c i f i c  h e a t  c o r r e l a t i o n  

u s e s  d a t a  f o r  pu re  sodium c h l o r i d e  s o l u t i o n s ,  wh i l e  t h e  

o t h e r  c o r r e l a t i o n s  assume a m o r e  complex s o l u t i o n  of po- 

t a s s ium,  calcium, and sodium c h l o r i d e s  i n  t h e  r a t i o  

1.00:1.95:3.55 r e s p e c t i v e l y .  The e x t e n t  t o  which a c t u a l  

b r i n e s  d i f f e r  i n  t h e i r  composi t ion from t h e s e  f i g u r e s  a l so  

a f f e c t s  t h e  accuracy  of t h i s  fo rmula t ion .  

The c o r r e l a t i o n s  g iven  h e r e  match t h e  data i n  t h e  
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I n t e r n a t i o n a l  C r i t i c a l  Tab le s  and t h e  Dittman r e p o r t  t o  

w i t h i n  1% throughout  t h e  domain given i n  t h e s e  r e f e r e n c e s .  
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a 

li 

2i 

3i 

4i 

5i 

6i 

7i 

8i 

9i 

- 

1 
1.0 

0.022722 

0.013641 

0.2447 

1.225 

-8.5416E-6 

6.4678 

-0.013823 

2.05533-5 

2 
-0.617 

1.8610 

-0.055156 

0.5337 

-0.4617 

1.00783-4 

-66.272 

0.37061 

-5.5441E-4 

i 

3 
0.1955 

-17.556 

0.50699 

1.379 

-1.002 

-1.2313E-3 

178.26 

-1.0211 

1.4888E-3 

4 
-7.253 

78.319 

-2.2488 

-6.679 

5.58 

5.6281E-3 

0 

0 

0 

5 
12.73 

-123.65 

3.5328 

9.47 

-5.371 

-8.83253-3 

0 

0 

0 

6 
- 0  

0 

0 

0 

-4.615 

0 

0 

0 

0 

- 

TABLE C-1  - CONSTANTS IN THE CORRELATION 
EQUATIONS FOR SALINE FLUID 

-- 
- 
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D.  USER G U I D E  T O  THE COMPUTER FORMULATION -- 

1. I n p u t  format  

All i n p u t  and o u t p u t  is g iven  i n  t h e  argument 

l i s t  of t h e  main s u b r o u t i n e  PROPTY.  

t h e  sub rou t ine  is  of t h e  form 

The c a l l  s t a t e m e n t  t o  

CALL PROPTY(IPJDEX1,  I N D E X 2 ,  T D S ,  P ,  T ,  H ,  S ,  

X, P H A S E ,  H F ,  HG) , [C .  1 7 1  

where 

I N D E X 1  = parameter s p e c i f y i n g  which v a r i a b l e s  
are g iven  a s  i n p u t  (see below) 

I N D E X 2  = parameter  s p e c i f y i n g  which v a r i a b l e s  

T D S  

P = p r e s s u r e ,  b a r s  

are  desired as  o u t p u t  (see below) 

= t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t ,  kg/kg 

T = t empera tu re ,  OC 

H e n t h a l p y ,  J/g 

S = en t ropy ,  J/g-K 

= f l u i d  q u a l i t y :  m a s s  of vapor d i v i d e d  X 
by t o t a l  mass 

PHASE = i n t e g e r  v a r i a b l e  equa l  t o  one f o r  
subcooled l i q u i d ,  t w o  f o r  two-phase 
f l u i d ,  and three fo r  superhea ted  
vapor 

H F  = s a t u r a t e d  l i q u i d  en tha lpy ,  J /g  

HG = s a t u r a t e d  vapor en tha lpy ,  J / g  . 

4 
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Appropriate values for the two indices governing 

input and output can be calculated from the following equa- 

tion: 
8 

I N D E X  = 1 Ji ( 2 i-l) f 

i= 1 
[C. 181 

where Ji equals one if the ith parameter in the following 

list is chosen, and equals zero otherwise. 

i 

1 

- 

2 

3 

corresponding 
parameter term in summation 

P 1 

T 

H 

2 

4 

4 S 8 

5 X 1 6  

? 

6 PHASE 3 2  

7 

8 

HF 

HG 

6 4  

128 

A value for the total dissolved solids content, TDS, must 

always be given as input and therefore is not included in 

the list. 

Only some of the possible combinations of input 

and output variables are currently implemented in sub- 

routine PROPTY; the available combinations are listed in 
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T a b l e  C-2. 

c u r r e n t  program b u t  have n o t  been e x p l i c i t l y  tested. Warn- 

i n g  messages concerning t h e  v a l i d i t y  of i n p u t  d a t a  are 

p r i n t e d  on l o g i c a l  dit 6 .  

O t h e r  combinat ions may be p o s s i b l e  w i t h  t h e  

A s  w a s  d i s c u s s e d  above, evapora t ion  of b r i n e s  

changes t h e  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t .  However, t h e  

va lue  of TDS cannot  be a l te red  i n  sub rou t ine  PROPTY because 

properties are  f r e q u e n t l y  de te rmined  on ly  for  use i n  s y s t e m  

d e c i s i o n  r u l e s .  I t  i s  t h e  r e s p o n s i b i l i t y  of t h e  u s e r  t o  

check t h e  r e t u r n e d  p r o p e r t y  v a l u e s  a f t e r  every  o p e r a t i o n  

invo lv ing  e v a p o r a t i o n  or  a d d i t i o n  of f l u i d ,  and t o  a d j u s t  

a p p r o p r i a t e l y  t h e  v a l u e  of TDS i n  h i s  c a l l i n g  program i f  

s o l u b i l i t y  l i m i t s  are exceeded. 
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Input v a r i a b l e s  

P I T  

P I X  

P I X  

H F  I X=O. 0 

O u t p u t  v a r i a b l e s  

H 

S 

T 

S 

T I  x 
T I  PHASE 

X,  PHASE 

TI  X I  PHASE 

S I  X I  PHASE 

X, H F ,  HG 

H 

H I  H F ,  HG 

T 

H F ,  HG 

TI HF, HG 

P 

TABLE C-2  - COMBINATIONS O F  I N P U T  AND OUTPUT V A R I A B L E S  

CURRENTLY IMPLEMENTED I N  SUBROUTINE PROPTY 

- - 
- 
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2. Example input and output 

A sample call to subroutine PROPT! is as fo lows : 

CALL PROPTY(17, 194, 0.1, 4.448, T, D1, D2, 

0.0, 11, HF, HG) , cc.191 

in which D1, D2, and I1 are dummy variables. This call 

statement requests values for temperature and saturated 

liquid and vapor enthalpies corresponding to the given 

pressure (4.448 bars)  and quality (0.0). 

T = 150.02 

HF = 580.28 

HG = 2749.26 . 



267  

3. Flow charts, variable lists, and computer program - -  
listinas 

The f l o w  charts, variable lists, and computer pro- 

gram listings f o r  the thermodynamic properties algorithms are 

given in Appendix D. 

Q 
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APPENDIX D - USER G U I D Z  TO THE COMPUTER MODEL ----- 

1. Notes on d a t a  i n p u t  - - -- 
The fo l lowing  comments a r e  in t ended  t o  e l u c i d a t e  

t h e  p rocess  by which d a t a  a r e  prepared  f o r  t h e  computer. 

F i r s t ,  it i s  impor tan t  t o  choose an a p p r o p r i a t e  

se t  of i n d u s t r i a l  p rocesses  f o r  a n a l y s i s .  The set can in -  

c lude  any number of p r o c e s s e s  from a s i n g l e  u n i t  p r o c e s s  t o  

t h e  e n t i r e  p l a n t .  S ince  t h e  number of p r o c e s s e s  t o  be con- 

s idered  can be changed a f t e r  t h e  f i r s t  computer r u n ,  a r ea -  

sonable  e s t i m a t e  of t h e  a p p r o p r i a t e  p r o c e s s  set i s  s u f f i -  

c i e n t  f o r  p r e l i m i n a r y  purposes .  One good estimate c o n s i s t s  

of a l l  p r o c e s s e s  which r e q u i r e  f l u i d  t empera tu res  t h a t  do 

n o t  exceed t h e  tempera ture  of t h e  geothermal  r e s o u r c e .  

Second, i f  t h e  au tomat ic  matching mode of opera-  

t i o n  i s  s e l e c t e d ,  a sma l l  number of dummy p r o c e s s e s  should 

be added t o  t h e  i n p u t  d a t a  t o  permi t  more f l e x i b l e  i n t e r -  

a c t i v e  u s e  of t h e  program. [For examples of how t o  estab- 

l i s h  a dummy p r o c e s s ,  see below.] A dummy p r o c e s s  i s  n o t  

r e l a t e d  t o  an a c t u a l  p h y s i c a l  u n i t  p r o c e s s .  I t  allows t h e  

u s e r  t o  i n t r o d u c e  i n t o  t h e  a n a l y s i s  c o s t  and energy  r e q u i r e -  

ment d a t a  t h a t  a r e  n o t  determined a u t o m a t i c a l l y  by t h e  pro-  

gram. T y p i c a l l y ,  one dummy p r o c e s s  might  r e p r e s e n t  an 

a d d i t i o n a l  cost  i t e m  ( e . g .  t h e  c o s t  of geothermal  r e i n j e c -  
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t i o n  pumps). Another might  r e p r e s e n t  a f o s s i l  f u e l  r e q u i r e -  

ment (e .g .  t h e  f u e l  r e q u i r e d  f o r  a b o i l e r  o u t s i d e  t h e  system 

boundar ies  which p rov ides  steam t o  an i n p u t  supply stream). 

A t h i r d  might  r e p r e s e n t  a requirement  f o r  e l e c t r i c i t y  (e.9. 

t h e  a d d i t i o n a l  e l e c t r i c i t y  needed a f t e r  e l i m i n a t i o n  of a 

t u r b o g e n e r a t o r ) .  

For example, a requirement  f o r  f o s s i l  f u e l  may 

a r i se  when a b o i l e r  o u t s i d e  t h e  system boundaries  i s  needed 

i n  t h e  conven t iona l  c a s e  b u t  n o t  i n  t h e  geothermal  case 

( e .g .  t h e  e l i m i n a t i o n  of a power b o i l e r  i n  a paper  and p u l p  

p l a n t  f u e l e d  by geothermal  e n e r g y ) .  A s  w a s  d i s c u s s e d  i n  

Chapter  3 ,  a p r o c e s s  w i t h  a p r e s s u r e  requirement  (PP) of 

-1 .0  i s  i n t e r p r e t e d  by t h e  program as a dummy p rocess  i n d i -  

c a t i n g  a need f o r  f o s s i l  f u e l .  The q u a n t i t y  of f o s s i l  f u e l  

needed e q u a l s  t h e  dummy p r o c e s s  energy requi rement  (QP). 

The cost  of t h e  b o i l e r  should be e n t e r e d  as  t h e  p r o c e s s  cost  

(CAREA).  

t h e  u s e r  should a l t e r  t h e s e  v a l u e s  when t h e  program r e q u e s t s  

a d d i t i o n a l  d a t a  between i t s  a n a l y s i s  of t h e  convent iona l  

case and of t h e  geothermal  case. A t  t h i s  p o i n t ,  t h e  u s e r  

should set CAREA e q u a l  t o  ze ro  ( s i n c e  t h e  b o i l e r  i s  n o t  p a r t  

of t h e  geothermal  system) and set  Q P  e q u a l  t o  z e r o  ( s i n c e  

t h e  need f o r  f o s s i l  f u e l  no longe r  e x i s t s  i n  t h e  geothermal  

system wi thou t  t h e  b o i l e r ) .  

I f  t h e  b o i l e r  i s  n o t  needed i n  t h e  geothermal  case, 

I 

I 
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o c c u r s  i n  

? 

Another example of t h e  u s e  of dummy p r o c e s s e s  

t h o s e  c a s e s  i n  which a need f o r  e l e c t r i c i t y  arises 

i n  t h e  geothermal  system b u t  n o t  i n  t h e  c o n v e n t i o n a l  system. 

The p r o t o t y p e  f o r  t h i s  example i s  a t u r b o g e n e r a t o r  which 

can be e l i m i n a t e d  i n  t h e  geothermal  system. I n i t i a l l y ,  a 

dummy p r o c e s s  i s  e s t a b l i s h e d  which i s  i n t e r p r e t e d  as  a need 

f o r  e l e c t r i c i t y :  t empera tu re  and p r e s s u r e  r equ i r emen t s  

(TP and P P )  a r e  b o t h  e q u a l  t o  ze ro .  The e l ec t r i ca l  energy  

r equ i r emen t  is  se t  e q u a l  t o  z e r o  (by s e t t i n g  QP e q u a l  t o  

z e r o )  s i n c e  e l ec t r i ca l  energy  needs i n  t h e  c o n v e n t i o n a l  

case a r e  s a t i s f i e d  i n  p a r t  by t h e  t u r b o g e n e r a t o r .  The cos t  

of t h e  t u r b o g e n e r a t o r  set  i s  e n t e r e d  i n  CAREA. I f  t h e  i n -  

t e r a c t i v e  o p e r a t i o n  o p t i o n  has  been chosen ,  t h e  program 

w i l l  r e q u e s t  changes i n  d a t a  a f t e r  comple t ing  t h e  au tomat i c  

matching p rocedure  f o r  t h e  c o n v e n t i o n a l  case. A t  t h i s  

p o i n t ,  t h e  u s e r  should  set  t h e  (dummy) p r o c e s s  energy  re- 

qu i r emen t ,  Q P ,  equa l  t o  t h e  e lec t r ica l  c a p a c i t y  of t h e  

t u r b o g e n e r a t o r .  T h i s  i s  a consequence of t h e  e l i m i n a t i o n  

of t h e  t u r b o g e n e r a t o r  f o r  t h e  geothermal  case: t h e  elec- 

t r i c i t y  r equ i r emen t s  p r e v i o u s l y  s a t i s f i e d  by t h e  tu rbogene r -  

a t o r  must now be m e t  by pu rchases  of e l e c t r i c i t y  from t h e  

loca l  u t i l i t y .  I n  a d d i t i o n ,  CAREA should  now be se t  e q u a l  

t o  z e r o  s i n c e  t h e  c o s t  of t h e  t u r b o g e n e r a t o r  d i s a p p e a r s  

when t h e  t u r b o g e n e r a t o r  i s  e l i m i n a t e d  f o r  the geothermal  
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system. 

A t h i r d  p o i n t  t o  n o t e  i n  t h e  p r e p a r a t i o n  of data  

i s  t h a t  on ly  c e r t a i n  v a r i a b l e s  can be a l t e r e d  i n t e r a c t i v e l y . ,  

A s  t h e  program i s  c u r r e n t l y  w r i t t e n ,  t h e s e  are T S I ,  P S I ,  

H S I ,  M S I ,  PSF, CFLUID,  CFOSSL, CELECT, CINFLT, DEBTEQ, 

TAXRAT, CDSCNT, FINVST, Q P I ,  INAME, and CAREA. [For d e f i n -  

i t i o n s  of t h e s e  v a r i a b l e s ,  see S e c t i o n  D.3 below.] However, 

t h e  l i n e s  of code implementing t h e  in te rac t ive  "NAMELIST" 

f e a t u r e  must be altered f o r  each computer f a c i l i t y .  I n  

adap t ing  these l i n e s  t o  a new f a c i l i t y ,  t h e  u s e r  may add 

m o r e  variables t o  t h e  above l i s t .  N o t e  t h a t  INAME must be 

inc luded  i n  t h e  l i s t  if i n t e r a c t i v e  o p e r a t i o n  i s  d e s i r e d  

s i n c e  i n t e r a c t i v e  program execu t ion  i s  t e rmina ted  when it 

i s  set e q u a l  t o  zero.  

F o u r t h ,  t h e  program assumes t h a t  on ly  t h e  f i rs t  

f l u i d  stream l i s t e d  i n  t h e  i n p u t  d a t a  c o n s i s t s  of geo the r -  

m a l  f l u i d .  T h i s  assumption is  employed on ly  i f  CFLUID i s  

n o t  e q u a l  t o  z e r o  ( i .e .  geothermal  f l u i d  i s  purchased f r o m  

a f i e l d  deve lope r )  o r  i f  STARTM i s  n o t  e q u a l  t o  FINALM 

(i.e. m u l t i p l e  r u n s  are t o  be made a u t o m a t i c a l l y  wi th  vary-  

i n g  geothermal  f l u i d  f low r a t e s ) .  

F i f t h ,  t h e  v a l u e s  of economic and f i n a n c i a l  pa ra -  

meters should  be e s t a b l i s h e d  i n  accordance w i t h  t h e  p o l i c i e s  

of t h e  u s e r  o r g a n i z a t i o n .  For  example, t h e  minimum rate  of 

(I 
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r e t u r n  r e q u i r e d  by a company on inves tments  of t h i s  l e v e l  

of r i s k  should  be used as t h e  d i s c o u n t  ra te  i n  t h e  program. 

I f  such a p o l i c y  does  n o t  e x i s t ,  t h e  v a l u e s  t o  be employed 

can be found i n  t h e  l i t e r a t u r e  or  e s t i m a t e d  by t h e  d e c i s i o n -  

maker f o r  whom t h e  a n a l y s i s  i s  be ing  performed. 

S i x t h ,  t h e  c h a r a c t e r i s t i c s  of t h e  geothermal  re- 

source  must be determined.  I f  w e l l s  have n o t  y e t  been 

d r i l l e d ,  t h e s e  c h a r a c t e r i s t i c s  ( t empera tu re ,  p r e s s u r e ,  f low 

r a t e ,  e t c . )  must be e s t i m a t e d .  I n  g e n e r a l ,  t h e  "most l i k e l y "  

g e o l o g i c a l  estimate should be employed. The u s e r  can then  

i n v e s t i g a t e  i n t e r a c t i v e l y  t h e  s e n s i t i v i t y  of t h e  o v e r a l l  

r e s u l t s  t o  t h e  s p e c i f i c  v a l u e s  assumed f o r  t h e  r e l e v a n t  

parameters .  I t  should be noted  t h a t  t h e  i n p u t  t o  t h e  pro-  

gram i n c l u d e s  n i n e  v a l u e s  r e p r e s e n t i n g  t h e  p r o b a b i l i t y  d i s -  

t r i b u t i o n s  f o r  geothermal  r e s o u r c e  t empera tu re ,  f l o w  ra te ,  

and c o s t .  However, none of t h e s e  v a l u e s  are inc luded  i n  

the analysis at present. If desired, computer code may be 

added t o  ana lyze  e x p l i c i t l y  t h e  p r o b a b i l i s t i c  a s p e c t s  of t h e  

geothermal  r e s o u r c e  c h a r a c t e r i s t i c s .  

Seventh,  t h e  u s e r  should  n o t e  t h a t  PHASE, t h e  

f l u i d  phase r e q u i r e d  f o r  a p a r t i c u l a r  u n i t  p r o c e s s  and 

s p e c i f i e d  by program i n p u t ,  must cor respond t o  t h e  f l u i d  

phase a s  determined by t h e  f l u i d  t empera tu re  and p r e s s u r e  

r e q u i r e d  f o r  t h a t  p r o c e s s ,  TP+DELTAl and PP. 

I 
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Eigh th ,  t h e  d e f i n i t i o n s  of program v a r i a b l e s  which 

relate t o  p e r i o d s  of t i m e  are i l l u s t r a t e d  i n  F ig .  D-1 .  T h i s  

F igu re  demarcates t h e  commencement and t e r m i n a t i o n  of t h e  

p e r i o d  t o  which each v a r i a b l e  refers. 

Nin th ,  t h e  u s e r  should n o t e  t h a t  f o r  p rocesses  

which employ s ingle-phase  f l u i d ,  t h e  r e q u i r e d  p rocess  t e m -  

p e r a t u r e  d i f f e r e n c e ,  DELTA1, c o n t r o l s  t h e  s i z e  of t h e  new 

p r o c e s s  equipment. However, f o r  p r o c e s s e s  which employ t w o -  

phase f l u i d  the  s i t u a t i o n  is  s o m e w h a t  d i f f e r e n t .  T h i s  re- 

s u l t s  from t h e  f ac t  t h a t  du r ing  condensa t ion ,  stream t e m -  

p e r a t u r e  i s  a c o n s t a n t  f i x e d  s o l e l y  by t h e  steam p r e s s u r e .  

S ince  equipment s i z e  i s  a f u n c t i o n  of stream tempera tu re ,  

which i n  t u r n  depends upon t h e  r e q u i r e d  f l u i d  p r e s s u r e  f o r  

t h a t  p r o c e s s ,  PP,  it i s  t h i s  r e q u i r e d  stream p r e s s u r e  which 

serves t o  c o n t r o l  t h e  size of p r o c e s s  equipment employing 

two-phase f l u i d .  

F i n a l l y ,  the u s e r  should  n o t e  t h a t  thermodynamic 

l i m i t a t i o n s  r e s t r i c t  t h e  range  of v a l u e s  which DELTA1 and 

PP can assume. S p e c i f i c a l l y ,  t h e  v a l u e  of DELTA1 must be 

p o s i t i v e  i n  order t o  e n s u r e  t h a t  t h e  Second Law is  no t  vio- 

l a t e d .  Fur thermore ,  t h i s  l a w  r e q u i r e s  t h a t  t h e  s a t u r a t i o n  

tempera ture  a s s o c i a t e d  w i t h  PP exceed t h e  p r o c e s s  tempera- 

t u r e ,  TP, i n  t h e  case of p r o c e s s e s  u s i n g  two-phase f l u i d .  
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Year 

Year f o  
Depreci 
a t i o n  
Purpose 

Eroject 
Year 

IBEGIN = 1978 
ICONST = 2 
I L I F E  = 6 
LIFETM = 5 
LIFEBD = 5 

FIGURE D - 1  - ECONOMIC TIME VARIABLES - AN EXAI'4PLE - - 



CARD COLIMN FIELD CaRzABLE DESCRIPTION UNITS 

1 1-5 I5 RuNNlM Identification nunber for  this run - 
6-10 I5 IMATCH Decision variable: O= mtching not per- - 

11-15 I5 INAME Decision variable: - 
fonned; 1= matching performed 

O= no m o r e  runs 
1= new geothermal system run 
2= new conventional system run 

2 1-80 40A2 LxxlATE (40) Al@hanmeric description of geothermal - 
f ie ld  location and resource type 

3 1-80 40A2 INDUST (40) Alphanmeric description of specific - 
industry application 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

If IMATCH = 1, skip t o  card 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N 

Q 1 
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CARD COLIMN FIELD VARIABLE DESCFUPT ION 

Match R e s u l t  Data: Cards 4-9ff relate t o  the conventional system: -- - -- 

4 1-5 
6-10 

11-15 
16-2 0 

5 1-10 

11-20 

21-30 
31-40 

41-50 

51-60 
61-70 
71-80 

6 1-10 

I5 
I5 

I5 
I5  

Fl0.5 

F10.5 

F10. 5 
F10.5 

Flo. 5 

F10.5 
Fl0.5 
F10.5 

F10. 5 

Number of auxi1iar.y energy sources 
Nuriber of pieces of process and auxil- 

Nuriber of un i t  processes 
Number of input supply streams 

iary equipent 

Total mss flow rate of geothermal fluid 
purchased 

Total mss flow rate of ambient water 
required 

Total process energy requirements 
Total quantity of electricity purchased 

To ta l  quantity of fossil  fuel. heat re- 

Total enthalpy of input supply stream 
mta l  enthalpy of streams a t  e x i t  
Total availability of input supply 

from ut i l i ty  

quired 

stream 

Total availability of streams a t  e x i t  

UNITS 

kw 

m 
kw 
kw 

kw 



CARD COLUMN FIELD VARIABLE DESClUPTION UNITS 

---------- Input one card a s  follws for  each of the MAT(4) energy sources ------ 

7ff 1-10 Fl0.3 XMA%(I) Temperature t o  which auxiliary energy deg. C 
is delivered 

11-20 F10.3 XMAT3(1) Pressure to which auxiliary energy i s  bars 
delivered 

21-30 Fl0.3 XMAT4(1) Quantity of auxiliary energy required kw 

--I------ Input one card as f o l l m s  for  each of the MAT(1) pieces of e q u i p n t  -- 

8f f  1-5 I5 MA?2(J) Quipnent type code: see variable lists - 
6-15 F10.5 W T 5 ( J )  mipent size parmeter: mss flcm r a t e  Q/hr h, 

16-25 FlO.5 XMATl(J) Quipnent size parameter: see variable Various co 4 

lists 

--__------ Input cards as f o l l m s  as needed fo r  t he  MAT(2) processes, ------- 
eight  per card 

9ff  1-80 €330.3 XMAT2(J) Cost of process equipent ,  i t e m  J 1978 $ 
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CARD COLUMN FIELD VARIABLE DESCRIPTION 

mtch ksult Bta:  ards 10-15ff relate t o  the geothermal system: -- -- 

10 1-5 
6-10 

11-1 5 
16-20 

11 1-10 

11-20 

2 1-30 
31-40 

41-50 

51-60 
61-70 
71-80 

1 2  1-10 

I5 
I5 

I5 
I5  

F10.5 

F10.5 

F10.5 
Fl0.5 

F10.5 

F10.5 
Flo. 5 
F10.5 

F10.5 

Z 
IAREA 

MI 
N I  

MATER 

Qsw 
QESW 

@SW 

Eh"L 
ENIYrT;! 
A W L S  

A W L 2  

m e r  of auxiliary energy sources 
Lumber of pieces of process and auxil- 

mbr of u n i t  processes 
m e r  of input supply streams 

iary equipnent 

Total mass f l m  rate of geotheml fluid 
purchased 

lbtal mass f l m  rate of ambient water 
required 

Total process energy requirements 
Tbtal quantity of electricity purchased 

Tbtal quantity of fossil  fuel heat re- 

Total enthalpy of input supply stream 
Total enthalpy of stream a t  e x i t  
Tbtal availability of input supply 

frm ut i l i ty  

quired 

stream 

Tbtal availability of streams a t  exit 

UNITS 

k J h r  
h, 
4 
CD kw 

kw 

kw 

kW 
kw 
kw 

kW 



CARD COLIMN - FIELD DESCRIPTION UNITS 

_--------- Input one card a s  fo l lms  for each of the Z energy sources ----I------ 

13ff 1-10 Fl0.3 TM(1) Tenperature t o  which auxiliary energy deg. C 
i s  delivered 

delivered 
21-30 El0.3 @l(I) mantity of auxiliary energy required kW 

11-20 Fl0.3 FM(I) Pressure t o  which auxiliary energy is bars 

---------- Input one card a s  fo1lcml.s for each of the IAREA pieces of equipnent --- 

14f f 1-5 I5 ITYP (J> Ekpipnent type code: see variable lists - 
h, 

0 

6-15 F10.5 SIZE(J) Equipnent size parameter: mss flm rate $/hr 
16-25 Fl0.5 AREA(J) Equipnent size parmter :  see variable Various 03 

lists 

---------- Input cards as fo l lms  a s  needed for the M I  processes, eight per card -- 

15ff 1-80 8E10.3 CAREA(J) Cost of process equipnent, i t e m  J 1978 $ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Skip t o  econmic data input, card 23 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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CARD COLIMN FIELD VARIABLE 

Continuing with input for IMAm = 1 : --- 

16 1-5 

6-1 0 

I5 ISEPRT 

I5 ISPRT2 

11-15 I5 

16-20 I5 

21-28 

29-36 

37-44 

45-52 
53-60 
61-68 
69-76 

17 1-5 

IFLASH 

IAUX 

€78.3 STARTM 

€78. 3 FINALM 

F8.3 DEXTAM 

I5 N I  

DESCRIPTION 

Decision variable: O= separation of 
twphase streams not allowed; 
1= separation allwed 

Decision variable: O= separation of 
tw-phase streams a t  uni t  process 
e x i t s  not allowed; 1= separation 
allwed 

streams not allwed; 1= flashing 
allowed 

Decision variable: C= normal stream- 
process matching rules apply; 
l i a r y  energy alone used fo r  high t q -  
erature processes (i.e. processes with 
TSUVI(J) > highest TS(1) 

mss f l m  rate fract ion 

f lm rate fract ion 

mass flw rate fract ion 

mer  bound for s ingle  phase flws 
L&xr bound fo r  single phase flms 
mer  bound f o r  condensing streams 
Qper bound f o r  condensing streams 

Decision variable: O= flashing of supply 

1= awi- 

Starting value fo r  geothermal supply 

Final value of geothermal supply mass 

Decresllent s i ze  for g e o t h e m l  supply 

Kiss f l m  rate cut-ff fractions:  

UNITS 

Number of input geothermal streams - 



DESCRIPTION UNITS 

---I----- Input three cards as  follcws for each of the N I  stream --------------- 

18ff 1-10 F10.3 TSI(1) Temperature of stream I 
11-20 Fl0.3 PSI(1) Pressure of stream I 

31-50 n0.3  MSI(1) bhss flcw rate of stream I 
21-30 Fl0.3 HSI(1) Ehthalpy of stream I 

19ff 1-30 1!32 CCMPON(15) Alphanuneric description of fluid - 

3140 F10.1 TDI(1) Total dissolved solids g/g 
4 1 4 5  I5  ISCALE Scaling index: G= none: 1% severe - 
46-50 I5 ITOXIC Toxicity index: O= distilled water: - 

c h e s t r y  

10= fa tal  
51-60 Fl0.2 ETI(1) Non-condensable gases present i n  stream g/g 

20ff 1-10 ~10.3 PSF(I) Mininnnn allamble flash pressure for bars 
stream I 

2 1  1-5 I5 MI Number of u n i t  processes 
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0 COLUMN FIELD W I A B L E  DESCFUETION UNITS 

---------- Input one card as follows for  each of the M I  processes --------------- 

22f f 1-8 
9-1 6 

17-26 

27-36 

3 7-41 

42-46 

47-54 

55-62 

63-70 

71-80 

me 3 
F8.3 
ElO. 3 

ElO. 3 

I5  

I5 

m. 3 

F8.3 

F8.3 

E10.3 

TPI(J) 

WI(J) 
PPI (J) 

W I ( J )  

IPPUIU ( J ) 

PHASEI ( J)  

WI:(J) 

DELTlI (J) 

DELT2I (J) 

-(J) 

Required temperature f o r  process J deg. C 
Fkquired pressure for process J bars 
Required hea t  t ransfer  rate for  kw 

Q / h r  

- 

process J 
hss  f l w  rate used i n  conventional sys- 

t e m  for  process J 
Purity and inject ion parameter for  pro- 

cess J : 
O= d i r t y  f l u i d  a l lwed ,  heat  exchange 

1= pure f lu id  required, hea t  exchange 

2= d i r t y  f l u i d  a l lwed ,  d i r ec t  injection 

3= pure f lu id  required, d i r ec t  injection 

type process 

type process 

type process 

type process 
Supply stream phase required for  process - 

J: 1= l iquid,  2= t w p h a s e ,  3= vapor 

t ransfer  coeff ic ients  fo r  process J, 
conventional system 

cess J: see variable list fo r  
precise def ini t ion 

i n  the  conventional sys tm:  see 
variable l i s t  for precise def ini t ion 

the  conventional system 

B t i o  of hot-side t o  process-side heat  - 

Tenperature i n c r m n t  required for  p r e  deg. C 

Temperature increment used fo r  process J deg. C 

Qst of process e q u i p n t ,  i t e m  J, in 1978 $ 



CARD C O W  FIELD VARIABLE DESCRIPTION UNITS 

Continuing with input of emncmic data for either IMATCH = 0 or IMAm = 1 : - --- -- 

23 1-5 
6-10 

11-20 

21-30 
31-40 
41-50 

51-60 

61-70 

71-80 

24 1-10 

11-20 

2 1-30 

I5 
I5 

Fl0.2 

Elo.l 
Elo. 1 
Elo.l 

E30.1 

a o . 1  

Elo.1 

DO. 1 

ElO. 1 

ElO. 1 

N W E W  
JWELLI 

rwELLR 

CLAND 
CwELLJ 
cTR4NS 

CCrmFER 

CMAIIVr 

C R E P E  

TANGEiL 

DPLBAS 

CFLUID 

Number of production w e l l s  needed 
Nunber of extra wells (dry holes, injec- 

Nut iber  of replacewntwells needed per 

Land acquisition cost 
Qst t o  d r i l l  one geothermal w e l l  
Cbst of collection and transmission 
system, excluding flash equipnent 

Exploration, enviromntal planning, 
and other costs i n  1978 dollars 

hnual GT field operation, maintenance, 
and allocated administrative costs 

Cbst of replacement wells 

tion w e l l s )  needed. 

year per producing well 

Fraction of geothermal w e l l  dri l l ing 
costs attributable to tangible property 

Fraction of tangible geothermal well cost 
allocatable to  depletable accounts 

Qst of geotherml fluid per kg 

no. /year 

$ 
$/well 
$ 

$ 
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CARD COLUMN FIELD VARIABLE DESCFUPTION UNITS 

25 
Terrperature t such that: 

1-10 F1O.l PROBT(1) probability of t(actua1) < t = 25% deg. C 
11-20 F10.1 FROBT(2) probability of t(actua1) < t = 50% deg. C 

probability of t(actua1) < t = 75% deg. C 21-30 F10.1 PROBT(3) 
bhss flow rate per well m such that: 

31-40 E l O . 1  PROBM(1) probability of m(actua1) < m = 25% %hr 
41-50 E10.1 PROBM(2) probability of m(actua1) < m = 50% %hr 
51-60 EIO.l PROBM(3) probability of m(actua1) < m = 75% %h- 

Cbst of fluid c such that: 
26 1-10 Elo.1 PROEC(1) probability of c(actua1) < c = 25% $/kg 

11-20 mo.1 PROBC(2) probability of c(actua1) < c = 50% wsJ 
21-30 ElO. 1 PROBC(3) probability of c(actua1) < c = 75% $ / k g  

h, 
03 27 1-5 I5 IBEGIN Year of project start year u1 

6-10 I5 ICONST Planning and construction the for years 

11-15 I5 ILIFE Project operating lifetime. Must be years 
project 

less than or equal to 40-ICONST 

---------- Enter the distribution of construction costs on the next four ----------- 
cards, ten per card 

28-31 1-80 1QF8.4 FINVST(1) kaction of construction costs incurred - 
in year I 



I 

CARD COLUMN FIELD WIABLE DESCRIPTION 

32 1-10 F10.5 CFOSSL Cbst of fossil fue l  in  1978 
11-20 Flo.5 CELEZ" Cost of e l ec t r i c i ty  i n  1978 

33 .1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
71-80 

- 
F10.3 
F10.3 
F10.3 
F10.3 
F10.3 
Fl0.3 
F10.3 
Fl0.3 

CINFLT (1 ) 
CINFLT (2)  
CINFLT(3) 
CINFLT (4) 
CINFLT(5) 
CINFLT (6) 
CINFLT(7) 
CINFLT (8) 

Inflation rates: 
price index through 1986 
fossil fuel  throwh 1986 
e l ec t r i c i ty  through 1986 
geothermal f l u i d  throqh 1986 
price index after 1986 
fos s i l  fue l  after 1986 
e l ec t r i c i ty  after 1986 
geot?aeml f lu id  af ter  1986 

UNITS 

34 1-5 I5 LIFEIPl Cepreciation lifetime years tu 
02 
cn 6-15 Fl0.5 SALVAG Fractional salvage value fo r  deprecia- - 

t i on  purposes 

35 1-5 I5 LIFEBD Bnd lifetime to  maturity 
6-15 FlO.5 BONDW Interest  rate on bonds 

16-25 Fl0.5 DEBTEQ Debt t o  equity ratio for project 
financing 

36 1-10 Fl0.5 T X R D  Investment tax  credit rate 
11-20 Flo.5 PROPIX Property t ax  rate i n  1978 
21-30 Fl0.5 TAXRAT Overall marginal income t ax  rate 

years 
- 
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CARD C O L W  FIELD IRFXAF3.E 

37 1-10 F10.5 CINSUR 
11-20 F10.5 COPRAT 

21-30 F10.5 OPFRAC 

38 1-10 F10.5 CDSCNT 
11-20 FlO.5 R O I W  

21-30 Flo.5 CROYAL 

DESCRIPTION UNITS 

Insurance praniun rate i n  1978 
General operating and mintenance cost 

Qpacity factor = hours operated per 

- 
- 

rate i n  1978 

year/8 760 
- 

Ctiscount rate for present value analysis 
Required rate of return on GT investment, 

myal ty  paynent as fraction of value of 

- 
- 

- 
i n  naninal terms 

steam or heat used 



DEFINITION 

J/g - or J/g-K Subcooled liquid enthalpy or entropy P R O W  - 
- Interest  rate on bonds (decimal) /F/ 

PROGRAM TYPE UNITS 

< m  
PI 
e 
P- 
PI 
b- 
I--’ 
(D 
ul 

Al(CsALT) to  mine correlation constants PFOPIY Func. Various 
A9 ( CSALT) 

ANNIK Annual net  imputed income f r m  GT ECOWC - $ 

AREA(J 1 Fquipnent size parameter; definition /E/ - N/D or kw 
or bars 

property i n  constant 1978 dollars 

for  given value of ITyP(J): 1=Q, 
2= P2-P1, 3=Q, Hl, 5=quality, 
64, 7area(new) /area(old) , 8- 

AX4IL2 Sum of e x i t  stream avai labi l i t ies  PJlATCH - kw 
AVAILS Sun of supply stream availabil i t ies MATCH - kw 

w 

r 
P- I: 

I O  

B 
BONDRT 

CAVG 

***** c ***** 

$ 

$ 
$ 

Cost of process equipnent, i t e m  J /F/ - 
NuTiber of case considered i n  this run GEOTHM Integer - 
Annual cash f l m  i n  current dollars 
Mnual cash f l m  for conventional sys- 

- 
- /F/ 

/F/ 
t e m  i n  current dollars 

Average sal t  concentration i n  itera- P R O W  - g/g 

8 



VARIABLE 

CDSCNT 
CELECT 
CFIELD 

CFLUID 
CFOSSL 

CINFq 1 ) 
CINF (2)  

CINFLT(I) 

CINF(3) 
CINF (4) 

CINSUR 
CINVSF 

CINVST 

CLAND 
m m  

CWON( 1 5) 

COPRAT 

COSTGT 

COSTS 

DEFINITION 

t ion  for CSALT 
Discount rat e 
Cost of  e l ec t r i c i ty  i n  1978 
Tbtal i n i t i a l  investrent i n  geothermal 

Qst of  geothermal f lu id  i n  1978 
Cost of  f o s s i l  fue l  i n  1978 
Cumdative inf la t ion  factors: 

f ie ld ,  1978 dol la rs  

price index 
fos s i l  fue l  
e lec t r ic i ty  
geothermal f luid 

With 1-4 indicating rates through 
1986 and 5-8 fo r  years after 1986 

Insurance preniun rate i n  1978 
Tb ta l  investment for a conventional 

'Ibtal investment for a geothermal 

Land acquisition cost 
Annual GT f i e l d  operation, mainten- 

ance and allocated administrative 
cost 

Alphanuneric list of principal el- 
m n t s  in  the chenistry of the gec- 
therm1 f lu id  

General operating and maintenance cost 
rate i n  1978 

Annual expenses a t t r ibu tab le  t o  g e  
thermal f i e l d  d e v e l o p n t ,  i n  
current do l la rs  

Annual inf la t ion factors  as above, 

s y s t m  i n  1978 dol la rs  

s y s t m  i n  1978 dol la rs  

PROGRAM TYPE 

N 
03 
W 

$ Tbtal annual cash outlay before taxes E C O W  - 



DEFINITION PROGRAM TYPE UNITS 

i n  current dollars 
Exploration, e n v i r o m n t a l  planning, 

and other costs, total, i n  1978 $ 
Cbst of replacanent e l l s  
Fbyalty paynent as fract ion of value 

of steam or heat used 
Salt concentration i n  l iquid portion 

of stream 
mer i t e ra t ion  limit for sa l t  concen- 

t r a t ion  
Upper i t e r a t ion  l imit  fo r  salt concen- 

t r a t ion  
Qst of f lu id  collection and distribu- 

t i o n  system 
Cumulative investment i n  geothermal 

f i e l d  d e v e l o p n t  i n  1978 dol lars  
emulative investment i n  geothermal 

f i l e d  d e v e l o p n t  i n  current dollars 
Cumulative investment fo r  depreciation 

pwrposes i n  current dollars 
Cmulative investment i n  1978 dol lars  
CuneiLative investment i n  current 

Cbst of one geothermal w e l l  
do l la rs  

$ CCYIWER 

CREPE 
CROYAL 

CSALT FROFTY 

CSALTl 

CSALT2 

PROPTY 

CUPX;TC 

N 
W 
0 

m T v  

CWlINA $ 

CWINC 
C W N V  

ECONJlC 
/F/ 

$ / w e l l  

D1 t o  E6 

DEl3TEQ 

Ihrnny variables fo r  subroutine PROETY MATCH - - 

Debt t o  equity ratio fo r  project 
calls 

- - /F/ 
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VARIABLE 

DELTl I (J ) 

DELT2I (J) 

DELTAl ( J  ) 

DELTF~ ( J) 

DELTA3 (J ) 

DELtTAM 

DELTHS 
DEJ?LlET 

DEPREC 
DIFF 
DPLBAS 

DEET NIT ION PROGRAM 

financing 

required: equals the average of the 
mininun acceptable stream tenpera- 
ture a t  in le t  t o  the process and the 
resulting tenperature a t  exit  f r m  
the process, minus the process 
tenperatme 

difference: equals the average of 
the present stream tenperatme a t  
inlet t o  the process and the present 
temperature a t  e x i t  f r m  the process, 
minus the process tenperatwe 

required, defined as for DELTlI(J) 

difference, defined as  for DELT2I (J) 
Unit process new temperature differ- 

ence: defined a s  above, with fig- 
ures frm the stream actually used 

Geotherrrral supply mss flaw rate frac- GEOTm 
t ion  incranent 

U n i t  process t q e r a t u r e  difference /A/ 

U n i t  process present tenperature /A /  

Unit process tenperature difference /n/ 
U n i t  process present tenperature /D/ 

/D/ 

Change i n  stream enthalpy MATCH 
pvlnual depletion a l l m c e  fram GT 

h u a l  depreciation expense E O W  

Fraction of tangible geotheml /G/ 

E O W  
property, current dollars 

Iteration convergence parameter PROPTY 

well costs allocatable t o  
depletable accounts 

TYPE 

- 

UNITS 

deg. C 

deg. C 

deg. C 

deg. C 

deg. C 



VARIABLE 

ENTOT2 
EJXWTL 

ETA( I ) 

ETI(I) 

ERROR 

FI NAI%I 

FI NDH 
FINDHF 

FINDHG 

FINDP 
FINDPH 
FIM)G 
FINM' 
FINDX 
FINSW 
FINVST(I) 

DEFINITION PROGRAM TYPE UNITS 

kw 
kw 

- 
- 

Total enthalpy of streams a t  e x i t  
Total enthalpy of input supply 

mss fract ion of non-condensable gases /D/ - 

bss  fract ion of non-condensable gases /A/ - 

Percent error i n  conservation of GECTHM - % 

/E/ 
/E/ 

streams 

present i n  input stream 

present i n  input stream 

energy due t o  inaccuracies i n  the 
Program 

g/g  

919 

Final geotheml supply mass f l cw rate 

Indicates i f  enthalpy i s  desired 
Indicates i f  saturated l iquid 

Indicates i f  saturated vapor enthalpy 

Indicates i f  pressure is  desired 
Indicates i f  phase is desired 
Indicates i f  entropy i s  desired 
Indicates i f  tenperatme i s  desired 
Indicates i f  qual i ty  i s  desired 
S m t i o n  of FINVST (I ) I 1=1 I 40 
FYaction of investment i n  1978 

fraction 

enthalpy i s  desired 

is desired 

GE0THM 

PROprY 
PROprY 

PROprY 

PROPIY 
PROFTY 
PROPrY 
PRoJ?IY 
PROFTY 
E C O K  
/F/ 

Logical - 
Logical - 

Logical - 

U g i c a l  - 
Lqical - 
Wgical - 
Logical - 
Logical - 

h, 
W 
h, 
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VARIABLE 

FLAG 

FOFFTA 

FRAC 

GIVNHF 

GIVNP 
GIVNPH 

GIVNPS 

GIVNFT 

GTSYST 

DEFINITION PROGRAM TYPE UNITS 

dollars spent  i n  year I from 
project start 

r e tu rn  calculation 

condensables divided by rate 
without them: a function of 
FTA(I) 

flow rate fract ion 

Validity f l ag  i n  internal  rate of ECONMC Integer - 
& a t  transfer rate with non- MATCH - - 

Current geothermal supply mass GE(YI'HM - - 

IBtio of o ld  hot s ide  to  process 

IBtio of o ld  hot  s ide  to  process 

Indicates i f  saturated l iquid 

Indicates i f  pressure is given 
Indicates i f  pressure and enthalpy 

Indicates i f  pressure and entropy 

Indicates i f  pressure and tenpera- 

Oontrol variable: .TRUE.= g e o t h e m l  

side heat  t ransfer  coeff ic ients  

side h e a t  t ransfer  coeff ic ients  

enthalpy is given 

are given 

are given 

t u r e  are given 

system; .FALSE.= fossil system 

PROF'IY 

mm 
PROPTY 

PROF'IY 

PROF'IY 

ECOJWC 

Lcgical - 

Lqical - 
Logical - 

Logical - 

Logical - 

Logical - 

N 
W 
W 



H 
HB 

HDESUP 
HF 
€€FINAL 
€FIVE 

HFSAT 

HG 
HGSAT 

HLIQ 

H W  
HPURE 

HSSFNL 

HSUP 

Hv 

DEFINITION 

-if i c  enthalpy 
@ecific enthalpy of saturated 

liquid brine 
Ehthalpy of desuperheathg water 
Ehthalpy of saturated liquid 
Exi t  stream enthalpy 
S@ecific enthalpy of saturated 

liquid brine a t  brine tenper+ 
ture and 5% s a l t  concentration 

property algorithn 
Ehthalpy of saturated liquid - 

Ehthalpy of saturated vapor 
Ehthalpy of saturated vapor - 

property algorithm 
Ehthalpy of subcooled liquid - 

property algoritl-an 
E x i t  stream enthalpy 
Enthalpy of saturated pure water 

a t  saturation pressure associa- 
ted w i t h  brine terrperature 

Reduced enthalpy 
Supply stream enthalpy 
Supply stream enthalpy 
Ehthalpy of superheated vapor - 

property algorithn 
Stream enthalpy a t  process exit, 

asscaning an isentropic process 
mthalpy of superheated vapor - 

proprty algorithm 
Specific enthalpy of vapor 

PROGRAM TYPE UNITS - 

Algor. - 
PROPTY - 

MATCH - 
A l l  - 
MATCH - 
PROPTY - 

MATCH - 
A l l  - 
MATCH - 

MATCH - 

MATCH - 
PROETY - 

Algor. - - 
- /D/ 

/A/ 
MATCH - 
MATCH - 

MATCH - 
PROETY - 

J/g 
J/g 

J/g 

J/g 

Y 
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I 
I 

I4 
11, I 2  

IAREA 

IAUX 

I BEGIN 
ICOND 

ICONST 

IEQPHS 

IFINAL 
IFINXI 

IFINAL 

I F I R S T  

IFLASH 

DFlFINIT ION PROGRAM TYPE UNITS - 

***** 1 ***** 

Qunter or index 
[~sua l ly l  supply stream index 
Temporary storage indices 
Dunmy variable for subroutine 

PROPTY c a l l  
h b e r  of pieces of process and auxi- 

l i a ry  e q u i p n t  
Decision variable: O= n o m 1  energy 

profile mtching: 1= sat isfy pro- 
cesses w i t h  TP(J) greater than hot- 
t e s t  geothermal stream solely by 
auxiliary heat 

Year of project s t a r t  
Subscript of MCHECK chosen by stream 

type: see definition of MCHECK 
Planning and construction t ime for 

project 
Process-stream phase equality: C= un- 

l i k e  phases: 1= l i k e  phases. See 
text  on MATCH for more precise 
definition of "like phases" 

Year of project termination 
m t a l  project lifetime i n c l d i n g  

construction 
Vapor conpression region index - 

a f t e r  conpression 
Supply stream index associated with 

hottest stream 
kc i s ion  variable: O= flashing of 

geothermal streams not permitted: 

Various - 
All - 
SORT - 
MATCH - 
/E/ - 

/A/ - 

/F/ - 

/F/ - 
MATCH - 

MATCH - 

ECONC - 
K O W  - 

MATCH - 
MATCH - 
/A/ - 



DEFINITION PROGRAM UNITS 

1= flashing permitted 
Project operating lifetime. Must be 

less than or equal t o  40-ICONST 
Decision variable: O= input mtch 

results; 1= perform energy p ro f i l e  
matching 

Input data set reference nunber 
M i s i o n  variable: 

O= no m o r e  runs 
1= new geothermal system run 
2= new conventional system run 

meters f o r  s&routine PROPTY: see 
t e x t  on PROprY fo r  appropriate 
values 

meters fo r  subroutine PROFTY: see 
t e x t  on P R O W  for appropriate 
values 

Alphanuneric description of specific 
industry application 

Mber of order interchanges i n  
current sorting pass 

a t p u t  data set reference nunber 
Discounted payback period 
Unit process characteristics: 

O= takes unclean streams; 
1= tales clean streams only; 
2= unclean, d i r ec t  injection; 
3= clean, direct  injection 

U n i t  process characteristics: see 
above 

U n i t  process stream requirement: 

V a r i a b l e  specifying input para- 

V a r i a b l e  specifying output para- 

ILIFE 

IMATCH 

years 

- 

I N  
INAME 

A l l  
GEOTHM 

INDEX1 PROFTY 

INDEX2 PROPTY 

I NWST (4 0) GE(YI'HM Int.*2 

INTER SORT 

IOUT 
I PAYEX 
IPPURE(J) 

A l l  
/F/ 
/D/ 

year - 

IPPURI (J ) 

I PUR 

/A/ 

MATCH 
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VARIABLE DEFINITION PROGRAM TYPE UNITS - 

O= unclean allwed; 
1= clean stream only 

Internal ra te  of return on geothermal 
system a s  conpared to  the convew 
tional system 

m e r  l i m i t  i n  iteration for IRR 
wper l i m i t  i n  iteration for IRR 
Average value of IRR 
Supply stream scaling index: 

O= none throqh 10= severe 
Mis ion  variable: O= tw-phase 

stream separation not allwed; 
1= separation a l l m d  

Decision variable: O= twphase  
separation not allowed i n  mtching 
procedure; 1= separation allwed 

O= unclean fluid; 1= clean fluid; 
2= unclean, unavailable: 3= clean, 
unavailable 

Supply stream characteristics: 
see above 

Vapor conpression region index - 
before conpression 

Total  nunber of unit processes and 
i t e m s  of auxiliary e q u i p n t  

Supply stream toxicity index: 
Q pure throqh 10= fa ta l  

vpe of auxiliary or process equip- 
ment: 
1= evaporator heat exchanger 
2= P q  
3= vapr  c q r e s s o r  

Supply stream characteristics: 

/F/ IRR €&a1 

I R R l  
I R R 2  
IRRAVG 
ISCALE 

ECOMC 
E C O W  
ECOMC 
GEOTHM 

ISEPRT 

I SPRD 

ISPURE(I) 

ISPURI ( I ) 

ISTNKT 

ITCrrAL 

ITUXIC 

ITYP(J) 
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c 
VARIABLE DEFINITION PROGRAM TYPE UNITS 

L Maximum nuriber of sorting passes Som - - 

LIFERD Bond l i fe t ime t o  maturity /F/ 
LIFFM Depreciation lifetime allwed. by IRS /F/ 
LOCATE( 40) Alphanuneric description of geotheml GEOTHM Int.*2 - 
mmER(1) Transfomtion vector for streams or SORT - - 

required 
- years 
- years 

field location 

processes: used t o  rank streams 
and processes by tenperature 

MATCH 

Current nunber of unit processes 
Time period counter 
&ss flcw ra te  of process or stream 
Nuriber of pieces of process and auxi- 

Ini t ia l  nunber of u n i t  processes 
Initial nunber of supply stream 
Nunber of auxiliary energy supplies 
Type of auxiliary or  process equip- 

ment: see definition for ITYP(J) 
Subroutine which matches energy demand 

t o  supply 
hss  f lm rate cut-off fractions: 

mer bound, single-phase f l w s  
Upper bound, single-phase f l a w  
Weer bound, condensing flms 
Upper bound, condensing f l w s  

Vapor conpression mss flow ratio: 

liary equipnent 

GECYEIM 

years 
Qh- 

h) 
W 
W 



DEFINITION 

MDESUP 
MI 
MNEM 
MORDrn(J) 

MSI(I) 

N 
N1 
NI 
NORDER ( I ) 

estimate of lq of fluid required t o  
yield one kg of conpressed fluid 
af ter  addition of desuperheating 
water 

=superheating water f l m  rate 
Ini t ia l  nunber of u n i t  processes 
P h x h  allmable stream f l w  rate 
Transfomtion vector for u n i t  

processes: used t o  rank  processes 
by tenperatwe 

Mass f l m  rate for u n i t  process 
Bss f l m  rate for un i t  process 
Current mass f l m  rate of supply 

stream 
In i t ia l  mass flw rate of supply 

stream 
Vapor conpression mass flcxllr rate 

cut-offs: used t o  conpute MCMPRS 
Total supply stream MSS f l m  rate 
Tenporary storage of stream f l m  rate 
Total external water supply required 

Current nunber of supply stream 
Time period counter 
In i t i a l  nunber of supply stream 
Transformation vector for supply 

stream: used t o  rank  stream 
by tenperatwe 

PROGRAM TYPE 

MATCH 

MATCH 
/A/ 

/Dl 

MATCH 

Real 

Real 
- 
- 

Peal 
Peal 
&a1 

Peal 

Real 

Peal 

Real 
- 

UNITS 

w 
0 
0 



W u V 

VARIABLE 

NWELLI 

Nx 

DEFINITION PROGRAM TYPE UNITS 

Wber of ex t r a  w e l l s  (dry holes, in- /G/ - - 

Number of producing w e l l s  needed / G /  - 

Sorting index: 1= supply stream; SORT - - 

jection wells)  needed - 
&a1 /F*11 /G/ N u n b e r  of r e p l a c e n t  wells needed 

per year per producing w e l l  

2= processes 

***** 0 ***** 

OPFRAC Capacity factor = hours operated per /F/ - - 

OVTINS Annual cash out lay on insurance i n  EcoNvlc - 

year /8760 

r e n t  dol lars  

current dollars 

i n  current dollars 

current dollars 

current dollars 

i n  current dollars 

$ 

$ 

$ 

$ 

$ 

$ 

OUTE2G Annual cash out lay for energy i n  cur- ECOJWC - 

OVTINT Annual cash out lay for bond in t e re s t  ECOmC - 
OVTINV Annual cash out lay on  investment i n  Ecomc - 
omom Annual cash out lay for maintenance i n  ECOmC - 

OUTIXP Annual cash out lay on property taxes  EcOmC - 

w 
0 
P 



P 
PERCNI' 

PFIVE 

PHASE(J) 

PHASEI ( J 1 

PR 
PRECaL 
PROBC( I ) 

PROBM ( I ) 

DEFINITION 

***** p ***** 

Stream pressure 
Applicable percentage of gross 

incane f o r  depletion purposes 
m i n e  saturation pressure a t  given 

enthalpy and 5% salt concentration 
Unit process phase requirement: 

1= liquid,  2= tm-phase, 3= vapr 
U n i t  process phase requirement: as 

above 
Supply stream phase: as above 
Pressure requirement for  auxiliary 

Unit process pressure requiremnt 
U n i t  process pressure requirement 
Pure water saturation pressure assoc- 

ia ted w i t h  br ine t-erature assun- 
ing given enthalpy and 5% salt con- 
centration 

energy process Z 

e d u c e d  pressure 
&t present value of annual cash f l w s  
Q s t o f  f lu id  probability distribu- 

tion: there i s  a 25%, 50%, and 75% 
chance that the actual cost of f lu id  
W i l l  be no greater than PROBC(l), 
PROBC(2), and PROBc(3) respectively 

Geothermal f lu id  f law rate probability 
distribution: there is a 25%, 50%, 
and 75% chance that the actual  f l w  
rate w i l l  be no greater  than PROBM(1) , 
PROBM (2) , and PROBM ( 3  ) respectively 

- bars - - 

- bars 

Integer - 

Integer - 
Integer - 
- bars 

- bars 
- bars 
- bars 

w 
0 
E\) 



W u W v w 

VARIABLE 

PROBT ( I ) 

PROFIT 

PROPTX 
PROPTY 

PSI(I 
PSTAGE 
PSTAND( I ) 
Psm 

DEFINITION 

Geothermal tenperature probability 
distribution: there i s  a 25%, 50%, 
and 75% chance that  the actual tap- 
erature w i l l  be no greater than 
PROBT(l), PROBT(21, and PROBT(3) 
respectively 

Profitability index: equals PV of 
cash savings/PV of i n v e s b n t  

Property tax rate i n  1978 
Subroutine which conputes fluid prop- 

Supply stream pressure 
Minimmallowable flash pressure for 

Supply stream pressure 
Vapor conpression stage pressure 
Vapor conpression pressure cut-of f s 
Ressure associated with saturated 

erties 

supply stream 

liquid enthalpy - property algorithn 

PROGRAM TYPE UNITS 

/F/ 
MATCH 

/A/ 
MATCH 
MATCH 
PROprY 

bars 
bars 

bars 
bars 
bars 
- 

Tbtal auxiliary electricity required /E/ - 
Tbtal auxiliary fossil  fuel required /E/ - 
Auxiliary energy used i n  process Z /D/ 
U n i t  process energy requi rmnt  /D/ 
Unit process energy requirement /A/ 
'Ibtal process energy requirements /E/ 

- 
- 
- 
- 

€bat transfer rate i n  secondary heat MATCH - 
exchanger 

W 
0 
w 

kw 
kw 
kw 
kw 
kw 
kw 
kw 



DEFINITION PROGRAM TYPE UNITS 

kw 
kw 

crr- &at transfer  rate i n  uni t  process MATCH - 
QlXY T-rary storage for heat  t ransfer  MATCH - 

QUAL(--) Function which  determines qual i ty  PROFTY F’unc. - 
rate 

given pressure, salt concentration, 
and either enthalpy or entropy 

Rl 

R2 

RATIO 
ROIREQ 

ROYLTY 

RUNNUM 

S 
SALV4G 

ECOlPlC - - Inverse of required rate of return 
on GT i n v e s w n t ,  i n  real tenns, 
p l u s  one, u n t i l  1986 

on GT investment, i n  real tenns, 
plus one, after 1986 

Inverse of required rate of return Ecow - - 

Q u i p e n t  capacity ratio MATCH - - 
Fquired rate of return on GT invest- /G/ - 

$ Annual royalty expense for geo- Ecom - 

- 
ment i n  nominal term 

t h e m 1  f l u i d  i n  current do l la rs  
RLUI ident i f icat ion nunber GEOTIW Integer - 

***** s ***** 

specific entropy Algor. - - - - IF/ Fractional salvage value for depre 
ciat ion purposes 



V 

DEFINITION PROGFUW TYPE UNITS 

SAVING( I ) 

S B  

Annual cash saving of geo theml  sys- 

Specific entropy of saturated l iqu id  

Subroutine t o  separate tw-phase com- 

Ehtropy of saturated l iqu id  
Vapor conpression entropy cut-off 
Saturated brine entropy a t  brine temp- 

erature and 5% s a l t  concentration 
Ehtropy of saturated l iqu id  - property 

algorithm 
Ehtropy of vapor 
Ehtropy of saturated vapor - property 

Size parameter of auxiliary or  process 

t e m  relative t o  foss i l  system 

brine 

ponent s 

algorithm 

e q u i p n t :  equals the mss flcw 
rate of supply stream or, for flash 
vessels, the ex i t  steam flow ra te  

algorithm 
Ehtropy of subcooled liquid - property 

Solubility of s a l t  i n  water 
Stream or process sorting subroutine 
Stream dividing subroutine 
€&duced entropy 
Stream entropy 
Ehtropy of superheated vapor - 
S t a r t i n g  geo theml  supply mss flcw 

Temporary storage variable 
Fractional superheat of vapor i n  

the evaporation of brine: 

property algorithn 

rate fraction 

see text  

/F/ 

PROPTY 

SEPFtAT MATCH 

SF 
SFINAL 
SFIVE 

MATCH 
MATCH 
PROF"  

SFSAT PROF" 

SG 
SGSAT 

PROprY 
PROF'TY 

SIZE(J) 
w 
0 
LJl 

SLIQ PROFTY 

SOLBLE 
SORT 
SPLIT 
S R  
ss 
SSUP 

A l l  
MATCH 
MATCH 
Algor. 
MATCH 
PROF'TY 

STARTM GEOTHM 

STORE 
sum 

ECOWC 
PROPTY 



T 
T1 
T2 
T ( I )  
T-L 

TAVG 

TPXCRD 
TAXES 

TAXRAT 
TB 

TBFIVE 

TDI(I)  
TDS 
TDS(I) 
TEMP 
TEMPER 

TJ3WT 
TLIQ 

DEFINITION 

on PROFTY for further definition 
Specific entropy of saturated vapor 

Temperature of current fluid stream 
Lower iteration l i m i t  for terrperature 
@per iteration l i m i t  for temperature 
Temperature of process or stream 
Fraction of geothermal w e l l  costs 

attributable t o  tangible property 
Average stream tmperature i n  current 

iteration 
Investment tax credit rate 
Effect of tax deductions and credits 

on annual tax expense 
Overall mrginal incme tax rate 
Temperature of saturated brine a t  

PROGRAM TYPE 

PROFTY - 

PROFTY - 
PROFTY - 
PROFTY - 
SORT - 

- /G/ 

PROFTY - 
- I F /  

I F /  

Ecom - 
- 

PROFTY - 
given pressure and s a l t  concentration 

given enthalpy and 58 s a l t  concen- 
tration 

Total dissolved solids i n  fluid stream /A/ 
Total dissolved solids i n  fluid stream PROETY 
Tota l  dissolved solids i n  fluid stream /D/ 
Terrperature of hottest supply stream MATQ3 
Saturation temperature associated w i t h  MATCH 

Temperature of saturated br ine a t  PROFTY 

stream pressure 
Temporary storage of t q e r a t u r e  MATCH 
Tenperature of subcooled liquid - PROFTY 

UNITS 

J / T K  

deg. C 
deg. C 
deg. C 
deg. C 
- 

deg. C 

- 
$ 

- 
deg. C 

deg. C 

g/g 
9/9 
g/g 
deg. C 
deg. C 

deg. C 
- 

w 
0 
m 

Q 



V V Y v 

UNITS IARIABLE DEFINITION PROGRAM TYPE 

property algoritlmn 

energy process nunber Z 
Tenperatwe requiresnent for auxiliary 

E x i t  stream terrperature 
Unit process tenperature requiranent 
Lhit process terrperature requirement 
Bduced tenperature 
apply stream terrperature 
Saturation tenperature associated w i t h  

stream pressure - property algorithm 
Supply stream temperature 
Sun of TP(J)  and DEL,TAl(J) 
Temperature of superheated vapor - 

property algorithm 
Temperature of vapor 

deg. C 

TNEW 

TPI (J) 
TR 

TSAT 

TP(J) 

TS(I)  

MATCH 
/D/ 
/A/ 

/D/ 
Algor. 

MATCH 

deg. C 
deg. C 
deg. C 

deg. C 
- 

TSI( I ) 
TSUM(J) 
TSUP 

/A/ 
MATCH 
MATCH 

deg. C 
deg. C 

Tv PROETY deg. C 

W 
0 
4 ***** x ***** 

CUality of twphase  mixture 
'Ibtal availability of streams a t  e x i t  
Tbtal availability of i n p u t  supply 

Tota l  enthalpy of stream a t  e x i t  
'Ibtal enthalpy of input supply stream 
Tbtal mass flw rate of geotheml 

Tbtal external water supply required 
'Ibtal auxiliary electricity required 
Tbtal auxiliary fossi l  f u e l  required 
'Ibtal process energy requirements 

stream 

fluid purchased 

Various - 
GEmm - 
GEOT'HM - 

- 
kw 
kw 

GECTE-IM - 
GEmm - 
GECYI'HM - 

kw 
Kw 
kghr 

GECYI'HM - 
GEOTHM - 
GEOTHM - 
GE0TI-N - 

kghr 
Kw 
kw 
kw 



VARIABLE 

XMAT~(J) 

XMAT4( I )  
xMAT5 (J) 

XNEW 
XNPV 

X N P W  

XSFNL 

Y 

DEFINITION PROGRAM TYPE UNITS 

Quipnent  size parameter: see 
definition of AREA(J) 

Cost of process equipnent, i t e m  J 
Pressure t o  which auxiliary energy 

Quantity of auxiliary energy required 
Equipnent s ize  parameter: equals the 

supply stream mass flw rate, o r  
for flash vessels, the ex i t  steam 
flw ra t e  

Temperature t o  which auxiliary energy 
is  delivered 

Iiatio of supply stream mass f l w  
rate  t o  tha t  associated with the 
process, a l l  raised t o  the 0.8 p e r  

Quality of exi t  two-phase mixture 
Net present value of geothermal system 

project cash flms 
N e t  present value of conventional sys- 

t e m  cash flws 
N e t  present value of geotheml  system 

savings relative t o  the conventional 
system 

CXlality of ex i t  stream, assuning an 
isentropic process 

i s  delivered 

***** y ***** 

GEOTHM 

GECITHM 
GEOTHM 

GE(YI'HM 
GEOTHM 

GECJI'HM 

MATCH 

MATCH 
/F/ 

GEOTHM 

IYlATCH 

Stream selection hierarchy index MATCH Integer - 

... 

G, 
0 
M 

t 
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4. Flow charts  

Start 

Read run number, match control  v a r i a b l e ,  
and NAMELIST c o n t r o l  v a r i a b l e  

I n i t i a l i z e  NAMELIST 
subroutines 

1 

Y 

Read and echo p r i n t  a p p l i c z t i o n  and 
geothermal f i e l d  d e s c r i p t i o n s  

Y 

F I G U R E  D - 2  - FLOW CHART -- 
FOR PROGRAM GEOTHM - 



drs 
t 

3 11 

Yes 

/Read and p r i n t  match * c o n t r o l  parameters I 
d. 

[Read and p r i n t  i n i t i a l  V supply stream d a t a /  

No 



312 I 

( E n t e r  new r u n  d a t a  using NAMELIST) 
W 

End No 

Flow r a t e  l o o  

RAC 2 FINALM? 
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Initialize and sort supply and 
process data 

separate two-phase 
streams. Print new 

I Compute initial stream enthalpies I and availabilities 
Flash where possible to 

1p pressure cutoff and/or 
separate two-phase 
streams. Print new 

Yes 

No 

I Process no. 1 * 

I stream data 
I 

Process l o o p  

Process no. GM? 

FIGURE D - 3  - -- FLOW CHART FOR MATCH 
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I 

S e l e c t  appropr ia te  s t ream o f  pure water  

s t ream t o  process  
p re s su re  o r  s t ream 

No 
~ 

Compute f e a s i b l e  hea t  t r a n s f e r  i n  
secondary hea t  exchanger 

i 

No 

L i m i t  hea t  t r a n s f e r  t o  QP i f  doing s o  
s t i l l  permits  temperature  c r i t e r i o n  
t o  be s a t i s f i e d  

E s t a b l i s h  secondary hea t  exchanger and 
t r a n s f e r  heat  t o  pure s t ream 

4 
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heated vapor Upgrade until 
or two-phase with quality = 0 .9  - 

I 

I 
I / 

I 
I 
I 
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I 
I 

I I 

I 

1 
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1 

sGj5ply pressurr 3 

+O.5 bars and two-phase 
Split stream to 
limit flow rate 
if necessary 

Reduce s i  
No 

ressure 3 process 

I No 

=am pressurd 

1 Yes 
rate within upper limit flow rate 

No I 
Yes I 

Pressurize stream directly 
to process requirement , 

(Vapor phase compression) 1 

I 
I 
I 
I 
I 
1 
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I 
I 
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I 
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1 
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3 

b 

+ S p l i t  s t ream t o  
bound, a l lowing f o r  de- No l i m i t  f low r a t e  

1 Find pressure  of next  compression s t a g e  b- 
4 

Compress vapor t o  next  s t a g e  
h 

and superheated vapor 
needed? 

Desuperheating a Add ambient 
Yes wa te r  p re s su r i zed  

t o  s t a g e  p re s su re  
i n  s u f f i c i e n t  

I amount I 
I- 

+ 
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I Find s t r eam tempera ture  a t  p rocess  i n l e t 1  - - I such t h a t  Dtnew- - &reau i red  

I 
I 
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I 
I 
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I 
I 
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U N I T  PROCESS SECTION 
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p~ S p l i t  s t r eam t o  
l i m i t  f l o w  r a t e  No 

I 
- 

Yes 

p r o c e s s ;  f i n d  e x i t  

- @  
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I 
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3 2 0  

No 

No 

t r a n s f e r  a r e a  I change I 

Yes 

t r a n s f e r  a r e a  I change I 

/ P r i n t  s t ream d a t a /  
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I o f  equipment I 4 

s t r eam gene ra t ed  
n v e n t i o n a l  
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F I G U R E  D-4 - FLOW CHART FOR PROGRAM ECONMC 
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FIGURE D-5 - FLOW CHART FOR SUBROUTINE PROPTY -- --- 
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5. C o m p u t e r  program listings 

a. Program GEOTHM 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
c *  THIS PROGRAM A U L E E S  THE POTENTIAL OF * 
c *  GEOTHERMAL ENERGY FOR USE I N  INDUSTRIAL * 
C *  PROCESS HEAT APPLICATIONS * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
C * -- THIS  PROGRAM WAS WRITTEN I N  1979 BY MICHAEL B. * 
c *  P A m R  AT THE MASSACHUSFITS INSTITUTE OF TECH- * 
c *  NOIDGY FOR THE DEPAIiTMENT OF ENERGY. * 
C * -- METRIC UNITS ARE EWIDYJID THROUGJdOUT: * 
c *  TEMPERATURE+ DEGREES C PRES- BARS * 
c *  ENIWVSY = KJ/KG EMXOPY = J / G K  * 

c *  ENERGY RAT?+ KW * 
C * -- THE PROGRAM CALLS TfDE F O W N G  SUBPROGRAMS: * 
c *  MATRD = READS MATCH RESULT IXTA * 
c *  MATPW PRINTS MATCH RESULT DATA * 
C *  MloMT= READS AND PRINTS ECONOMIC M T A  * 
c *  ECORES PRINTS ECONOMIC RESULTS * 
C "  MATCH = PERFORMS STREAM-PROCESS MATCHING * 
c *  ECOWC% P E W O W  ECONCMIC ANALYSIS * 
c *  * 
c *  THREE NAMELIST SUBROUTINES ARE ALSO CALLED. * 
c *  SUBROUTINE MATCH CALLS NWEROUS SUl3ROvTINES * 
C *  I N  ADDITION. SEE I T S  LISTING FOR DETAILS. * 
c *  A BLOCK DATA SUEPROGRAM IS ALSO NEEDED. * 
C * -- SEPARATE DOCUMENTATION INCLUDES F W  CHARTS, * 
c *  COMPLETE VARIABLE LISTS,  AN INPUT GUIDE, * 
c *  AND A "WWALK-ITHROUGH" DESCRIPTION OF PROGRAM * 
c *  OPERATING PRINCIPLES * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

* c *  FLaw RATE = KG/HR ENERGY = K J  

REAL IRR, MCHECK(4), MP(50) ,  M P I ( 5 0 ) ,  MS(50), M S I ( 5 0 ) ,  

INTEGER CASNCM, PHASE(50) , PHASEI(50) , PHASUP, RUNNLM, 

INl'EGER*2 C W O N ( 1 5 )  , INDUST(40) I LCCATE(40) 
DlMENSION CAREA(501, X W T ( 9 )  I N R T 1 ( 5 0 ) ,  B l A T 2 ( 5 0 ) ,  
1 M A T 3 ( 5 0 ) ,  XMAT4(50), xMA?5(50), XMA%(50), MAT(4) , 
1 MAT2(50) 

1 MIyrrAL, MWATER , r\kJEI;LR 

1 Y, z 

c ----- THREE LINES FOLUX' FOR NAMELIST (MACHINE-DEPENDENT) --- 
PRRAMETER M = 1 6  
CHARAcTER*15 NAMES(NCP*I) 
INTEGER"4 IDESC (NUM) 

C 
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COMMON /A/ D E L T l I ( 5 0 )  I DELT21(50) ,  E T I ( 5 0 ) ,  GAMMAI(50) I 
1 H S I ( 5 0 ) ,  MCHECK I MPI , MS.1 I P P I ( 5 0 )  , 
1 P S F ( 5 0 ) ,  P S I ( 5 0 )  , Q P I ( 5 0 )  I T D I ( 5 0 ) ,  T P I ( 5 0 )  , 
1 T S I ( 5 0 ) ,  IAUX I IFLASH , IPI?URI(50) ,  ISEPRT , 
1 ISPRT2 I I S P U R I ( 5 0 ) ,  M I  N I  , PHASE1 
COMMON /D/ DELTAl(50)  I DELTA2 (501 ,  DELTA3 ( 5 0 )  I E T A ( 5 0 ) ,  

1 P P ( 5 0 )  , P S ( 5 0 )  , m ( 5 0 )  , Q P ( 5 0 )  , T D S ( 5 0 )  , 
1 TM(50) I T P ( 5 0 )  I T S ( 5 0 )  , IPPURE(50)  I 

1 GAMMA(50) , H S ( 5 0 )  I M p  M S  I m ( 5 0 )  I 

1 ISPURE(50) ,  M I MOFUlER(50), N 
1 NORDER(50), PHASE , Z 
C M N  /E/ AREA(50), AVAIL2 , AVAILS, 
1 ENTOTL , MTOTAT, , MWATER , QESW I 

2 S I Z E ( 5 0 ) ,  IAREA , I T Y P ( 5 0 )  
COMMON /F/ BONDRT, CASH(40) I CASHF(40) 

1 CELECT I CFOSSL, CINFLT(8) ,  CINSUR 
, CDSCNT , 
, CINVSF , CINVST, 

1 COPRAT , CUYINV, DEBTEQ I FINVST(40) ,  IRR , OF'FFAC, 
1 FROFIT , PROPTX, SALVAG , SAmNG (401, T X R D  I TAXRAT, 
1 XNPV I XNPVF , IBEGIN , ICONST , I L I F E  , LIFEBD, 
1 LLFETM, IPAYEK 

CCMMON /G/ CLAND I CMAINT I COTHEK, CREPLC, CROYAL, 
1 CTRAN!3 , CUbGTC C W N C  CWELL DPLBAS, KWELLR, 
2 PROBC(3), PROBM(3) I PROBT(3), R O I W ,  T-L, JWELLI, 
3 WELLP 

C 

C 
c ----- READ RUN TYPE, APPLICATION AND GT FIELD DESCRIPTIONS - 
C 

DATA IN,  I O W ,  CASNLM/8,6,1/ 

READ ( I N t l O 2 0 )  RUNNLM, IMATCH, INAME 
IF (INAME .EQ. 0 )  GO TO 100 

CALL NMLSNAMESET (NAMES, ITS1 IPSI,HSII MSI ,PSF, CFLUID, I / /  
c ----- EIGHT LINES F O m  FOR NAMELIST (MACHINGDEPENDENT) --- 

1 'CFOSSL, CELECT, CINFLT,DEBTEQ, TPXRAT, CDSCNT, FINVST,QPI, ' / /  
1 'INAME,cAREA') 

CALL NML$DESSTLF(IDESC, %DESCR(TSI), &DESCR(PSI) I 

1 %DESCR(HSI) I WESCR(MSI), ?OESCR(PSF), WESCR(CFLUID), 
1 %IESCR(CFOSSL), %DESCR(CELECT) , &DESCR(CINFLT), 
1 %DESCR (DEBTEQ) , ~ E S C R  (TAXRAT ) I %DESCR(CDSCNT ) , 
1 %IESCR(FINVST) , %DESCR(QPI), %DESCR(INAME) I %DESCR(CAREA) ) 

C 
100 READ ( IN ,1160)  LOCATE 

WRITE (IOUT,1161)  RuNNcbl, CASNUM 
WRITE (IOUT,1162)  LOCATE 
READ (IN,1660) INDUST 
WRITE (IOUT,1662)  I N W S T  
IF  (IMATCH .EQ. 1) GO TO 150 c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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1 
WRITE (IOUT, 1161) 
WRITE ( IOUT,1029)  
CALL MATRD( AREA, 

1 ENTmL, M S I ( 1 )  I 
1 C . Y  IQsW I 

1 M I  , N I  I 

W MATPRN(ARFA, 
1 E N I " L ,  M S I ( 1 ) I  
1 C . Y  IQsuE.1 I 

1 M I  , N I  I 

J = 1,MAT(2) 
RUNNLM, CASNLM 

C 
IF ( I M  .EQ. 
IF (I= .EQ. 
cAsNLM= C A S W  
XNPvsv= XNPV - 
WRITE ( 5  , 2 4 4 0 )  

0) WRITE ( IOUT,9999)  

+ 1  
XNPVF 
XNPVSV, IPAYBK, IF3 

0 )  STOP A 
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3 

WRITE (IOUT,1161) RUIWtM, CASNUM 

CALL M L I S T (  'ENTER ND(T RUN QATA: ' ,NAMES,IDESC,NcpII, 

IF (1- .LE. 0 )  WRITE (IOUT,9999) 
IF (INAME .LE. 0 )  STOP 
GO TO 120 

C FOLKWING TWO LIWS ARE MACHINE-DEPENDENT ********** 
1 5,IOUT,5) 

c ....................................... 
C 

C 

C 

C 

c ----- PR(X'ES$STREAM MATCHING PERFORMED -.--__-------_-_--_- 

c *******************t**?L.*********************.k****************** 

c ----- READ AND PRINT CONTROL --___ --- ----__ - ----_ 

150 READ (IN,1750) ISEPRT, ISPRT2, IFLASH, IAUX, 
1 STARTM, FINALM, DELTAM, (MCHECK(1) ,1=1,4) 

IF (ISEPRT .EQ. 1) WRITE (IOUT,1755) 
IF (ISEPRT .Ea. 0 )  WRITE (IOUT,1756) 
IF  (ISPRT2 .EQ. 1) WRITE (IOUT,1760) 
IF  (ISPRT2 .Ea. 0 )  WRITE (IOUT,1761) 
IF (IFLASH .EQ. 1) WRITE (IOUT,1765) 
IF (IFLASH .EQ. 0 )  WRITE (IOUT,1766) 
IF (IAUX .EQ. 1) WRITE (IOUT,1770) 
IF (IAUX .EQ. 0 )  WRITE (IOUT,1771) 
WRITE (IOUT,1780) STAR?M, FINALM, DELTAM, 

1 (MCEECK(I), I=1 ,4 )  
I F  (FINALM .GT. STAFTM) WRITE (IOUT,1782) 
IF (FIN7U.M .GT. STARTM) STOP 

C 
READ AND PRINT INITIAL SUPPLY S T W 4  DATA ------------ c ----- 

C 
READ (IN,1200) NI 
WRITE (IOUT,1161) R W ,  CASJWM 
WRITE (IOUT,1202) 
Do 160 I = l , N I  

READ ( 1 ~ , 1 2 0 4 )  TSI(I), PSI(I), HSI(I), MSI(I) 
READ (IN,1206) COMPON, T D I ( I ) ,  ISCALE, ITOXIC, E T I ( 1 )  
READ (IN,1208) PSF(1 )  
IF  (ISCALE.GE.4 .OR. ITOXIC.GE.4) ISPURI( I )=  0 
IF (ISCALE.LE.3 .AND. ITOXIC.LE.3) ISPURI(I)= 1 
WRITE (IOUT,1230) T S I ( I ) ,  P S I ( I ) ,  H S I ( I ) ,  M S I ( I ) ,  

1 P S F ( I ) ,  COMPON, T D I ( I ) ,  ISCALE, ITCWC, 
1 FTI(I), ISPURI(I) 

160 CONTINUE 
C 

C 
c ----- AND P R I m  P R E S S  DATA __-____I-_________________ 
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READ ( I N , 1 7 0 0 )  M I  
WRITE ( IOUT,2000)  
DO 300 J = 1,MI  

READ ( I N , 1 7 0 2 )  TPI ( J )  , PPI ( J ) ,  Q P I  ( J ) ,  MPI ( J ) ,  

1 D E z T l I  ( J )  , DELT2I ( J )  , CAREA( J )  

1 IPPURI ( J )  , PHASE1 ( J ) ,  M I A 1  (J), 
1 DELTlI ( J )  , DELT2I (J) 

1 IPPURI(J), PHASEI(J), GAMMAI(J ) ,  

WRITE (IOUT,2008)  J, T P I ( J ) ,  P P I ( J ) ,  Q P I ( J ) ,  M P I ( J ) ,  

300 CONTINUE 
WRITE (IOUT,2130)  ( J ,  CAREA(J), J = l , M I )  

- C  

C 

C 
PERFORM MATCH FOR CONVENTIOMvl SYSTEM ---------------- c ----- 

c ----- READ AND PRINT E C O W I C  DATA ......................... 
CALI, ECO~T(RUNNUI, CASNW) 

C 
700 FRAC = 0.0 

WRITE ( IOUT,1161)  
WRITE (IOUT, 1 0 1 0 )  
CALL M?iTCH(FRAC) 
WRITE (IOUT,1161)  
WRITE (IOUT,1790)  

RUNEJTM, CASNUM 
FRAC 

RUNNLM, CASNLM 
FRAC 

MS(1) = MSI(1 )  *FRAC 
C?LLMATPRN(AREA, AVAIL2, A W L S ,  CAREA, ENTOT2, 
1 ENTOTL, MS(1)  , MWATER, PM , QESW, QFSW , 
1 (3 ,QSm , S I Z E  , T M  , IAREA, ITYP , 
1 MI , N I  , Z  1 
CALL ECOFMC(AREA, CAREA, CELUID, MS(l), MWATER, QESrrJI, 
1 QFSW, SIZE,  IAREA, ITYP , .FALSE.) 

C 
c ----- ENTER NE&' DATA IF  DESIRED FOR GEOTHERMAL CASE -------- 
C 

IF (INAME .EQ. 0) GO TO 800 
710 CASNIpI= CASMM + 1 

WRITE ( 5 , 2 4 0 0 )  
DO 720 K = l , N  
I = NORDER(K) 
IF (MS(1) .LT. 2 0 . 0 )  GO TO 720 
WRITE ( 5 , 2 4 2 0 )  I, T S ( I ) ,  P S ( I ) ,  H S ( I ) ,  M S ( I ) ,  

1 I S P u R E ( I ) ,  E T A ( I ) ,  T D S ( 1 )  
720 CONTINUE 

I F  (FRAC .NE. 0.0) XNPVSV= XNW - XNPVF 
IF (FRAC .NE. 0.0) WRITE ( 5 , 2 4 4 0 )  XNPVSV, IPAYBK, I R R  
WRITE (IOUT,1161)  RUNNLM, CASNW 

CATL NAMELIST( 'ENTER NEXT RUN DATA: ' ,NAMES,IDESC,NcM, 
C FDLLCMING TWO LINES ARE MACHINE-DEPENDENT ********** 
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1 5,IOUT,5)  
IF (1- .EQ. 0) 
IF (INAME .EQ. 0) 
IF (INAME .EQ. 2 )  

C 
GEOTHERMAL FLCkJ c ----- 

C 
800 FRAC = S T W  
810 WRITE ( IOUT,1161)  

WRITE (IOUT, 1 0 1 0 )  
CALL MATCH(FRAC) 
WRITE ( I O W ,  1 1 6 1 )  
WRITE (IOUT.1790)  

WRITE (IOUT, 9 9 9 9 )  
STOP 
GO TO 700 

MS(1) = MSI(l)XF&C 
CALL MATPRN(AREA, AIAIL2, 

1 ENTOTL, MS(1) , WATER, 
1 (3M c16W t S I Z E  
1 M I  8 N I  I Z  1 

WRITE ( IOUT,1161)  RUNNLN, 

CASNUM 

CASNLM 

CASNUM 
CALL ECOMC(AREA, CARE3, CFLUID, MS(l), WATER, QESIM, 

1 wsw, SIZE,  IAREA, ITYP , .TRIJE.) 
CALL ECORES(FRAC) 
FRAC = FRAC - DELTAM 

IF (FRAC .GE. F1IiAI.M) GO TO 810 

IF (INAME .EQ. 0 )  WRITE (IOUl',9999) 
IF (INAME .EQ. 0) STOP 
GO TO 710 

C 

C 
1000 FORMAT (1H1) 
1 0 1 O F O F N A T ( l H 0 , 4 0 H M A T C H I N G  S U B R O U T I N E  , 

I 1 17HR U N: FRAC = ,F6.4/1H+,23H - 
1 2 2 H  1 - 

1020 FORMAT ( 3 1 5 )  
1028 FORMAT (1H0,40HC 0 N V E N T I 0 N A I, 

1029 FORMAT (1H0,40HG E 0 T H E R M A L 

1160 FORMAT (4cp\2) 
1161 FORMAT (1H1,2lHR U N N U M B E R: , 13 ,13H.  C A S E , 

S Y S T E M , 
S Y S T E M M A , 

1 3 4 H M A T C H  R E S U L T  D A T A : )  

1 3 c ) H T C H  R E S U L T  D A T A : )  

1 14H N U M B E R: ,13/1Ef+,19H - -- #9X, 
1 2 1 H  / I  

1162 FORMA(~H~GFLYTHERMAL RESOURCE LXXATION: / i ~  ,2x, 4~ ) 
1200 FORMAT ( 1 5 )  
1202 FORMAT (1H0 ,3BIS  U P P L Y 
1204 FORMAT (3FlO.3,  F20 .3)  
12  06 FORMAT ( 1  a 2  , €?LO. 1 , 21 5 ,  Fl 0.2 ) 
1208 FOFMAT ( F 1 0 . 3 )  

S T R E A M D A T A:/) 
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1230 FORMAT (1HO,4GITETUIPERATURE . , 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

5H. . =,F11.2,3H C/ lH  ,283PRESSURE. . . . . . . . . . .  
173. . . . . . . .  =, Fl1 .3 ,6H BARS/lH ,12HENI'HALPY. . .  
33H. . . . . . . . . . . . . . . .  =,F11.2,% J /G/ lH  . 
7H KG/HR/lH ,38HMINIMUM ALLCNABLE FLASH PRESSURE. . . .  
7H. . .  =, OPFl1.3,6H BARS/lH . 2lHFLUID CHEMISTRY . . . .  
3 2 ~ ~  SOLIDS. . . . . . . . . . .  =,mi. 5,m KG/KG/~H . 
4%SCALING INDEX . . . . . . . . . . . . . . .  = , I l l / l H  . 
4%ToxICITY INDEX. . . . . . . . . . . . . . .  = , I l l / l H  . 
4%wuIouNT OF NON-CONDENSAEXE GAS PRESENT . . .  =, F11.4, 
7H KG/KG/lH , 3 & I C W U T E D  STREAM PURITY PARAMETER. . . .  

4SHMASSFLaW RATE. e . . =,lPEl1.4, 

26H . . . . . . . . . . .  = ,15A2/lH ,13HTOTAL DISSOLV, 

I 7 H .  . 
1660 FORMAT 
1662 FORMAT 

1 4 0 A 2 )  
1700 FORMAT 
1702 FORMAT 
1750 FORMAT 
1755 FORMAT 
1756 FORMAT 
1760 F O m T  
1761 FORMAT 
1765 FORMAT 
1766 FORMAT 
1770 FORMAT 

1 2 B I S T  

. =,Ill) 
( 4 W  1 
(lHO,3IHIMXTSTRIAI, PROCESS APPLICATION:/lH ,2X, 

( 1 5 )  
( 2F8.3,2= 0.3,215,3F8.3, El 0.3 ) 
(415 ,7F8 .3 )  
(1HO ,3 8-IsuPPLY STREAM PHASE SEPARATION ALUNIZD) 
(lH0,42HSUPPLY STREAM PHASE SEPARATION NOT ALUWED) 
(1HO,3 WGENERAL STREAM PHASE SEPARATION ALLCkJED) 
(lH0,43HGENEXAL STREAM PHASE SEPARATION NOT ALT_IJWED) 
( 1HO,3 CMSUPPLY STREAM FLASHING ALLWED ) 
(lH0,34HSUPPLY STREAM FLASHINS NOT ALLCkJED) 
(1H0,3%PRCCESSES WITH TEMPERATURES ABOVE HCrrrE, 
GT STREAM WILL BE/lH ,23H HEATED SOLELY BY FOSS, 

1 7HIL FUEL) 
1771 FORMAT (lH0,3%PROCESSES WITH TWERATURES ABOVE HOTTE, 

1 2&T GT STREAM WILL NOT BE/lH ,1% HEATED SOLELY BY , 
1 1lHFOSSIL FUEL) 

1780 FORMAT (lH0,40HGE- SUPPLY FLCN RATE FRACTION: ST, 
1 SlMFU' =, F'6.3/1H ,40X, 5HEND =, F6.3/lH ,34X,l lHSTEP S I Z E  =, 
1 €%.3/1H0,29DlASS FLOW RATE CUTOFF POINTS:/lH ,4F7.3) 

1782 F O N T  ( 1 H 0 , 3 7 H I m I D  INPUT DATA: FINALM > STARTM) 
1790 FORMAT ( l H O , 4 W E  N E R G Y 

FRAC = ,F6 .4 )  
2000 FORMAT ( / /1H0,3%I N D U S T R I A L 

P R 0 F I L E M A T C H , 
1 27H R E S U L T S: 

A P P L I C A T I, 
1 25H 0 N P R 0 C E S S E S:/lHO,l€HpROcESS TEMP PRE, 
1 52HSSuRE HEAT FLCW RATE PURE PHASE H.T.C. DELTl , 
1 %DELT2/lH ,9X,3OH(C) (BARS) (KW) (KG/HR),25X, 
1 lQH(C) (a/) 

2130 FORMAT (lH0,4GICURRENT PROCESS EQUIEMENT COSTS: 
1 7HS COST/36X,I3,4H $,lPE9.3/(36X,I3,?Zl3.3)) 

2008 FORMAT (1H ,I4, F9.l1 ~.3,1P2~10.3,14,16,OPF10.2,2F7.2) 
2400 FORMAT (// lHO,37HF L U I D 

PROCES, 

S T R E A M S A F T E R ,  
1 9~ R u N: /~Ho ,  
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1 51H SUPPLY TEMPERATURE PRESSURE FLlM RAT, 
i 2 m  PURE NON-COND. T D S / ~ H  , ~ O X , ~ ~ H ( D E G R E E S  c)  , 
1 ~ ~ ( B A R S )  (J/G) (KG/HR) / ) 

2420 FORMAT (1H ,2X, 14, Fl2.1, F12.3, El0.2,lPE12.4,15,0PFlO.4, 

2440 FORMAT (/LHO,lCHXNPW = $,lPE11.4,144 
1 F10.5) 

IPAYBK = , 
1 13,17J3 YEARS IRR = ,2PF8.4,2H 

9999 FORMAT ( / lHO,  1 ~ N O R M F J ;  END OF JOB) 
C 

END 
BLOCK WTA 
REAL MCHECK(4), MPI(50), MSI(50) 
INTEGER PHASEI (50) 
CCMMON /A/ DELTlI(50), DELT2I (50),  

1 HSI(50), MCHECK , MPI  I 

1 PSF(50), PSI(50)  , QPI(50)  , 
1 T S I ( 5 0 ) ,  IAUX t1-H 
1 ISPR'I2 , ISPURI(50), M I  I 

DATA DELTlI, DELT2I , ETI, GAMMAI, 
1 PSI, QPI,  TDI, TPI,  TSI,  IPPURI, 
1 /700*0.0, 150*0/ 

C 

C 
END 

ETI(50) ,  GAMMAI(50), 
MSI , P P I ( 5 0 )  , 
TI)I(50), TPI(50)  , 
IPPURI(50), ISEPRT , 
NX , PHASEI 

H S I ,  MPI, M S I ,  PPI, PSF, 
ISPURI, PHASEI 

3 
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b. Program MATRD 

SUBROVTINE MATRD( 
1 ENTOTL, MSIOFl, 
2 QSW , SIZE I 

C 

READ (IN,1032) MSIOFl, 
1 ENTOTL, 
IF ( Z  .GT. 0) READ 
IF (1- .GT. 0 )  READ 

IF ( M I  .GT. 0 )  READ 

RETURN 

1030 FORMAT (415) 
1032 FORMAT (8J?l0.5/Fl0.5) 
1034 FORMAT (3F10.3) 
1036 FORMAT (I5,2Fl0.5) 
1038 FORMAT (8E10.3) 

1 

C 

C 

END 



333 
c. Program MATPRN 
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1810 FORMAT (1H ,2X,oPF7.2,Fl3.3,1PE17.4) 
1820 FORMAT (lHO,203EQUIRyIENT S I Z E  WTA:/lH ,12H EQUIRJIENT , 

14% DESCRIPTION S I Z E  PARAMETER 1 PARAMETER 2 )  
1830 FORMAT (IH ,2X, I5 ,5X,5A4,2F15.4)  
1840 FORMAT (lHO,4OHTOTAL PROCESS ENF,RGY REQUIREMENT. . . . , 

15H. . =,1PE11.4,& KW/lH ,29QToTAL PROCESS ELECTRICITY, 
22cH USE . . . . . . . = , E l l .  4,M W/lH ,9HTCYI'AL, PRO, 
33BIcESS AUXILIARY FOSSIL FUEL HEAT. =,E11.4,4H KW/ 

5E11.4,Z-l KG/HR/lH ,323"AL SUPPLY STREAM ENTHALPY. . , 
613. . . . . e =,El1.4,4!1 W / l H  ,l&ITCYI'AL, SUPPLY STREA, 
727HM ENITIALPY AT EXIT. e e =,E11.4,4H W / l H  ,WCYl'AL, 

9lHW/lH ,453TOTAL SUPPLY STREAM A W W I L I T Y  AT EXIT. =, 
1 E l l . 4 , 4 H  
21OH . . . =,E11.4,7H KG/HR/lH ,19HFIRST LAW ERROR . , 
32W . . . . . . e . . . . . = , O P F l L 4 , 3 H  8) 

4IH ,491ToTAL GECrrHERMAL SUPPLY MASS FLU4 RATE, - -, 

84W SUPPLY STEGRbl AVAIu1BILITY~ =,El1.4,3H K, 

W / l H  ,35HrrmAL MASS FLW OF WATER REQUIRED . , 
END 

n 
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d. Program ECODAT 

3 

SUBROUTINE ECODAT(RUNNLM, CASrJrrvl) 
C 
C ********* PROGRAM READS AND PRINTS E C O m C  DATA *********** 
C 

REALMTOTAL, WATER, NiVELiX, IRR 
INTEGERCASNUQ.I, RUNMpI, Z 

C 
C W N  /E/ 
1 ENTOTL 
2 S I Z E ( 5 0 )  
COMMON /F/ 

2 COPRAT , 
3 PROFIT , 

5 L1FE;TM I 

1 c m ,  

4 XNPV , 

’ AREA(5 
I mmm 
I IAREA 
WNDRT , 
CrnSSL, 
m w ,  

Xtfmm I 

PROFTX, 

IPAYBK 

0 )  I AVAIL2 
I MWATER 
I ITY”(50 

WH(40)  , 
CINFLT(8)  I 
DmTEQ I 

SALVAG I 

IBEGIN , 

i AVAILS, 
I msUM I 

) 
CASHF (40) 
CINSUR 
FINVST (40) 
SAVING(40) 
ICONST 

C 

C 
DATA IN,  IOUT/8 , 6/ 

700 READ 
1 
2 

1 
2 
3 
4 

READ 

WRITE 
WRITE 
1 
2 

WRITE 
WRITE 
1 
2 

1 
WRITE 

C 

C 
RETURN 

=I, 
COTHER , 
CFLUID, 
ICONST, 
CINFLT, 
D m E Q ,  
COPRAT, 

CASNLM 
-1, 
c-I 
CFLUID 
PROBM, 
ICONST , 
CINFLT, 
D m E Q ,  
CINSUR, 
CROWL 

m u ,  
mNT, 
PROBT I 

I L I F E ,  
LIFEITUI, 
T X R D ,  
OPFRAC, 

N@LLlR, 
CMAINT, 

PROBC 
I L I F E ,  
LIFETM, 
T X R D ,  
COPFAT, 

a A N D  I 

CREPW, 
PROBM , 
FINVST, 
SALJAG, 
PROFTX, 
CDSCNT, 

FINVST, 
SALSRG, 
PROPTX 
OPFRAC, 

- 1  

TANGBL, 
PROBC 

LIFEBD, 
TAXRAT, 
R O I W ,  

CFOSSL, 

- 1  

T-L, 

CFOSSL, 
LIFEBD, 

CDSCNT, 

1161 FORMAT ( l H 1 , 2 l H R  U N 
114H N U M B E R: ,13/1H+,19H 
221H / \  

N U  M B E R: , 1 3 , 1 s .  C A S E , 
19x1 - -  

2100 FO- (2I5,F10:2,6ElO. 1/3E10.1/3F10e 1,3E10.1/3E10.1)  



3 3 6  
2102 FORMAT ( 315 /1 OF8.4/1 Om. 4/1 OF8.4/1 OF8.4/2FlO. 5/8FlO.  3/ 

2120 FORMAT (lH0,2@tE C 0 N 0 M I C 
115, F l O .  5/15,2F10.5/3FlO. 5/3F10.5/3F10.5)  

D A T A:/lH0,25RMBER , 
1 3 8 3 0 F  PRODUCING WELLS NEEDED. . . . . .  = , I l l / l H  , 3 H W I ,  
242HBER OF MTRA WELLS . . . . . . . . . . .  = , I l l / l H  . 
34%INEW WELLS PER YEAR PER PRODUCING WELL . . .  =,Fll. 3, 

51CH . . . .  = , F l l . O ,  €33 1978 $/1H ,l€HCOST PER WELL . . .  
627H. . . . . . . . . . . . .  =,F11.0,8H 1978 $/1H . 
97H. . .  = , F l l . O , 8 H  1978 $/1H ,2zHANNuAL FIELD MlUNEN?W, 

41oH (YEAR)-l/lH ,35HIANDAQUISITIONCOST . . . . ., 
7 4 3 C O S T  OF FLUID TRANSMISSION SYSTEN = , F l l . O ,  
88H 1978 $/lH , 3 8 H m R  COSTS (EXPLORATION, FTC. ) . . . .  
123HCE COST . . . . . . .  =, F l l . O , € H  1978 $/1H ,CHANNUAL, 
2393 COST FOR REPLACENEXVT WELLS . . . . .  =, Fl l .O,5H 197, 
33H8 $/lH ,3&FRACI'ION OF WELL COSTS ATTRIBUTABLE TO/lH , 
44% TAGIBLE EXPENSE. . . . . . . . . . . . .  =,2PF11.4, 
53H %/1H ,32E€FRACTION OF TANGIBLE WELL COSTS /lH , 
64% ALJD2ATABI.E TO DEPLFTABLE ACCOUNTS. . . .  =, F11.4, 
73H %/El ,43fXOST OF GEOTHERMAL FLUID. . . . . . . . . . .  
82H =, Fl1.4,lCH CENTS/KG) 

2122 F O m T  (lH0,4QIPROBABILITY DISTRIBUTION FOR STREAM TEMP, 
l&-IERATURE:/lH ,9X, 3aMP(ACIWAL T .LE. GIVEN T ) =  25% AT T, 
22H = ,F l1 .2 ,3H C/ lH  ,33X,12H= 50% AT T =,F11.2,3H C/ 
31H ,33X, 12H= 75% AT T =,Fl1 .2 ,3H C/lH0,12HPROBABILITY , 
434HDISTRIE3UTION FOR STREAM FLLW RATE : /1H ,9X, WP (ACTUAL, 
5281 M .LE. GIVEN M ) =  25% AT M = , lPEl1 .4 ,7H 
633X,12H= 50% AT M =,EX1.4,7H KG/HR/lH ,33X,9H= 75% AT , 
73HM =,El  1.4,7H KG/HR/lHO, 26HPROBABILITY DISTRIBUTION F, 
817HOR COST OF FL,UID:/lH ,9X,23HP(ACI'UAL C .LE. GIVEN C ,  
913H)= 258 AT C =,2PF11.5,6H 
13HC =,Fll.S,@t 

KG/HR/lH , 

C/KG/lH ,33X,9H= 50% AT , 
C/KG/lH ,33X,12H= 75% AT C =,F11.5, 

2 a  C/KG) 
2126 FORMAT (lH0,4WPRQJECT STARTING DATE . . . . . . . . . .  

15H. , = , I l l / l H  ,3@3PROJECT CONSTRUCTION TIME . . . . , 
2%. . . =,Ill, 7H YEARS/lH ,22HPRQJECT OPERATIE  LIFE ,  
323H. . . . . . . . . . .  = , I 1 1 , 7 H  YEARS/lHO,€W?WCTION, 
436H OF TOTAT; INVESTMENT MADE EACH YEAR:,4(/1H , 1 c F 6 . 3 ) /  

66PF11.4,6H $/GJ/lH ,3lHCOST OF ELECTRICITY I N  1978 . . , 
714H . . . . =, Fl1.4,m $/GJ/lHO,l%IINFLATION FACTO, 
836IFS: PRICE FOSSIL ELECT. GT FLUID/3X,%THRCUGH 1, 
94IB86: ,2PF9.2,1H%, F7.2,1H%, F7.2,1H%, F7.2,1H%/3X, %-IAFTER, 
163 1986: , Fl1.2, F8.2, F8.2, F8.2/1HO, l&IDEPRECIATION LIFFT, 
227HIME . . . . . . =, I11 ,7H YEARS/lH ,4HSALV, 
3 4 W E  VALUE A S  PERCENTAGE OF INVESTMENT . = , F l l . 2 , 3 H  

5X YEARS/lH ,3&IBOND IJYI'EREST RATE, . . . . . . . . . .  
67H. . .  =, F l l . 2 , 3  %/lH ,2€HDEBT/EQUITY RATIO . . . . .  

51HO,4WCOST OF FOSSIL FUEL I N  1978 . -, 

%/ 
. 41H ,45HBOJSJD LIFETIME TO MATURITY . . . . . . . . .  =,Ill, 

Y 

4 

1 

1 
A 
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71%. . . . . . . . .  =,OPF11.2/1H ,17HIMIESTMENT TAX CR, 
8283EDIT . . . . . . . . . . .  =,2PF11.2,3H %/1H ,3HpRO, 
942HPERTY TAX RATE . . . . . . . . . . . . .  =, Fl1.2, 
1% CENTS/$) 

2 1 2 7  FORMAT (1H ,4OHOvERALL MAFGINAL INCCME TAX RATE. . . . .  
15% . = , 2 P F 1 1 . 2 , 3 3  %/Ill ,203INSURANCE PREMIUM FATE. . , 
21%. . . . . . . . .  =,Fll. 2,9H CENTS/$/lH ,&OPERATIN, 
337HG AND MAINTENANCE COST RATE . . . .  =, F l 1 . 2 , 7 H  CENTS, 
42H/$/ lH ,4%ANNUAL CAPACITY FACTOR. . . . . . . . . . . .  
52H =,F11.2,3H 8/1H ,31lIDIscouNT RATE . . . . . . . . . .  
82cM . . . . . . . . .  =, Fl1 .2 ,3H %/1H ,13HROYALTIES ON . 
614H . . . . . .  =, F l l .  2,3H %/1H ,19HRATE OF RFrmRN W, 
72CMIRED BY INVESTORS O N / N  , 2 %  DEPLJTI?AE3m INVESTMENT ., 
93ZaCYl'HERMAL FLUID PRODEI'ION. . =, Fl1 .2 ,3H 8 ) 

END 
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e. Program ECORES 4 

C 
REAL IRR 
IXTA IN,  IOUT/8,6/  

CCMMON /F/ BONDRT, 
1 CELEXIT , CFOSSL, 
2 COPRAT, CWINV, 
3 PROFIT , F'ROPTX, 
4 XNW , XNPVF, 
5 LIFETM, IPAYBK 

CCMMON /G/ CLAND 
1 mRANS , c m  

C 
CASH(40) , CASHF(40) , CDSCNT , 
CINFLT ( 8 ) ,  CINSUR , CINVSF , CINVST, 
DEBTEQ , FINVST(40) ,  IRR , OPFRAC, 
SAIJVAG , SAVING(40), T W R D  , TAXRAT, 
IBEGIN , ICONST , I L I F E  , LIFEBD, 

, CMAINT , COTHER, CREPLC, CROYAL, 
, ClPlINc , W E L L ,  DPLBAS, TWELLR, 

2 PROBC(3), PROBM(3) I PROBT(3) , ROIREQ, TAKBL, lWELLI, 
3 Bx4J3LLP 

C 
850 XNPVSV= XNPV - XNPVF 

WRITE (IOUT,2300)  FRAC, C W N C ,  CUMINV, C U " C ,  CINVSF, 
1 XNE'V, XNPW , XNPVSV, IPAYBK, IRR 
WRITE ( IOUT,2302)  
IFINAL;= IBEGIN + I L I F E  -I- ICONST - 1 
Do 870 I=IBEGIN,IFINAL 
1- I - 1BEGIN-t  1 
WRITE ( IOUT,2304)  IYEAR, I, cAsHF(IYEAR), CAsH(IYEAR), 

1 SAVING( I=) 
870 CONTINUE 

C 

C 
RETURN 

2300 FORMAT ( l H 0 , 4 2 ~ E  C 0 N 0 M I C R E S U L T S: FRAC =, 
1F7.4/1HO, 
13iWTOTAL INVESTMENT I N  GEOTHERMAL SYSTEM/3X, % I N  CONSTA, 
234EBlT Lx>LTARS . . . . . . . . . . .  =,1PE11.4,3H $/3X, 
343HIN CURRENT DOLLARS. . . . . . . . . . . .  =,El1 .4 ,  
43H $/El ,3@T'oTAL INVESTMENT I N  GEOTHERMAL FIELD/3X, 
443HIN CONSTANT DOLLAEG . . . . . . . . . . .  =,E l1 .4 ,  
4 3 ~  $/m ,3mmm INVESTMENT I N  CONVENTIONAL SYSTEM/ 
53X, 43HIN CONSTANT DOLLREG . . . . . . . . . . .  = , E l l .  4, 
6% 
7%. = , E l l .  4 ,3H $/1H ,3QINET PRESENT VALUE OF CONVENTIO, 
8 3 H N F ; L / 3 X , 4 3 H S Y S T E M H F L C k J S . .  . . . . . . . . . .  -, 
%11.4,3H 
l l O H  . . . .  =,El1.4,3 
223HIOD . . . . . . . . .  = , I 1 1 , 7 H  YEARS/lH ,8HINTERNAL, 
337H RATE OF RETURN e . . =,2PFl1 .4 ,3H 8 )  

$/El ,42HNET PRESENT VALUE OF GT SYSTEM CASH FLcxlJS. , 
- 

$/1H ,3%NET PRESENT VALUE OF SYSTEM SAVINGS, 
$/1H ,22kDISCOUNTED PABACK PER, 

2302 FORMAT (1H0,4QHCASH FLLNS: YEAR FOSSIL GEOTH, 

4 

(I 

I 

Q 
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f .  Program MATCH 

SUBROUI'INE MATCH (FRAC ) 
c c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  
c *  

INDUSTRIAL PROCESS DEMAND * c *  
c *  c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C *  
C * -- THIS  PROGF!AM WAS WRITTEN I N  1979 BY MICHAEL B. 
C *  PACKER AT THE MASSACHUSEITS INSTITUTE OF TECH- 
c *  NOIDGY FOR THE DEPARTMENT OF ENERGY 
C * -- METRIC UNITS ARE EMPLOYED THROUGHOUT: 
c *  TEMPERATURE= DEGREES C PRESSURE= BARS 

c *  
c *  ENERGY R A T S  Kw 
C * -- THE PROGRAM CALLS THE FOLLOWING SUBPROGRAMS: 
c *  PRO- CXLCUIATES THERMODYNAMIC PROPERTIES 

* 
* PROGRAM MATCHES GEOEEXMAL SUPPLY TO 

* 

* 
* 
* 
* 
* 
* 

c *  ENIWU;PY = KJ/KG ENTROPY = J/G-K * 
* 
* 
* 
* 
* 

F L ~  RATE = KG/HR ENERGY = K J  

c *  SEPRAT= SEPARATES TWO-PHASE STREAMS 
c *  SORT = SORTS STREAMS OR PROCESSES BY TEZvlPERATURE * 
c "  SPLIT = SPLITS STREAMS I N  TWO 
C * -- SEPARATE JXXLNENTATION INCLUDES FLCkJ CHARTS, 
c *  
c *  
C * -- PROGRAM LINE KEY: 

* 
* 

COMPLETE VARIABLE LISTS, AND A '%K4?HROUGH" * 
DESCRIPTION OF PROGRAM OPERATING PRINCIPLES. * 

* 
c *  120 
C "  200 
C *  300 
c *  450 
c *  500 
c *  700 
c *  800 
c *  880 
c *  882 
c *  

SUPPLY AND PROCESS INITIALIZATION AND SORTING 
MATCHING PRCCEDURE BEGINS 
END OF SUPPLY STREAM LOOP 
EFFICIENCY CHECK AND BRINE CONVERSION 
PRESSURE UPGRADING * 
TEMPERATURE UPGRADING 
UNIT PROCESS 
END OF PROCESS LOOP 
MATCH RESULTS 

* 
* 
* 
* 
* 
* 
* 
* 
* 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

REAL MCHECX(4), MCYPRS, MDESUP, MNEW, M p ( 5 0 ) ,  MPI(SO) ,  

INTEGER PHAsE(50) ,  PHASEI(SO), PHASUP, Y, Z 
DIMEEION PSTAND ( 4 ) ,  TSUM ( 5 0 )  

C O N  /A/ D E L T l I ( 5 0 )  , DELT2I ( 5 0 )  , E T I ( 5 0 )  , GAMMAI(50) , 
1 HSI(50), MCHECK , MPI , MSI , P P I ( 5 0 )  , 
1 P S F ( 5 0 ) ,  P S I ( 5 0 )  , Q P I ( 5 0 )  , T D I ( 5 0 ) ,  T P I ( 5 O )  , 
1 T S I ( 5 0 ) ,  IAUX , IFLASH , I P P V R I ( 5 0 ) ,  ISEPRT , 
1 ISPRT2 , ISPURI(SO) ,  M I  N I  , PHASE1 

1 MS ( 5 0 ) ,  MSI (SO), MSTAND(4) , M'RYFAL, MTRY, MWATER 

C 
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i 

a 

c-I /D/ DELTU (50)  8 DELTA2 (50) , DEL'TA3 (50) t FTA(50) 8 

1 PP(50)  8 PS(50) 8 CU(50) 8 QP(50) 8 TDS(5O)t 
1 GAMMA(50) 8 HS(50) I M!? ~ MS 8 m ( 5 0 )  I 

1 TM(50) , TP(50) , TS(50)  , IPPLTRE(50), 
1 I s p ~ ( 5 0 ) ,  M , MoRDER(50), N 1 

1 NORDEX(50), PHASE , Z 
CCMMON /E/ AREA(50), AVAIL2 , A W L S ,  CFLUID, ENIY>T2, 
1 EhT'CYI'L 8 MI'OIYlL M " E R  msm 8 msm 8 Qsm 8 

2 s I z E ( 5 0 ) ,  IAREA , ITyp(50)  
C 

DATA I N ,  IOUT/8, 6/ 
IXTA SOLBE/0.50/ 
DATA PSTAND, MSTAND, SFINAL/1.72, 3.10, 5.17, 9.31, 1.00, 

DATA Dl,D2,D3,D4,D5,D6,14/6*1.0E6, 30000/ 
1 0.96, 0.92, 0.88, 10.0/ 

C 
c ----- INITIALIZE AND SORT SUPPLY AND PROCESS DATA ---------- 
C 

Qsm = 0.0 
1 2 0  125 1 = 1850 

TM(I)  = 0.0 
m(1) = 0.0 
m(1) = 0.0 
NoRDER(I)= I 
MoRDER(I)= I 
TS(I) = TSI(I) 
PS(I) = PSI(I) 
m(1) = HSI(1) 
MS(I) = MSI(I) 

TDS(I) = TDI(I) 
ISPURE(I)= ISPURI(I) 
TP(I) = TPI(I) 
PP(I) = PPI(I) 
QP(I> = QPI(I) 
MP(1) = MPI(1) 
IPPURE(I)= IPPURI(I) 
GmMA(1) = CAMMAI(1) 
PHASE(I) = PHASEI(I) 
DELTA~(I)= DELT~I(I) 

ITYP(1) = 0 
SIZE(I) = 0.0 
AREA(1) = 1.0 
TSW(I) = TP(I )  + DELTN(I) 
c16m = mu4 + QP(I)  

ETA(1) = I F T I ( 1 )  

DELTA;! ( I )= DELT2I (I)  

125 CONTINUE .I 

,/' IAREA = M I  
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MWATB 0.0 

M =MI 
CALL SORT(TSUM, MI?, MORDER, M, 2) 
N = NI 
CALL SORT(TS, MS, NORDER, N, 1) 
ENTOTLF 0.0 
AWLS= 0.0 
me 0.0 
L = N  
DO 160 K = l,L 

Ms(1) = MSI(l)*FRAC 

I = NORDER(K) 
IF (MS(1) .LT. 20.0) GO TO 160 
CALL PROEm(  5,56,TDS (I) ,PS (I) , D1,HS (I), SS, X,PHASUP,D2 ,D3 ) 

128 ENIYrrLF ENT(YI!L + HS(I)*MS(I)/3600.0 
AWLS= A W L S  + (HS(I)-293.15*SS)*MS(I) 
MTOTALF mmm + MS(1) 

C 
c ----- SUPPLY STREAM MANAGEMENT: SEPARATE PHASES ----------- 
C AND FIASH PRESSURIZED WATER IF POSSIBLE 
C AND ALSO DESIRED 
C 

IF (IFLASH.EQ.0 .AM). ISEPRT.EQ.0) GO TO 160 
IF (PHASUP.EQ.2 .AND. X.GT.0.9) GO TO 150 
IF (PHAsup.EQ.3 .OR. IFLASH.EQ.0) GO TO 160 
CALL PRoPrY(80,1,TDS(I) ,PSAT,D1,D2,D3,0.0,14,HS(I) ,D6) 
IF (PSAT-PSF(1) .LT. 0.05) GO TO 160 
CALL PROPrY (5,18,TDS (I) , PSF (I ) ,TEMPT, HS ( I ) ,D1, X, I4 ,D3 ,D4 ) 
IF (X .LT. 0.1) GO TO 160 
TS(1) =TEMPT 
mREA=IAREA+l 
ITYP(IAREA)= 4 
SIZE( I-)= X*MS( I ) 
AREA(IAREA)= Ps(1) 
PS(1) = PSF(I) 

CALL SEPRAT(I) 
150 IF (ISEPRT .Ea. 0) GO TO 160 

160 CONTINUE 
AVAILS (AVAILS + 2.897l*MTOTAL) /3600.0 
cAT_IL SOF?T(TS, MS, NORDER, N, 1) 

IF (IFLASH .EQ. 0) GO TO 170 
WRITE (10~~~931) 
DO 170 K = l , N  

C 

I = N~RDER(K) 
IF (MS(1) .LT. 20.0) GO TO 170 
WRITE (IOUT,932) I, TS(I), PS(I), HS(I), MS(I), 

1 ISPURE(I), ETA(1) , TDS(1) 
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3 4 3  
1 7 0  CONTINUE 

WRITE (IOUT, 900) c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c ----- S T m  MAmIL\x; PROCEDURE _______---________--_______I 

200 z = o  
I F I R S P  NORDER( 1 ) 

Do 880 K = l , M  
4 TEMP = TS (IFIRST) 

J = MoRDER(K) 
IF  (TSLM(J) .GT. 0.0) GO TO 205 
Z = z + 1  
W(Z) = P P ( J )  
m(z) = QP(J) 
ITYP(J)= 7 
SIZE(J)= 0.0 
AREA(J)= 1.0 
GO TO 880 

I F  (IAUX.EQ.1 .AND. T S W ( J )  .GT.TEMP .AND. IPpuRE(J) 

IF  (IAUX.EQ.1 .AND. TSUM(J).GT.TW .AND. IPpuRE(J) 

I1 = o  
I 2  = o  
Do 300 L = l , N  

205 Y = 1  

1 .LE.l) GO TO 340 

1 .GE.2) GO TO 451 

250 
C 

C 
c ----- STREAM ,qEJJ?aION LOGIC ---_-____---I--_____---------- 

I = NORDER(L) 
IF (ISPURE(1) .GE. 2 )  GO TO 300 
CALL P R O m ( 5 , 4 8 ,  TDS( I ) ,PS (I ) ,D1, H S ( 1 )  ,D2, X, PHASUP, D3, D4) 
ICOND = 1 
IF (PHASUP.EQ.2) ICOND = 3 
IF (Y .GT. 4) GO TO 260 
DEZ;THS= 3 600.0*QP( J ) / (MP (J ) *MCHEcx( ICONDtl ) ) 
HNEW = E(1) - DELTHS 
I F  ( H W  .LT. 80.0) GO TO 300 
CALL P R O P I Y ( ~ , ~ ~ , T D S  (I)  ,E'S (I) ,TNEW,FINEW,Dl ,XNEW, 14, 

CALL PROPrY(17,2,TDS(I) , P S ( I )  ,TEW?TtD1,D2,0.5,I4,D4,D5) 
DFLTA3(J)= (TS(I)i"NEW)/2.0 - T P ( J )  
IF  (X.LT.1.04 .AND. XNEW.GT.-O.lO) D%TA3(J)= TEW?T-TP(J) 
IF (DFLTA3(J).LT.DELTA1(J)-l.O .OR. 

1 D5 

1 TW.LT.TP(J)-l.O) GO TO 300 
260 IPUR = IPPURE(J) 



1 

1 

1 

1 

1 

1 

1 
1 

280 

300 

3 20 

340 

IF 
IF 
IF 

IF 

IF 

3 4 4  
(IPPURE(J) .EQ. 2) IPW 0 
(IPPuRE(J) .EQ. 3) IPUR= 1 
( (Y.EQ.4.0R.Y.EQ.8) .AND. MS(1) .GE.MP(J)* 
MCHECK(Ic0ND) ) GO TO 280 

( (Y. EQ. 3 .OR.Y. EQ. 7) .AND. ISPURE( I ) . EQ. IPUR .AND. 
MS(I).GE.MP(J)*MCHECK(ICOND)) GO TO 280 
(Y.EQ.3 .OR. Y.EQ.4 .OR. Y.GE.7) GOT0 300 

IEQPHS= 0 
(PHASE(J) .EQ.1 .AND. (PHASUP.EQ.1 .OR. (PHASUP.EQ. IF 

IF 

IF 

IF 

IF 

2.AND. X.LT. 0.1) ) ) IEQPHS= 1 
(PHASE(J) .EQ. 2 .AND. 
.OR. (PHASUP. EQ. 3.AND.X.LT e 1.04) ) ) IEQPHS= 1 
(PHASE(J) .EQ. 3 .AND. (PHASUP.EQ. 3 .OR. (PHASUP.EQ. 
2.AND.X.GT.0.99) ) ) IEQPHS 1 

( (Y. EQ. 2.OR.Y. EQ. 6) .AND. IEQPHS . EQ. 1 . AND. MS ( I ) .GE. 
MP (J) '%lCHECK(ICOND) ) GO TO 280 
((Y.EQ.l.OR.Y.EQ.5) .AND. ISPURE(1) .EQ.IPUR .AND. 
IEQPHS.EQ.1 .AND. MS(1) .GE.MP(J)%CHECK(ICOND)) 
GO TO 280 

( (PHASUP.EQ. 2.AND.X.GT.0.9) 

GO TO 300 
IF (TS(1) .GE. TSW(J)-l.o) 11 = I 
IF (I2 .EQ. 0) I2 = I 
CONTINUE 
IF (I1.EQ.o .AND. 12.EQ.O) GO TO 320 
I = I2 
IF (I1.NE.O) I= I1 
GO TO 450 
Y = Y + 1  
IF (Y .LE. 8) GO TO 250 
IF (IPPURE(J) .LE. 1) GO TO 451 
MWATEFS MWATER + MP(J) 
I = N-t l  
TS(I) = 20.0 
=(I) = 1.01325 
HS(1) = 84.045 
MS(1) = W(J) 
ISPURE(I)= 1 
ETA(I)= 0.0 
TIXS(I)= 0.0 
X = -0.148 
PHAsuFt 1 
N = Ntl 
GO TO 500 c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 
c ----- PROCESSSTREAM EETICIENCY CHECK AND BRINE CONVERSICIN - 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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t 

450 CALL PROETY(5,48,TDS(I) ,=(I) ,Dl,HS(I) ,D2,X,PHASUP,D3,IX) 
IF (IPPUR.E(J) .GE. 2) GO TO 453 

C 

C 
c _-__- PRO('ES$STm EFFICIENCY CHECK _----___----------__I 

CALL PROPTY( 3,4, TDS(1) ,PP( J) ,TSIM(J) ,]<FINAL, D1, D2, I4,~4, D5) 
Q T R A N S  (HFINAL-Hs(I))*Mp(J) /3600.0 
IF .LT. 1.05*QP(J)) GO TO 453 

451 Z = z + 1  

PM(Z) = PP(J) 

TS(Nt1) = TSUM(J) 
PS(N+l) = 1.01325 
HS(Nt1) = 84.045 
MS(Nt1) = W(J) 

ETA(Nt1) = 0.0 
TDS(Nt1) = 0.0 
N = N + 1  
ITYP(J) = 7 
SIZE(J) = MP(J) 
AREA(J) = 1.0 
IAREA =IAREA+l 
ITYP(IAFEA)= 6 
SIZE(IAREA)= MP(J) 

GO TO 870 

TM(Z) = TSLM(J) 

m(z) = QNJ) 

ISPURE(N+l)= 3 

AREA(WIEA)= QP(J) 

C 

C 
c ----- BRINE CONVERSION ----_--__I--_______________________ 

453 IF (IPPuRE(J) .EQ.O .OR. IPPURE(J) .EQ.2 .OR. 
1 ISPURE(I).EQ.l) GO TO 500 

MNEM = Mp(J)*MCHEcK(ICONDt-l) 
IF (MS(1) .GT. MNEW) CAU SPLIT(TS,PS,HS,MS,ISPURE,FTA, 
1 TDS,MNEW,N,I) 

C 
454 DO 455 L2 = l , N  

ITKY = NORDER (L2 ) 
IF (ITRY.NE.I .AND. ISPURE(ITRY) .a. 1 .AND. MS(ITRY) .GE. 

1 
2 GO TO 456 

ITRY = N+1 
N = Ntl 
TS(ITRY)= 20.0 
PS (ITRY)= 1.01325 
HS(ITRY)= 84.045 

MP (J) %CHECK (ICOND) .AND. TS (ITRY) .LT.TS (I )-20.0) 

455 CONTINUE 
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MS(ITRY)= MS(I) 
ISPURE(ITRY)= 1 
ETA(ITRY) = 0.0 
TDS(ITRY) = 0.0 
X = -0.148 
PHASUP = 1  
MVATER = MWATER + MS (ITRY) 
IF (MS(1TRY) .GT. MNEW) CALL SPLIT(TS,PS,HS,MS,ISPURE, 

IF (PP(J) .LE.PS(ITRY)+O.Ol .OR. PS(1) .LE.PS(ITRY)+0.9) 

FSTAGE = AMINl(PP(J) ,PS(I)-0.4) 
CALL PROPTY( 5,8,TDS (ITRY) ,PS (ITRY) ,D1, HS ( ITRY) , SS,D2,14, D4, D5) 
CALL PROPlT(9,4,TDS (ITRY) ,PSTAGE,Dl,HSSFNL, SS,D2, I4,D4,D5) 
DELTHS 
HS (ITRY)= HS (ITRY) + DELTHS 
Z = z + 1  
m(Z) = 1.02”DELTHS”*MS(ITRY)/360OeO 
IAREA = I A R E A + l  
ITYP(IARFA)= 2 
SIZE( IAREA)= MS( ITRY) 

PS ( ITRY) = PSTAGE 

456 MNEW = MP(J)*MCIECK(ICONDtl) 

1 ETA, TDS, MNEM, N, ITRY) 

1 GOT0 457 

= (HSSF’NL-HS (ITRY) ) /O .8 

AREA(IAREA)= PSTAGE - PS(1TRY) 
C 
457 CALL PROF’IY(3,4,TDS(ITRY) ,PS(ITRY) ,TS(I) ,HNEW,Dl,D2,14, 

1 D4,D5) 
-1 
CALL, PROPlT(3,4,TDS(I) , P S ( I ) , T S ( I T R Y ) , H , D l , D 2 , 1 4 , D 4 , D 5 )  
gyIIu(2 = MS(I)*(HS(I)-H~)/3600.0 

= MS( ITRY) * (HNEWHS ( ITRY) ) /3 600.0 

WAX = AMINl(W1, cMpx2) 
DELTHS = 3 060.0*cIMFx/MS ( I ) 
IF (DELTHS .GT. 50.0) GO TO 458 
I = ITRY 
GO TO 500 

458 IF (DELTHSwS(I)/3600.O.LE.QP(J) .OR. TS(1TRY) .LT. 
1 TP(J)-1.0) GO TO 470 
!3JW 
CALL FROFTY(5,18,TDS(ITRY) ,PS(ITRY),TNnW,H,Dl,XN!ZW, 

C X L  PROPlT(17,2,TDS(ITRY),PS(ITRY),TEMPT,Dl,D2,0.5,14, 

CALL PROPIY(5,48, TDS(1TRY) ,PS (ITRY) ,D1, HS (ITRY) ,D2, X, 

= HS (ITRY) + 3 600.O*QP( J /MS ( ITRY) 

1 14,D4,D5) 

1 D4,D5) 

1 PHASUP,D4,D5) 
DELTM(J)= (TNEX~~TS(ITRY) )/2.0 - TP(J) 
IF (XN’EW.LT.1.04 .AND. X.GT.-O.lO) DELTA3(J)+l’EMpT4.?P(J) 
IF (DELTM(J) .LT.DELTAl(J)-l.O .OR. 

1 TS(ITRY) .LT.TP(J)-LO) GO TO 470 
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DELTHS = 3600.O*QP( J ) /MS( I ) 

C 
470 HS(ITFW)= HS(ITRY) + DELTHS*MS(I )/MS(ITFX) 

HS(1) =HS(I) - DELTHS 
CALL PROPTY(5,2,TDS(I) ,PS(I),TS(I) ,HS(I) ,Dl,D2,14,D4,D5) 
QTRANS = DELTHSW (I) /3600.0 
I = ITRY 
CALI; PROPTY( 5,5O, TDS( I ) ,PS (I ) ,TS (I) ,HS (I) ,D1, X, PHASUP, D2, D3) 
IF (PHASUP.EQ.2 .AND. TDS(1) .GT. (1.o--X)*soLBLE) TDS(I)= 
1 (1.0-x) *SOriBLE 
IF (PHASUP .EQ. 3) TDS(I)= 0.0 

IAREA = IAREA + 1 
IF (X.GT.O.1 .AND. X.LT.1.04) ITYJ?(IAREA)= 1 
IF (X.LE.O.l .OR. XGE.1.04) ITYl?(IILREpI)= 8 

C 

SIZE(=)= MS(I) 
AREA(IAREA)= QTRANS c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 

C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
500 IF (PS(1) .LT.PP(J)+0.50 .OR. PHASE(J) .NE.2) GO TO 502 

c ---_- pRJ7SSm UpGRADIW SECTION __-____-__---I_-------_--- 

MNEW = MP(J)*MCHECK(ICONDtl) 
IF (MS(1) .GT. MNEW) CALL SPLIT(TS,PS,HS,MS,ISPURE,J3TA, 

PS(1) = PP(J) 
CALL PROPTY( 5,50, TDS (I ) ,PS (I) ,TS (I ) ,HS (I) ,D1, X, PHASUP, D2, D3) 

1 TDS,MNEW,N,I) 

C 
502 IF (PS(1) .GE. PP(J)-O.Ol) GO TO 700 

IF (PHASUP.EQ.3 .OR. (PHASUP.EQ.2.AND.X.GT.O.l)) 
1 GO TO 550 

C 
c ----- LIQUID PHASE SUPPLY PRESSURE UPGRADING -------------- 
C 

MNEW = M!?(J)*EICHECK(ICOM)t-1) 
IF (=(I) .GT. MNEW) CALL SPLIT(TS,PS,HS,MS,ISPURE,FTA, 
1 TDS,MNEM,N,I) 

C 
505 IF (PHASUP.FQ.2 .AND. X.GE.0.001) WRITE (IOUT,970) I, X 

CALL PROprY( 5,8,TDS ( I ) , PS (I ) ,D1, HS ( I ) , SS, D2,14, D4,D5) 
CALL, PROPIT( 9,4, TDS( I ) , PP( J ) , D1, HSSFNL, SS, D2,14, D4, D5) 

510 DELTHS (HSSFNL-HS(I))/O.8 
HS(1) = HS(1) + DELTHS 
IAREA=IAREA+l 
ITYP(IAREA)= 2 
SIZE(IAREA)= MS(I) 

C 
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AREA(IAREA)= P P ( J )  - PS(1)  

PS(1)  = P P ( J )  
C 

CALL PROPrY(5,34, TDS(1 

Z = z + 1  
@4( Z )  = 1.02*DELTHS*MS (I) /3600.0 
GO TO 700 

,PS (I ) ,TS (I t HS (I ) tD1, D2,:PHASUP, D3, D 4 )  
C 

C 
c ----- VAPOR PHASE SUPPLY PRESSURE UPGRADING ---------------- 
C 

550 IF (PHASW.EQ. 3 .OR. (PHASUP.EQ.2.AND.X.GT.O.9) ) 
1 GO TO 555 

CALL, PROl?"Y( 1 7,192, TDS (I ) , PS (I ) ,D1, D2, D3,O. 9,14, HF, HG) 
IF (TDS(1) .GT. O.l*SOLE&E) TDS(I)= O.l*SOLBLE 
DELTHS 0.9*HG + O.l*HF - H S ( 1 )  
=(I)  = DELTHS + H S ( 1 )  

Z = z + 1  
m ( z )  = TS(I) 

m ( Z )  = DELTHS*Ms(I) /3600.0 
I A R E A = I A R E A + l  
ITYP(IAREA)= 6 
SIZE(IAREA)= MS(I) 
AREA(IAREA)= m(z) 

C 

m(z) = PS(1)  

C 
555 ISTAR- 0 

IFI- 0 
DO 560 ICOUNT= 1,4 

IF (PS(1)  .GE. PSTAND( ICOUNT) ) IST- ICOUNT 
IF (PP(J)  .GE. PSTAND(1COUWT)) IFINAL= ICOUNT 

560 CONTINUE 
MCMPRS 1 .O 
IF   IS TART.^. IFIMVl .OR. X.LT.0.99) GO TO 565 
MCMPRS MSTAND (IFINAL)  BTAND (ISTART+l) 

IF ( M S ( 1 )  .GT. MNEW) CALL SPLIT(TS,PS,HS,MS,ISPURE,ETA, 
565 MNE;~ = MCMPRS*MP(J)*MCHEB((ICOND~~) 

1 TDS,MNEXIJ,N,I) 
C 

567 IF  (PHASE(J) .EQ. 2 )  GO TO 570 

570 CALL P R O W (  5,8, TDS (I ) , PS (I ,D1, HS (I ) , SS,D2,14, D4, D5)  
CALL FROPIY(3,8,TDS (I ,PP (J) , TP (J) ,D1, SFINAL,D2, I4,D4, D5 

IF (ISTART-NE. IFINAL .AND. PSTAND (ISTART+l) -PS (I ) 
1 .LE.O. 75) ISTA.R'I= I S T m  + 1 
IF ( ISTART e NE. IFINAL ) STAGE= PSTAND ( ISTART+l) 
IF (ISTARI'.M).IFIM\L .OR. (PHASE(J) .EQ.3.AND. 

1 SS .LT. SFINAL) .OR. PP (J ) -PSTAND (ISTART+l ) .LE. 0.75 ) 
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1 PSTAGS PP(J) 

C 
CALL PROPTY( 9,4, TDS (I ) ,PSTAGE,Dl, HSSFNL, SS,D2,14, D4, D5 ) 

575 DELTHS (HSSFNL*(I))/0.8 
HS(1) = HS(1) + DELTHS 

LAREA=IAREA+l 
ITYP(IAREA)= 3 
SIZE(IAREA)= MS(I) 

C 

ARl3A(lAREA)= 1.02*DELTHS*MS (I) /3600.0 

PS(1) = PSTAGE 
CALL PROPTY( 5,5O, TDS( I ) ,PS (I ) ,TS( I ) ,HS( I ) ,D1, X, PHASUP, 

IF (PHASUP.EQ.2 .AND. TDS(I).GT.(l.o-X)*SOLBLE) TDS(I)= 

C 

1 D3,D4) 

1 (1 .O-X) *SOLBLE 
IF (PHASUP .EQ. 3) TDS(I)= 0.0 
IF (PHASUP .EQ. 3) ICOND = 1 

Z = z + 1  
W(Z) = 1.02”DELTHS”MS((I)/3600.0 

C 

C 

C 
c ----- DESUPEmTIw SECTION __-_-------.--------____I____ 

IF (PHASE(J).EQ.3 .AND. PS(I).EQ.PP(J)) GO TO 700 
IF (PHASUP .EQ. 2) GO TO 580 
GAIL PROPTY( 9 , 196,O. 0, PS ( I ) , D1, HSSFNL, 0.2965, D2,14, HF, HG) 
DELTHS= (HSSFNG84.04 5) /O .8 
HDESUFt 84.045 + DELTHS 
MDESUP MS(I)*(HS(I)flG)/(HG-€€DESUP) 
MATER. MATER + MDESUP 
IAREA=IAREA+l 

SIZE(IAREA)= MDESUP 

Z = z + 1  
W(Z) = 1.02*DELTHS*MDESUP/3600.0 

C 

ITYP(IAREA)= 2 

AREA(IAREA)= PS(1) - 1.01325 

C 
TDS( I )= TDS(I ) %S(I ) / (MS (I )WESUP) 
C M L  PROplTy (17,2,TDS (I) ,PS (I ) ,TS (I ) ,D1 ,D2,1.0, I4,D4,D5 ) 
HS(1) = HG 
MS(1) = MS(1) + MDESUP 
X = 1.0 

C 
580 PHASUF= 2 

IF (PS(1) .EQ. PP(J)) GO TO 700 
ISTAF?I= ISTART + 1 

3 

3 
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GO TO 570 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

TENPERATURE AND PHASE UPGRADING SECTION -------------- c ----- 
C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
700 MNEW = Mp(J)*McHECK(ICOND+1) 

IF (MS(1) .GT. MN") C A l L  SPLIT(TS,PS,HS,MS,ISPUFE,EXA, 
1 TDS,MNIW,N,I) 

C 
705 CALL PROF"Y(5,48,TDS(I) ,PS(I),Dl,HS(I),D2,X,PHASUP,D3,D4) 

IND = o  
IF ((PHASE(J) .EQ.l.AND.X.GE.O.l) .OR. (PHASE(J) .EQ.2 

IF (IND .a. 1) WRITE (IOUT,990) I, J, PS(I), HS(1) 
IF (IND .EQ. 1) GO TO 800 

IND = o  
m m =  0.0 

1 .AND.X.GE.1.04)) IND = 1 

C 

706 DELTHS= 3600.0'QP (J) /MS ( I ) 
=HS(I) - DEXI'HS 

IF (HNEW .LT. 80.0) GO TO 707 
CALL PROW( 5,18, TD5 (I ) ,PS (I ) ,TNEW,HNEW,Dl, XNEW, 14, D4, D5 ) 
cAL;L l?RO~(17,2,TDS(I),FS(I),TEMPT,D1,D2,0.5,14,D4,D5) 
DELTA3(J)= (TS(I)i"NEXIJ)/2.0 - TP(J) 
IF (X.LT.1.04 .AND. XNEXlJ.GT.-O.lO) DELTM(J)= TEMF'TqP(J) 
IF (DEXTA3(J) .GE.DELTAl(J)-l.O .AND. 
1 TNEW.GE.TP(J)-l.O) GO TO 800 

707 IF (IND .a. 2) GO TO 710 
C 
c ----- TWERATURE UPGRADING NEEDED - CHECK IF ANOIEER ------ 
C GEoTHERMFvl STREAM CAN BE USED IN A SECONIXRY 
C HEAT EXCWER 
C 

I1 = 0 
mF?ANs= 0.0 
DO 708 L2 = l , N  
ITRY = NoRDER(L2) 
IF (ITFW.EQ.1 .OR. ISPURE(1TRY) .NE.O .OR. TS(1TRY) .LT. 

CALL PROFTY(3,4, TDS (I ) , PS (I ) , TS (ITRY) ,HNEXIJ,D1, D2,14, D4, D5) 
-1 = MS(I)*(~-HS(I) )/3600.0 
CALL PRO€TY(3,4,TDS(ITRY) ,PS(ITRY) ,TS(I) ,Hm,Dl,D2,14, 

MTRY = AMINl(MS(1TRY) , 3 6 0 O . O * ~ l / ( H S ( I T R Y ) - H ~ )  ) 
WHY = EaRy3'(HS(ITRY)-HNEM) /3600.0 
IF (0.85*Ql'RY .LT. QTRANS) GO TO 708 
DELmS= 0.85* (€23 ( ITRY ) +NEW) WRY/MS ( I ) 

1 TS(I)+15.0) GO TO 708 

1 D4,D5) 
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P 

3 

r) 

IF (DELTHS .LT. 50.0) GO TO 708 
I1 = ITRY 
CTrRANS 0.85*(TRY 
MNEW =MTRY 

708 CONTINUE 
IF (I1 .EQ. 0) GO TO 710 

IF (MS(I1) .GT. MLVEW) CALL SPLIT(TS,PS 

IF (QTRANS.LE.QP(J)-(rTR?Wl) GO TO 709 

C 

1 TDS,MNEW,N,I~) 
HS, MS I SPURE ETA, 

HJLEW = HS(1) + 3600.0*(QP(J)QTFViNl)/MS(I) 
CALL, PROPTY( 5,18, TDS( I ) ,PS (I) , T W , H N E X I J , D l , X , 1 4 , D 4 , D 5 )  
CALL PROPIY(~~,~,TDS (I) ,PS (I) , T E I ' J P T , D I - , D ~ , ~ . ~ , I ~ , D ~ , D ~ )  
CALL PROPTY(5,48,TDS(I) ,PS( I) ,Dl,HS(I )I ,D2,X,PHASUP, D4,D5) 
DELTIW(J)= (TNEW-t"S(I))/2.0 - TP(J) 
IF (m.LT.1.04 .AND. X.GT.-O.lO) DELTIW(J)= TEMJ?T-TP(J) 
IF (DELTA3(J) .LT.DELTAl(J)-l.O .OR. 

DELTHS = 3600.0*(QP(J)-QTRANl)/MS(I) 
1 TS(I).LT.TP(J)-l.O) GO TO 709 

Ql'RANs =QP(J) - CrrFWYl 
C 
709 FS(Il)= HS(I1) - DELTHS*MS(I)/MS(Il) 

HS(1) = %(I) + DELTHS 
CALL PROPTY(5,2,TDS(I1) ,PS(Il) ,TS(Il) ,HS(Il) ,Dl,D2,14, 

CALL PROPTY( 5 ,SO, TDS ( I ) , PS ( I ) , TS ( I ) , HS ( I ) , D1, X, PHASUP, 

IF (PHASUP.EQ.2 .AND. TDS(I).GT.(l.O-)(:)*SO~E) TDS(I)= 

1 D4,D5) 

1 D2,D3) 

1 (1 -0-X) %OLBLE 
IF (PHASUP.EO.3) TDS(I)= 0.0 

IND = I N D + 1  
QrRANl= arms 
IAREA = IAREA + 1 
IF (X.GT.O.l .AND. X.LT.1.04) ITyp(IAREA)= 1 

SIZE(UUIEA)= MS(I) 
AREA(IAREA)= M'RANS 

C 

IF (X.LE.O.l .OR. X.GE.1.04) ITYP(IAREA)= 8 

GO TO 706 
C 

C 
c ----- TE'JvPERATURE UPGRADING ------------------I-_______I 

710 DEL- 3600.0*QP(J)/MS(I) 
HNEW = %(I) - DELTHS 
IF ( H M  .LT. 80.0) GO TO 715 
CALL PROPTy(5,18,TDS ( I) ,PS (I ) ,TNEW,HNEW,Dl ,xNExFJ, I4,D4,D5) 
CALL PROPN( 1 7,2, TDS ( I ) ,PS ( I ) ,TEMPT, D1, D2,O. 5,14, D4, D5 ) 
DELTIW(J)= (TS(I)UrNEW)/2.0 - TP(J) 
IF (X.LT.1.04 .AND. XNEW.GT.-O.10) DELTm(J)= TWT-TP(J) 
IF (DELTIW(J) .GE.DELTAl(J)-l.O .AND. 
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1 TNEW.GE.TP(J)-1.0) GO TO 800 

C 
715 TS(1) = TS(1) + 4.0 
720 CALI, PROP'IY(3,52,TDS(I) ,PS(I) ,TS(I) ,HFINAL,Dl,X,PHASUP, 

IF (TS(I) .LE. TP(J)-~.~) TS(I)= TP(J) 

\ 1 D3,D4) 
QTRANS= (HFINAGHS (I WS (I /3 600.0 
HNEW = €FINAL - DELTHS 
IF (HNEW .LT. 80.0) GO TO 725 
CALI; PROPrY(5,18,TDS (I) ,pS (I) ,TNJW,HNE;W,Dl ,XNEW, 14,D4,D5) 
DELTrU(J)= (TS(I)UrNEW)/2.0 - TP(J) 
IF (X.LT.1.04 .AND. XNEXIJ.GT.-O.lO) DELTA3(J)= TEMPTqP(J) 
IF (DELTIU(J) .GE.DELTAl(J)-l.o .AND. 
1 TNEW.GE.TP(J)-l.O) GO TO 730 

725 TS(1) = TS(1) + 2.5 
GO TO 720 

C 
730 HS(1) = HFINAI, 

Z = z + 1  
TM(Z) = TS(I) 
m(z) = Ps(1) 
m(z) = mRANs 

C 
IAREA=IAREA+l 
ITYP(IAREA)= 6 
SIZE(IAREA)= MS(I) 
AREA(IAREA)= m(z) 
IF (PHASUP.EQ.2 .AND. T~(I).GT.(l.O-X)*SOLBLE) TDS(I)= 
1 (1 -0-X) %OLBLE 
IF (PHASUP .ED. 3) TDS(I)= 0.0 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

C 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c ----- UNm PROCESS SmION ______-________________________ 

800 MNEW = MP(J)~CK(ICOND+l) 
IF (MS(1) .GT. MNEW) CALL SPLIT(TS,PS,HS,MS,ISPURE,ETA, 
1 TDS,MNEW,N,I) 

C 

C 
c ---e- UNIT PROCESS ----_------___--_________________________ 

805 DELTHS. 3600.0*QP(J)/MS(I) 
HNEW ==(I) - DELTHS 
CALL PROPrY(5,50,TDS(I) ,PS (1) ,TNEW,HNEW,Dl,XFTEW,PHASUJ?, 

IF ( T W  .LT. TP(J)-1.0) WRITE (IOUI',llOO) I, J, T m  
DELTA3(J)= (TS(I)UrNEW)/2.0 - TP(J) 
CALL PROPTY(17,2, TDS(1) ,PS (I ) ,TEMPT, D1, D2,O. 5,14, D4, D5) 

1 D3,D4) 

I 
n 



3 

8 

8 

8 

P 

L 

3 5 3  

CALL PROPTY ( 5,48,TDS ( I ) , PS (I) ,D1, HS ( I) ,D2, X, 14, D4, D5 ) 
I F  (X.LT.1.04 .AND. XNEW.GT.-O. 10) DELT=(J)= TElVI'-TP(J) 

C 
T S ( 1 )  = TNJW 

I F  (IPPURE(J) .GE. 2 )  ISPuRE(1) = ISPuRE(1) + 2 
IF (ISPRT2.EQ.1 .AND. ISPURE(I).LE.l .AND. PHAsUP.EQ.2) 

H S ( 1 )  =HNEw 

1 CALL SEPRAT(I) 
C 

C 
c ----- PROCESS E Q U I m m  SIZE C-7 ..................... 

IF (IPpvRE(J)  .LE. 1) GO TO 830 
ITYP(J)= 7 
SIZE(J)= MS(I) 
AREA( J ) = (TP (J ) +DELTA2 (J ) +2 73.15) / (TP( J ) +DELTA3 (J ) + 
GO TO 870 

1 273.15) 

C 
830 I F  (PHASE(J) .EQ.1 .OR. PHASE(J) .EQ.3) GO TO 835 

ITYP(J)= 7 
SIZE(J)= MS(I) 

AREF~J )= DELTF;! ( J ) / (FOFETA~DELTM ( J) ) 

ITYP(J)= 7 
SIZE(J)= MS(I) 

FOFEXA = 1.0 - 2.01126fETA(I)**0.7933 

GO TO 8 7 0  
835 XMUP8 = (MS(I)/MP(J) )*%.8 

AREA (J) = (XNUP8*GAMMA (J) +1.0) 9ELTA2 (J) / (xMJP8* 
1 (GAMMA(J)+l.O) *DELTA3(J) ) 

C 
c ----- SORT AND PRINT STREAMS R E M A I N I S  AFTER PROCESS ------- 
C 

870 CALL SORT(TS, MS, NORDER, N, 1) 
M N I = N - l  
Do 8 7 4  I1 = 1,NMINl  
IF (Ms(Il).EQ.O.O .OR. ISPURE(I1) .GE.2) GO TO 874 
IPLUSl = I1 + 1 
Do 8 7 2  I 2  = IPLUS1,N 

IF  (MS(I2) .EQ.O.O .OR. ISPuRE(I2) .GE.2 .OR. 
ISPURE(I1) .NE.ISPURE(I2) ) GO TO 8 7 2  

IF  (ABS(PS ( I l ) - P S  (12)  ) .GT.O. 2 .OR. 
AES(HS( I1 )+ lS ( I2 ) )  .GT.20.0) GO TO 8 7 2  

H S ( I 1 )  = ( H S ( I 1 )  *MS(Il)SflS(I2)  % S ( I 2 )  ) / (MS( I l )+MS(I2 )  ) 
T D S ( I l ) =  (TDS (11) %S (Il)-ITDS (12)  % (12 )  ) / ( M S ( I l ) t M S ( I 2 )  ) 
ETA( I1 ) = (ETA( I1 ) *MS (I 1) +ETA( I 2  ) *MS (12)  ) / (MS (11) +MS (12)  ) 
MS(I1) = MS(I1) + MS(I2)  
CALL PROPTY(5,2,TD5(11) , P S ( I 1 )  , T S ( I 1 )  , H S ( I 1 )  ,D1, 

D2,14, D4, D 5 )  
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TS(I2) = 0.0 
MS(I2) = 0.0 

872 CONTINUE 
874 CONTINUE 

C A T L  SORT(TS, MS, NORDER, N, 1) 

WRITE (IOvT,930) J 
Do 875 L = l,N 
I = NORDER(L) 
IF (MS(1) .LT. 20.0) GO TO 875 
WRITE (IOXC,932) I, TS(I), PS(I), HS(I), MS(I), 

1 ISPURE(I), ETA(I), TDS(1) 
875 CONTINUE 
880 CONTINUE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
882 

885 

890 

C 
C 
900 
930 

ENTOT2= 0.0 
AmIL2= 0.0 
Do 885 K = l , N  
I = NORDER(K) 
IF (MS(1) .LT.20.0 .OR. HS(I).EQ.84.045) GO TO 885 
CALL PROprY( 5,8,TDS( I) ,PS (I) ,D1, HS( I), SS,D2,14, D4, D5) 
ENTOT2= ENTOT2 + HS(I)*MS(1)/3600.0 
AVAIL& AVAIL2 + (HS(I)-293.15*SS)%S(I) 
CONTINUE 
ENI"L;= ENIWI'L + 84.045*MWATER/3600.0 
AVAIL2= (AVAIL2 + 2.8971* (MI'Ol?ALMTER) ) /3600.0 
QEsm = 0.0 
c%Fsm = 0.0 
Do 890 I = l , Z  
IF (TM(I).EQ.O.O .AND. Rl(I).EQ.O.O) QESLM= QESW-tC)ru1(1) 
IF (TM(1) .GT.O.O .OR. PM(1) .LT.O.O) QE'SLM= ($FSW+C;M(I) 
CONTINUE 

FORMAT ( 1 H 1 )  
FORMAT (//1HO,37HF L U I D S T R E A M  S A T E R, 

1 1 7 H  
1 51H SUPPLY TWERATURE PRESSURE ENIFIAWY FLckJ RAT, 
124HE PURE NON-COND. TDS/lH ,lOX,l&I(DEGREES C) , 

S U P P L Y S ,  

P R 0 C E S S ,I3,2H :/1HO, 

1 ~ ~ ( ( B A R s )  (J/G) (KG/HR) / ) 

143~3 T R E A M  s 
931 FoEiMAT (//1H0,37HG E 0 T H E R M A L 

A F T  E R F L A  s H I N G : / ~ H O ,  



3 
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1 5lH SUPPLY TEMPERATURE PRESSURE ENIIIF;LPY FLCYW RAT, 
1 24HE PURE NON-COD. TDS/lH , lo& l&(DEGREES C )  , 

932 FORMAT (LH ,2X, 14,Fl2.1, El2.3,Fl0.2,lPEl2.4,15,0PFlo.4, 
1 F10.5) 

970 FORMAT (lHO,40HCOMPRESSION OF TWO-PHASE MIXTURE ATTEMPT, 
1 3HED:/lH ,12H 

990 FORMAT (1HO,40HSUPPLY STREAM PHASE HIGHER THAN NEEDED: / 
1 1H ,12H STREAM NO. ,13,13H, PROCESS NO. ,I3,9H, STREAM , 
1 1CHPRESsuRE =,F7.3,5H BARS/lH ,193 

1 ~ ~ H ( B A R S )  I (J/G) (KG/HR) / 1 

STREAM NO. ,I3,10H, QUALITY=,F7.4) 

STREAM ENII-IAZ;PY =, 
1 ~8.2,m KJ/KG) 

1100 FORMAT (lH0,3lHTEMPERATURE UPGRADING OF STREAM,I3,4H FOR, 
1 €33 pROcESS,I3,6H GIVES/lH ,1EHA VALUE FOR TNEXIJ (,F6.2, 
1 26I C )  THAT IS TOO LLW.) 
END 



356  
g. P r o g r a m  SEPRAT 

SUBROUI'INE SEPmT(L)  
C 
C ******** PROGRAM SEPARATES TWO-PHASE SUPPLY STRFAEJZS ******** 
C ******** INTO DISIIINZT VAPOR AND LIQUID STFEAMS ******** 
C 

REAL MCHECX(4) , MP(50) , MPI(50) ,  MS(50), MSI(50) , 

INTEGER PHASE(50), PHASEI(50) , Y, I, 
CCMMON /A/ DELTlI (SO), DELT2I (50), ET1 (50), GAMMAI (50), 
1 H S I ( 5 0 ) ,  MCHECK , MPI , M S I  , P P I ( 5 0 )  , 
1 PSF(50) ,  PSI(50) , Q P I ( 5 0 )  , TDI(50) ,  TPI(5O) , 
1 T S I ( 5 0 ) ,  IAUX , IFLASH , IPPURI(SO), ISEPRT , 
1 ISFRT2 , ISPURI(50) ,  M I  N I  , PHASE1 

1 MTCYT'AL, MWATER 

COMMON /D/ DELTAl(50), DELTA2(50), DELTIU(50), ETA(50), 
1 cAMMA(50) I HS(50) 
1 PP(50)  I PS(50)  
1 TM(50) , TP(50)  
1 ISPURE(50), M 
1 NoRDER(50), PHASE 

COMMON /E/ AREA(50), 
1 ENTCYI'L ,I"& , 
2 S I Z E ( 5 0 ) ,  IAREA I 

IXTA I N ,  IOUT/8, 6 /  
DATA SOLl3U/O. 501 

C 
CALL PROPry(5,208,TDS(L) , P S ( L )  ,Dl,HS(L) ,D2,X,14,HFIHG) 
IF (X.LT.-O.O2 .OR. X.GT.1.02) WRITE (IOUT,900) L,PS(L) ,X 
IF (X.LT.O.1 .OR. X.GT.0.9) 

TS(l)Stl)= TS(L)  

HS(N+l)=  HF  

C 

PS(N+l)= P s ( L )  

M s  ( N-tl ) = ( 1.0-x) *Ms ( L) 
I s p u R E ( m i ) =  ISPURE(L) 
FTA(Ni-1) = 0.0 
TDS(N+-1) = AMINl(TDS(L)/(l.O-X) ,SOLBLE) 
L A R E A = I A R E A + l  
ITYP(IAREA)= 5 
SIZE (m)= MS (L)  
AREA(IAREA)= x 
TDS(L) = 0.0 
Ms(L) = X%S(L) 

HS(L) = HG 

N = N + 1  

ElETuRN 
900 FORMAT (1HOI40H----- QUALITY O W  OF BOUNDS I N  SUBROUTIN, 

1 14HE SEPRAT ----- /lH ,8X,€HSTREAM =,13,12H, PRESSURE =, 

C 

1 



a 

3 5 7  
1 F6.2,1lH, QUALITY =,F8.3) 
END 
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h. Program SORT 

SUBROUTINE SORT(T, M, LOWER, K, NX) 
C 
C ******** PROGRAM RFARRANXS PROCESSES OR SUPPLY *********** 
C ******** STREAMS IN DMIREASING TEMPERATURE ORDER *********** 
C 

REAL M(50) 
DIMENSION LORDER(50), T(50) 

L = K -  1 
IF (L ,EQ. 0) RETURN 

C 

100 INTER = 0 
Do 200 I = l , L  
I1 = LORDER(1) 
I2 = LQRDER(I+l) 
IND = o  
INDl = 0 
IF ((M(I1) .LE.M(12) .AND.NX.EQ.l) .OR. (M(I1) .GE. 

1 M(I2).AND.NX.EQ.2)) INDl = 1 

200 

C 

IF (ABS(T(Il)-JT(I2) ).LE.0.2 .AND. IND1.EQ.l) IND = 1 
IF (T(Il)-JT(12) .GT.0.2 .OR. IND.EQ.l) GO TO 200 
1NTm INTER + 1 
I H O B  LQmER(1) 
LORDER(1) = LORDrn(I+l) 
LQRDER( I+l)= IHOLD 
CONTINUE 
IF (1NTER.EQ.O .OR. L.EQ.1) RETURN 
GO TO 100 

1 



3 

J J ; I  

i. P r o g r a m  S P L I T  



360 j .  Program ECONMC 

1 QESUM, WSW, SIZE,  WZEA, ITYP , GTSYST) 
SUBROUTINE ECONYC(AREA, CAREA, CFLUID, MSOFl, WATER, 

C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
c *  PRCGRAM PERFORMS ECONCMIC ANALYSIS * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
C * 
c *  P A m R  AT THE MAsSACHUSmS INSTITLPTE OF TECH- * 
C "  NOLCGY FOR THE DEPAliTMENT OF ENERGY. * 
C * -- l!"RIC UNITS ARE EWLQED TEBOUGHOUT: * 
c *  FLLW RATE = KG/HR ENERGY = K J  
c *  ENERGY RATE= KW * 
C * -- SEPARATE DOCWEIWATION INCLUDES FLanJ CHARTS, * 
c *  COMPLFTE W A B L E  LISTS,  AND A IbPiLK4FXROUGH'' * 
c *  DESCRIPTION OF PROGRAM OPERATING PRINBLES.  * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

REAL IRR, IRRL, I=, IRRAVG, MSOFl, PIWATER, M L L R  
INTEGER FLAG, 2 
LOGICAL GTSYST 
DIMENSION AREA(50) , cAREA(50) , CINF(4)  , S I Z E ( 5 0 )  , 

-- T H I S  PROGRAM WAS WRITTEN I N  1979 BY MICHAEL B. * 

* 

C 

1 m ( 5 0 )  
C 

O N  /F/ WNDRT, CASH(40) , CASHF(40) , CDSCNT , 
1 CELECT , CFOSSL, CINFLT(8) ,  CINSUR , CINVSF , C I W T ,  
1 COPRAT , CUMINV, DEBTEQ , FINVST(401,  IRR , OF'FRAC, 
1 PROFIT , PROPTX, SAZlVAG , S A n N G ( 4 0 ) ,  T X R D  , TAXFAT, 
1 XNPV , XNPW , IBEGIN , ICONST , I L I F E  , LIFEBD, 
1 LIJ?ETM , IPAYBK 

CCMMON /G/ CLAND , C W N T  , COTHER, CREPLC, C R O W ,  
1 CTRANS , CuEu1;TC , CUMILK , CWELL , DPIBAS, JWELLR, 
2 PROBC(3), PROBM(3), PROBT(3), ROIREQ, TANGBL, IWELLI, 
3 JwELLP 

DATA I N ,  IOWT/8, 61 
C 

C 
c --e-- Ij 'ITJALIZE V A R m S  ---___-----___--______I_________ 

DO 100 I=l,40 
CAsH(I)= 0.0 

100 CONTINUE 
XNPV = 0.0 
C I N V S P  0.0 
cwNv= 0.0 
cmlGTv= 0.0 

I 



3 

P 

3 6 1  
CTBVIINC= 0.0 
C W G T e  0.0 
m m =  0.0 

C 

C 
c ---e- CALCULATE I N T m  INVESTMENT ------.------------------- 

Do 200 J= l , IAREA 
I F  ( I T Y P ( J )  .a. 1) C I N V S P  CINVST + 3 5 4 2 8 6 . 0 * ( S I Z E ( J ) /  

I F  ( I T Y P ( J )  .a. 2) CINVS'P CINVST + 2 2 , 2 9 7 *  

IF  ( I T Y P ( J )  .EQ. 3 )  C I N V S P  CINVST + 144389.1 * ( AREA(J)/ 

1 

1 (SIZE(J)*AREA(J)  )**0.568 

1 
2 59.656)  ) *%. 98189 

1 

2 2 6 7  9.6) * *O .5 3 

(1.02X149.14) ) **0.57483 + 9756.0"(AREA(J)/  (1 .02* 

IF ( ITYP(J )  .EQ. 4) CINVST= CINVST + 1.625910* 
( S I Z E ( J )  *%. 9 9 9 6 )  * (AREA(J) *W. 09795)  

IF (ITYF'(J) .EQ. 5) C I N V S P  CINVST + 0.0 
IF ( I T Y P ( J )  .EQ. 6 )  C I N V S F  CINVST + 422595.1*(AREA(J)/  

IF  ( I T Y P ( J )  .EQ. 7) C I N V S P  CINVST + (CAREA(J)* 

IF  ( I T Y P ( J )  .EQ. 8 )  C I N V S P  CINVST + 6 1 9 0 5 . 0 * ( S I Z E ( J ) /  

1 5861.445)  **0.68857 

1 AREA( J) * *O. 6 )  /1.18 

1 22679.6)  * *O .65 

C I N V S P  1.18*CINVST 
C F I E L B  0.0 
I F  (GTSYST) C F I E D  c w E L L * l ? L Q A T ( b W E L L P t ~ I )  + 
CINVS??= CINVST + CFIELD 

2 0 0  CONTINUE 

1 CTRANS+CLAND+COTHER 

C 
c ----- -TE IMPUTED NFT INCOME FOR DEPLETION PURPOSES -- 
C 

IFIMV;= IBEGIN + ILIE'E + ICONST - 1 
ANNINc= 0.0 
IF (.NOT.GTSYST) GO TO 230 
FU = (1 .OCINFLT (1) ) / (1 .OSROIREQ) 
Iy2 = (l.O-tCINJ?LT(5) )/(l.O-tROIRED) 
K1 = IBEGIN 4- ICONST - 1978 
M l  = 8  - K 1  
N l  = I F I W  - 1986 
IF  (CINFLT(1)  .LT.ROIREQ .AND. CINFLT(5) .LT.ROIREQ) 

1 Go To 210 
STORE = I L I F E  
WRITE (IOUT,1020)  ROIREQ, CINFLT (1) , CINFLT ( 5 )  

C 
2 1 0  STORE = (FU**l)*( (FU**(M1+1)-l.O)/(FU-1.0) + (FU**M1)* 

1 (R2**(Nl+l)-R2)/(R2-1.0)) 
IF  ( M l  .LT. 0) STORE = (R1**8)*(R2**(Nl+l)-R2)/(R2-1.0) 



220 

3 6 2  
FINS- 0.0 
Do 220 I=l, 40 

COWTINUE 
FINS* FINSIN + FINVST( I )  

C 
2 3 0  

2 50 

C 
2 6 0  

DO 400 I=IBEGIN,IFINAL 
IF ( I  .GT. 1 9 8 6 )  GO TO 2 5 0  
C I N F ( l ) =  ( l . O K I N F L T ( 1 )  )**(1-1978) 
CINF ( 2  )= (1 .OKINFLT ( 2 )  ) ** ( 1-1978) 
CINF(3 )= ( l . O K I N F L T ( 3  ) ) ** (1-1978) 
CINF (4)= (1 .Oi€INFLT (4) ) ** ( 1-1978) 
GO TO 2 6 0  
C I N F ( l ) =  ( ( l . O K I N F L T ( 1 )  )*%I*(  ( l . O K I N F L T ( 5 )  )**( I -1986)  ) 
CINF (2)= ( (1 .OKINFLT ( 2 )  ) * *8) * ( (1 .O-tcINFLT (6) ) ** ( 1-1986) ) 
C I N F ( 3 ) =  ( (l .O-tcINFLT(3) ) * % ) " ( ( l . O K I N F L T ( 7 )  ) * * ( I - 1 9 8 6 ) )  
CINF (4)= ( (1 .OKINFLT (4) ) * %) * ( (1 .OKINFLT (8) ) ** ( 1-1986) ) 

OUTIW CIM~~T*FINVST(I-IBEGIN~~)*CINF(~) 
cuMINv= C W N V  + OUTINV 
CUGTV= CUMGTV + CFIEUI*FINVST(I-IBEIN~~) * C I N F ( ~ )  
cwm= c w m  + CINV~T*FINCP~T(I-IBEGIN+~)*CINF(~) 
IF (GTSYST) CUMINPF CUMINA - cwELL*FLOAT(-I)* 

1 ( 1 e 0 -TANGBL* ( 1 .O -JlPLBAs) ) * F I N K T  ( I -IEiEGI N-1 ) *CI NF ( 1 ) 
1 - CLAND*FINVST(I-IBEGIN+~) * C I N F ( ~ )  

CUMLNC= CIMINC + CINVST*FINV~T(I-IBEGIN+~) 
C L ! M G c  CWGTC + CFIELD*FINVST ( I - IBEGINt l )  
OUI'ENG= 0.0 
IF  (I  .GE. IBEGINtICONST) OUTENG QFSLM*CFOSSL*OPFRAC? 

1 3.1536E7*CINF(2)  /0.80 + QESUM*CELECT*OPFRAC*3.1536E7* 
1 CINF(3)  + MSOFl*CFLUID*OPFRA~8760.O*CINF(4) 
O V T I W  0.0 
IF (I  .LE. 1 B M ; I N t L I F E B P l )  O U T I N P  CDlINVBONDRT*DEBTEQ/ 

1 (~.O+DEBTEQ) 
OUTINS. ~ ~ ~ ~ ~ I ~ C I N S U R * C I N F (  1 ) 
omFT= 0.0 
IF ( I  .GE. IBEGIMICONST) OUTOlT= ( C L P I I N C a T C ) *  

IF  (GTSYST .AM). 1.GE.IBEGINtICONST) OUTOW- OUTOPT + 
OUTIXW c r a J l I N c * P R O ~ C I W ( 1 )  

COSTS = OVTINV + OVTENG + OUTINT + OUTINS + OUTOPT + ourrxp 
ROYLTY= 0.0 
c o s m  0.0 

1 COPRAT*CINF(l) 

1 CPIAINT*CINF(l) 

C 



3 

3 

3 

B 

363 

IF  (.NOT.GTSYST) GO TO 300 
COS- CFIELD*FINVST( I - IBEGINt l )  *CINF'(l) + CUMGTC*CIJSUR* 

IF ( I  .LE. IBEGINtLIFEEEhl)  COSTUP= COSTGT + CUGTv*BONDlV* 

IF  ( I  .GE. IBEGINI-ICONST) COSW-  COSTGT + CMAINT"CINF(1) 
IF ( I .GE. IBEGI N+ICONST ) ROYLTY= C R O W *  (ANNINC*CIMF (1 ) + 

1 C I N F ( 1 )  + CuM;TC*PROJXPCINF (1) 

1 DEBTEQ/ ( ~ . O ~ D E B T E Q )  

1 COSTGT) 

1 DEBTEQ/ (1 .O+DEBTEQ) 

300 COSTS = COSTS + R0M;TY 
IF ( I  .EQ. IBEGINtLIFEElb l )  COSTS: COSTS + CrrYlINvk 

C 
c ---a- CALCULATE ANNUAL AFTERTAX CASH FUNS --------------- 
C 

DEPREC% 0.0 
I F  (1.GE.IBEGINtICONST .AND. 1.LE.IBEGINtICONSTtLIFETM-1) 
1 DEPREC= Cu?IINA* (1.0-6ALWiG) *2.0*l?lX)AT(LIFETM-I+ 

IF (I.LT.IBEGIN+ICONST .AND. I .LE.IBEGINi3LE'EBIl)  
1 IBEGI~ICONST) /FLOAT(LIFEIW (LIFEIFJH~) ) 

1 rnINpr CUMINA + OUTINT 
C 

D E P L P  0.0 

IF ( I  .LE. 1 9 8 0 )  PERCNP 0.22 
IF (I .EQ. 1 9 8 1 )  P E R C W  0.20 
IF ( I  .EQ. 1 9 8 2 )  PERCNT= 0.18 
IF (I .E€?. 1 9 8 3 )  P E R C W  0.16 
IF ( I  .GE. 1 9 8 4 )  P K N P  0.15 
DEPLJTP AMINL(PERCNT*(ANNI~CINF(l)+COSTGT) , 0.50* 

' IF (.NOT.GTSYST .OR. I.LT.IBM;IN~ICONST) GO TO 350 

1 ANNINc*CINF(l))  
C 

350 TAXES = -TAXRAT* ( D E P R E C + O U T E ~ U T I N I ? ~ O ~ I ~ ~ ~  
1 OUTTXF'+DEF'UT*OYLTY) - TAXRD*CINVST*FINVsT (I-IBEG1N-t 
1 l)*CINF(l) 

1 T A X C R D * ( ~ . O ~ A N G B L * ( ~ . O ~ P I B A S ) ) ) * ~ *  
1 FLOAT(WELLRNWELLI) *FINVST(I-IBECIN~~) *CINF(~) 

IF  (GTSYST) TAXES: TFXES - (TFXRAT*(l.O-TAJXBL)- 

C 

400 

C 

IYEAR = I - IBEGIN + 1 
CAsH(IYEAR)= -COSTS - TAXES 
XNPV = XNPV + C A S H ( I Y E A R ) / ( ~ . O ~ D S C N T ) * * ( I ~ ~ )  
IF ( .NOT.GTSYST) CASHF(IYEAR)= CA~H(IYEAR) 
COrnINUE 
IF  (GTSYST) GO TO 430 
CINVSF= m 1 N C  
XNPW = XNPV 
FEruRN 
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c ----- C W A R E  RESULTS OF GEOTHERMAL AND FOSSIL SYSTEMS ------ 
C 

430 IFINALr  I L I F E  + ICONST 
IPAYE3K= 100 
SAVING(l)= CASH(1) - CASHF(1) 
m =  SAVING(^) 
FLAG = o  
IF (PREVAL, .GE. 0.0) IPAYJ3K= 1 
DO 450 I = 2, IFINAL 

SAVING(I)= CASH(1) - CASHF(1) 

IF (IPAYBK.EQ.100 .AND. PREVAL.GE.O.0) IPAYE3K= I 
IF  (SAVING( I ) *SAVING( 1-1)  .LT. 0.0) FLAG= FLAG + 1 

PRE;VAL = PREVAL + SAVING(I)/(LOKDSCNT)**(I-~) 

450 CONTINUE 
IRR =o.o 
ITER = O  
IRRl = 0.0 
IRR2 = 2.0 
ERROR = le0E-5*ABS(CASH(1) ) 

P€amG= 0.0 
DO 470 I = l , I F I N X L  

460 IRRAVG= 0.5" ( IRRl+IRR2) 

PRES?AL- - PREC~L + SAVING(I)/(~.O+IRRAVG)**(I-~) 
470 CONTINUE 

IF (ABS(PREVAL) .LE. ERROR) GO TO 500 
ITER = ITER + 1 
IF (ITER .GT. 30) WRITE (IOUT,1000) IRFSVG, PRESRL 
IF (ITER .GT. 3 0 )  GO TO 500 
IF (PREVAL .GT. 0.0) IRFU= IRRAVG 
IF (m .LE. 0.0) I R E =  IRRAVG 
GO TO 460 

C 
500 I F  (FLAG .GE. 2 )  WRITE (IOUT,1010)  FLAG, IRRA'VG, PREVAL 

999 REmTRN 
IRR =IRRAvG 

C 
1000 FORMAT (lHO,4lHITERATION FOR INTERNAL RATE OF RFrmRN DOE, 

1 1%E NOT CONVEl?GE:/3€3 , 7HIFtRAVG=,lPE11.4,9H, PREVAIr, 
1 E11.4)  

INTERNAL RATE OF RFmTRN , 
1 2-Y BE UNDEFINED ----- /1H , 2 l H  CASH W S  CHANGE S, 
1 4HIGN , I 1 , 7 H  TIMES./lH ,9H IRRAVG,lPE11.4,9H,  PREVAJ=, 
1 E11.4)  

1 2PF6.2,15H% IS LESS THAN/lH ,14H INETATION ( ,F6 .2 ,  

1010 FORMAT (lHO,4OH----- WAFNLNG: 

1020 FORMAT (lHO,37fIRIQUIRED RATE OF RETURN IS TOO Low: , 

1 65% AND ,F6 .2 ,2H%))  
C 

END 
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3 6 5  k .  Program PROPTY 

SUBROUTINE P R O W (  INDEX1, I N D E X ,  TDS,P, T,H, S,X, PHAS.JP, HF,HG) 
C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
c *  MASTER PROGRAM FOR THE JZVALUATION O F  * 
c *  THERMODYNAMIC PROPERTIES OF WATER OR * 
c *  BRINE I N  ANY PHASE * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c *  * 
C * -- T H I S  PROGRAM WAS WRITTEN I N  1979 BY MICHAEL B. 
c *  PACKER AT THE MASSACHUSETI'S IWI'ITUTE OF TECH- * 
c *  NOLQGY FOR THE DEPARTMENT OF EJERGY. * 
C * -- MEI'RIC UNITS ARE EWLQYED THROUGHOUT: * 
c *  TEPPERATUREk DEGREES C PRESSURES BARS * 
c *  ENI'HALPY = KJ/KG ENJXOPY = J/GK * 
C * -- SEVERAL SUBPROGRAMS ARE CALLED: 
c *  QUAL: €?EI'URNS TWO-PHASE QUALITY GI'VEN P AND H * 
C *  OR S FOR SALT SOUPTIONS * 
C *  THROUGH A6 ( CSALT) * 
c *  STEAM TABLE CORRELATIONS: * 

c *  PSTT(T) ,  SFSAT(P),  SGSAT(P),  TSAT(P) * 

c *  TSUP ( P, H) * 
c *  TLIQ ( P,H) * 
C * -- SEPARATE DGCUMENTATION INZLUDES FLaJ CHAFft'S, 
c *  COMPLETE VAEUABLE LISTS, AND A 'WALK-THl3OUGH" * 
c *  DESCRIPTION O F  PROGRAM OPERATING P R I E I P L E S .  * 
c *  * 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 

* 

* 

c *  SALT CORRELATION COJYJSTANTS: =IONS Al(CSALT) * 

c *  SAWRATION LINE - HFSAT(P),  HGSAT(P), PSTHF(HF), * 

c *  VAPOR REGION - HSPT(P ,T) ,  HSUP(P,S),  SSUP(P,H),  * 
c *  LIQUID REGION - HLIQ(P ,S) ,  H L a ( P , T ) ,  SLIQ(P ,H) ,  * 

* 

INTEGER PHAS, PHASUP 
raGICAL FINDH, FINDW, FINDHG, FINDP , FINDPH, FINDS , 
1 FINDT,FINDX, GI=, GIVNP , GIVNPH, GIVNPS, G I W P T  

C 
DATA IN, IOUT/8, 6/ 
DATA SOLBLE, SUPRHT/0.5, 1.0/ 

C 
c ----- INITIATLIZE AND SET INPUT AND OUTPUT CONTROL VARIABLES -- 
C 

GIVNP = .FALSE. 

GIVNPW .FALSE. 
G I V N P S  .FALSE. 

GIVNPT= .FALSE. 

GI-- .FALSE. 

f 
P 

b 

1 
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366 FINDP = .FALSE. 
F I m  = .FALSE. 
FINDH = .FALSE. 
FINDS = .FALSE. 
FINDX = .FALSE. 
FINDPW .FALSE. 
FINDP .FALSE. 
FINDHG .FALSE. 

C 
IF (INDEX1 .EQ.17) GIVNP = .TRUE. 
IF (INDEX1 .EQ. 3 )  GIVNE”I= .TRUE. 
IF (INDEX1 .EQ. 5) G I W P  .TRUE. 
IF (INDEX1 .EQ. 9) GIVNPe .TRUE. 
IF (INDEX1 .EQ.80) GI- .TRUE. 
IF (GIVNP. OR.GIVNPT. OR .GIVNPH. 0R.GIVNPS. 0R.GIVNHF) 

WRITE (IOUT,9000) INDM1, INDM2 
STOP 

1 GO TO 100 

C 
100 IND = INDEX2 

IF (I~(FLOAT(IND)/128.0) .GT. 0 )  FINDHG .TRUE. 
IND = PIX)D(IND,128) 
IF (Ih?t’(FLOAT(IND)/64.0) .GT. 0 )  FINEHI% .TRUE. 
IND = MOD(IND,64) 
IF (INT(FLOAT(IND)/32.0) .GT. 0 )  FINDPe .TRUE. 
IND = MOD(IND,32) 
IF (INT(FLOAT(IND)/16.0) .GT. 0) FINDX = .TRUE. 
IND = MOD(IND,16) 
IF (INT(FLOAT(IND)/8.0) .GT. 0) FINDS = .TRUE. 
IND = MOD(IND,8) 
IF (INT(FLOAT(IND)/4.0) .GT. 0 )  FINDH = .TRUE. 
IND = mD(IND,4) 
IF (INT(FLOAT(IND)/2.0) .GT. 0) FINIT = .TRUE. 
IND = MOD(IND, 2) 

IF (FINDP.OR.FINDT.OR.FINDH.OR.FINDS.OR.FINDX.0R. 

WRITE (IOUT,9010) INDEXl, INDM2 
STOP 

IF (IND .EQ. 1) FINDP= .TRUE. 

1 FINDPH.OR.FIMIHF.OR.FINDHG) GO TO 110 

C 
CHECK INPUT DATA FOR PROPER DCMAIN ------------------- c ----- 

C 
110 IF (TDS.LT.O.0 .OR. TDS.GT.0.35) GO TO 120 

IF (P.GT.220.88 .AND. .NOT.GIVNHF) GO TO 120 
IF ( (T.LT.lo.o.OR.T.GT.374.14) .AND. GIVNFT) GO TO 120 
IF (((H.LT.o.o.OR.H.GT.37~~.O).AND.GIVNPH).OR.((~.LT.O.O 

IF ((S.LT.O.o.OR.S.GT.lO.0) .AND. GIVNPS) GO TO 120 
1 .OR.HF.GT.3700.0) .AND.GIVNHF) ) GO TO 120 

n 



.. . . . . . . - 

drs 

P 
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GO TO 200 

STOP 
120 WRITE (IOUI',9020) INDml, TDS, P, T, H, S 

C c ----- SAJJNITy CHECK ____________-----_--------------------- 
C 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 
c ----- DFTERMINATION OF PROPERTIES OF PURE WATER ------------ 
C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

200 IF (TDS .GT. 1.OE-5) GO TO 500 

IF (GIVNP .OR. GIVNHF) GO TO 210 
PHAsuEt 1 
IF ( G I W )  GO TO 250 
IF (GIVNPH) GO TO 300 
IF (GIVNPS) GO TO 350 
STOP 

C 
SATURATION LINE PROPERTIES ALONE DESIRED ------------ c ----- 

C 
210 IF (FINDP) P = PSTHF(HE') 

IF (FINDT) T = TSAT(P) 
IF (FINDHF) HF = HFSAT(P) 
IF (FINDHG) HG = HGSAT (P) 
RETURN 

C 

C 
c ----- PRESSURE AND TF'J4pEMTURE GIVEN -----I----------------- 

250 TEMPE% TSAT(P) 
IF (T .GE. TEMPER-1.0) PHASUP- 2 
IF (T .GT. TETU1PEItfl.O) PHASuEtr 3 
IF ( .NOT.FINDX .AND. .NOT.FINDH .AND. I?HASUP. EQ.2 ) 

IF (PHASUP .EQ. 1) H=HLPT(P,T) 
IF (PHASUP .EQ. 2 )  W HGSAT(P) 

260 IF (PHASUP .EQ. 3) H= HSPT(P,T) 
IF (FINDX) W- HFSAT(P) 

1 GO TO 270 

IF (FINDX) x = (H-HF)/(HGSAT(P)+IF) 
270 IF (.NOT.FINDS) RE!lWRN 

IF (PHASUP .EQ. 1) S= SLIQ(P,H) 
IF (PHASUP .EQ. 2) S= SGSAT(P) 
IF (PHASUP .EQ. 3)  S= SSUP(P,H) 
RE!ruRN 

C 

C 

c ----- PRESSURE AND Em3 GIVEN ----_- -----_-__-__-___-_- 

300 HF = HFSAT(P) 
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HG =HGSAT(P) 

IF (H .GE. HF') PHASUP= 2 
IF (H .GT. HG) PHASUP. 3 
IF (.NOT.FINlX) GO TO 320 
IF (PHASUP .EQ. 1) !I+ TLIQ(P,H) 
IF (PHASUP .EQ. 2) T= TSAT(P) 
IF (PHASUP .EQ. 3)  F TSUP(P,H) 

IF (PHASUP .a. 1) S= SLIQ(P,H) 
IF (PHASUP .EQ. 2) S= X*SGSAT(P) + (l.O-X)*SFSAT(P) 
IF (PHASUP .EQ. 3) S= SSUP(P,H) 
F3Tm 

X = (H-HF) / (HG-HF) 

320 IF (,NOT.FINDS) F3TURN 

C 

C 
c ----- PRESSURE AND ENTROPY GIVEN -------__----- __-----______ 

350 SF = SFSAT(P) 
SG = SGSAT(P) 
IF ( S  .GE. SF) PHASW 2 
IF ( S  .GT. SG) PHASUP 3 
X = (S-SF) / (SGSF) 
IF (.NCYT.FINDHF .AND. .NCTr.FINDHG .AND. PHASUP.NE.2) 

HE' = HFSAT(P) 
HG = HGSAT(P) 

1 GO TO 370 

IF (PHASUP .EQ. 2) H= X*HG + (1.0-X)qF 
370 IF (PHASUP .EQ. 1) H= HLIQ(P,S) 

IF (PHASUP .EQ. 3)  H= HSUP(P,S) 
RETURN c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C 
c ----- DETERMINATION OF PROPERTIES OF SALT SOLVTIONS -------- 
C c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
500 IF (GIVNP) GO TO 550 

IF (GIVNHF) GO TO 600 
PHASUP 1 
IF (GIVNEJT) GO TO 650 
IF (GIWH .OR. GIVNPS) GO TO 700 
STOP 

C 

C 
c ----- PRESSURE AND QUALITY GIVEN ........................... 

550 IF (X .LE. 0.99) CSAL'Jk AMI?KLL(TDS/(l.O-X),SOBLE) 
IF (X .GT. 0.99) CsALT= SOIBLE 
PPURE = P/Al(CSALT) 
TB = TSAT(PPURE) 
TEMPE% TSAT(P) 



b 

t 

t 
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TV 
IF (X .LE. 0.5) T = TB 
IF (X .GT. 0.5) T = TV 
IF (.NOT.FINDHF .AND. .NOT.FINDHG) RETURN 
HG = HSPl'(P,TV) 
IF (CSALT .GT. 0.05) GO TO 560 
HPURE = HFSAT(PPURE) 
HFIVE = 0.637456* (1.8*TB+32.0) **1.20007 
HF = WIVE - (HFIVE-HpuRE)*(l.O~SALT/O.O5) 
RE-rUFa 

RErm 

= TEMPER + SUpRI-fT* (TB-TEMPER) 

560 HF = 2.326*M(CSALT) * (1.8*T~+32.0) **As( CSALT) 

C 
ENIWLF'Y OF SATURATED LIQUID GIVEN ------------------ c ----- 

C 
600 I F  (X .NE. 0.0) STOP 

CSALT = TDS 
IF (CSALT .GT. 0.05) GO TO 610 
T B F I W  0.555556*( (1.568735*HF)**0.833283 - 32.0)  
PPURE = PSTT(TBFIVE ) 
PF'IVE = 0.9688129PuRE 
P = PFIVE - (PFIVE-PSTHF( HF) ) * (l.O-CSALT/O. 05) 
RE!ruRN 

610 TB = 0.555556* ( (HF/ (2 .326*~4(  CSALT) ) ) ** (l.O/As (CSALT) ) 
1 -32.0) 

PPURE = PS?T(TB) 
P = Al(CSALT)%PURE 
l?ErmN 

C 

C 
c ----- PRESSURE AND TEMPERATURE GIVEPJ _-______________I_____ 

650 CSALT = TDS 
PPURE = P/Al(CSALT) 
TB = TSAT(PPURE) 
IF (T .LT. TB-1.0) GOT0 670 
CSALT = SOLBLE 
PPURE = P/Al(CSALT) 
TB = TSAT(PPURE) 
TEMPER= TSAT (P ) 
TV = TEMPER + SUPRHT*(TMEMPER) 
PHASUF 2 
I F  (T .GT. TV+l.O) PHASUFt 3 
IF (PHASI.JP .EQ. 2 )  GO TO 680 
IF (PHASUP .EQ. 3) GO TO 260 

C 
670 I F  (.NOT.FINDH .AND. .NOT.FINDX) GO TO 674  

IF (CSALT .GT. 0.05) GO TO 672 
WIVE = 0.637456* (1.8*TB+32.0) **1.20007 
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370 
HF = HFIVE - (HFIVEf-IFsAT(PPuRE))*(l.O-CSALT/0.05) 

672 IF (CSALT .GT. 0.05) W 2.326*A4(CSALT)*(1.8*TB+32.0)** 
1 A5(CSALT) 

1 546.30*(TJTB)) + Ag(CSALT)*( (~+273.15)**3-(TB+ 
1 273.15) **3) /3.0 

H = HF + A7 (CSALT) * (TqB) + 0.5*A8( CSALT) * (Tq-TB*TB+ 

IF (.NOT.FINDX) GO TO 674 
TEMPE= TSAT(P) 

HG =HSPT(P,TV) 

674 IF (.NOT.FINDS) RETURN 

TV = TEMPER + SUPRFPT*(TB-EMPER) 
X = (H*)/(HG~IF) 

IF (CSALT .GT. 0.05) GO TO 676 
SFIW = 0.0808975 i+ 0.0118918*TB - 5.93252E-6*TB*TB 
SF = SFIVE - (SFIVE-GFsAT(PPURE))*(l.O~SALT/0.05) 

676 IF (CSALT .GT. 0.05) SF= A2(CSALT) + A3(CSALT)*TB + 
1 A6 (CSALT ) q B * T B  

SF + A7(CSALT)*ALoG( (T+273.15)/(TI3+273.15)) + 
A8(CSALT)* (TqB) + 0.5*A9(CSALT)*(T*T-TB*TB+ 
546.3ok (T-TB) ) 

HSF”(P, TV) 
HG 
1.0 

IF ( .NOT.FINDS) RETURN 
SG = SSUJ?(P,H) 
S = SG 
REruRN 

C 
c ----- PRESSURE AND ENIT#L!?Y OR ENTROPY GIVEN -------------- 
C 
700 IF (GIVNPH) x= QUAL(~,TDS,P,H,SUPRHT,TB,TV,HF,HG) 

IF (GIVNPS ) X= QUAL, ( 2,TDS, P, S, SUPRHT, TB, TV, HF, HG ) 
IF (X .LT. 0.0) GO TO 710 
PHASUP= 2 
IF (GIVNPH) X= QUAL(1, SOLBLE,P,H,SUF”,TB,TV,HF,HG) 
IF (GIVNPS ) X= QUAL ( 2, SOLBLE, P, S, SUPRHT,TB, TV, HF, HG ) 
IF (X .GT. 1.0) PHASW 3 
IF (PHASUP .EQ. 2) GO TO 740 
IF (PHAsup.EQ.3 .AND. GIVNPH) GO TO 300 
IF (PHASUP.EQ.3 .AND. GIVNPS) GO TO 350 

C 
710 CSALT = TDS 

ITER = O  
T1 = 18.0 
T2 = TB 
IF (GIVNPS) SF= (S-X*SSUP(P,HG) )/(i.o-x) 

I 



a 
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IF  (GIVNFS) GO TO 720 
IF (CSALT .GT. 0 . 0 5 )  GO TO 715 
SFIVE = 0.0808975 + 0.0118918*TB - 5.932527E-6*TB*TB 
SF = SFIVE - (SFIvE-SFSAT(P/A1(CS)))*(l.O- 

1 CSALT/0.05) 
715 IF (CSALT .GT. 0 . 0 5 )  SF-- A2(CSALT) + A3(CSALT)qB + 

1 A6 (CSALT) *TB*TB 
720 TAVG = 0.5* ( T l i T 2 )  

IF  (GIVNPH) B= HJ? + A7(CSALT)* (TAVGqB) + 0.5*A8(CSALT) * 
(TAVG*TAVWB*TB+546.30* ( T A V W B )  ) + A9 (CSALT) * 
( (TAVG-t-273 e 1  5 )  **3- (TB+273 e 1  5 )  **3) /3 0 

1 
1 

1 2 7 3 . 1 5 ) )  + A8(CSALT)*(TAVG-JI’B) + 0,5*Ag(CSALT)* 
1 (TAVG*TAVWB*TB+546.30* ( T A V W B )  ) 

IF (GIVNPS) E?= SF + A7(CSALT)*ALOG( (TAVGt273.15)/(TB+ 

IF (GIVNPH) D I F P  H - B 
IF (GIVNPS) DIF- S - B 
IF ( (GIWH.AN’D.ABS(DIFF) .LE.O.l) .OR. (GIVNPS.AND. 

ITER = ITER + 1 
IF ( ITER .GT. 20) WRITE (IOUT,9050)  DIFF,TAVG,X,P,H,S 
IF (ITER .GT. 2 0 )  STOP 
IF (DIFF  .LT. 0.0) T2= TAVG 
IF (DIFF .GE. 0.0) T1= TAVG 
GO TO 720 

730 T = TAVG 
IF (FILCH) H= HF + A7(CSALT)*(T-TB) + 0.5*I@(CSALT)* 

1 (T*T-TB”rEM46.30*(T+’B)) + A9(CSALT)*( (T+273.15)**3 
1 -(TB+273.15) **3) /3.0 
IF (FINDS) S= SF + A7(CSALT)*AU)G( (?u273.15)/(TB+273.15)  ) 

1 + A8(CSALT)*(TqB)  + 0.5*A9(CSALT)*(T*T-TB*TB+546.30* 

1 ABS(D1FF) .LE.0.0003) ) GO TO 730 

1 (T-TB)) 
RETURN 

C 
740 

750 

IF (TDS/(LO-X) .GE. SOLBLE) CAVG SOLBLE 
IF (TDS/(l.O-X) .GE. SOLl3I.E) GO TO 790 
ITER = O  
CSALTlE TDS 
CSALT2= SOLBLE 
CAVG = 0.5* (CSALTliCSALT2 ) 
IF (GIVNPH) X= QUAL,(l,CAVG,P,H,SV,TB,TV,HF,HG) 
IF (GIVNPS ) X= QUAL, ( 2, CAVG, P, S, SUPRHT,TB, TV,HF,HG ) 
IF (X .GE. 1.0) WRITE (IOUI’,9030) CAVG, X, P, H, S 
IF (X .GE. 1.0) GO TO 790 
DIFF = TDS/(l.O-X) - CAVG 
IF (ABS(D1FF) .LE. 0 .003)  GO TO 790 
ITER = ITER + 1 
I F  ( ITER .GT. 2 0 )  WRITE (IOUT,9040)  DIFF,CAVG,X,‘P,H,S 
IF  (ITER .GT. 2 0 )  STOP 



372 
IF (DIFF .LT. 0.0) CSALT2= CAVG 
IF (DIFF .GE. 0.0) CSALTl= CAVG 
GO TO 750 

790 IF (X .LE. 0.5) T = TB 
IF (X .GT. 0.5) T = TV 
IF (FINDH) H= X%G + (l.O-X)*HF 
IF (.NOT.FIW) RETURN 

IF (CAVG .GT. 0.05) GO TO 794 
SFIVE = 0.0808975 + 0.0118918*TB - 5.932527E-6'TBVB 
SF 

SG = SSUP(P,HG) 

= SFIVE - (SFIVE-SFSAT(P/Al (CAVG) ) ) * (l.O-cAVG/O. 05) 
794 IF (CAVG .GT. 0.05) SF= A2(CAVG) + A3(CAVG)*TB + 

1 A6 ( CAVG) *TB*TB 
S = X*SG + (1 -0-X) *SF 
€uTruRN 

C 
C 
9000 FORMAT (1H0,3%IINVALID INPUT PARAMFTER CODE IN SUBROUT, 

1 llHINE PROETY:/lH ,9H INDMl=,I3,9H, INDEX2=,14) 
9010 FORMAT (1H0,4mIIWALID OUTPUT PARAMETER CODE IN SUBROUT, 

1 1lHINE PROFTY: /lH , %I INDEXl=, 13,9H, INDEX%=, 14) 
9020 FORMAT (lH0,40HINCaLID DATA IN SUBROUTINE PROPT'Y: INDE, 

1 3HX1=,13/1H ,&I TDS=,lPE11.4,9H P=,El1.4/1H , 
1 6H P,El1.4,% %,El1.4/1H ,6H S , E 1 1 . 4 )  

9030 FORMAT (lH0,3%QUALITY EQUALS OR KEEDS UNITY IN SUBR, 
1 ~~OUTINE PROI?TY:/LH ,m CAVG,F~.~,~H, x=,~7.4,4~, e, 
1 F8.4,4H, H=,F8.2,4H, S=,F8.4) 

1 1% SUBROWINE PROFTY:/lH ,7H 

11lH S=, F8.4) 

1 l€HSUBROUTINE PROETY: /1H ,7H 

1 11H E+, F8.4) 

9040 FORMAT (1H0,4CHITERATION FOR CSALT DOES NOT CONVERGE IN, 
DIFF=,lPE12.4,7H, CAVG, 

1 OPF7.4,4H, X=,F7.4,4HI P=,F8.4/1H ,7H *, F8.2, 
9050 FORMAT (1HO,4C€IITERATION FOR TAVG DOES NOT CONVERGE IN , 

DIFE=,lPE12.4,7H, TAVG, 
1 OPF7.2,4HI X=,F7.4,4H, P,F8.4/1H ,7H E=,F8.2, 

END 
FUNCTION QUAL( IND, CSALT,P, B, SUPRHT,TB,TV, HF,HG) 

PPURE = PIA1 ( CSALT) 
TB = TSAT(PPURE) 
TENPEP TSAT(P) 
TV 
HG = HSFT(P,TV) 
IF (CSALT .GT. 0.05) GO TO 100 
HPURE = HFSAT(PPURE) 
WIVE = 0.637456* (1.8*TB+32.0)**1.20007 
HF = HFIVE - (HFIVE-HPURE)*(l.O-CSALT/0.05) 
Go To 200 

C 

= TEMPER + SUPRHT* (TB-TEMPER) 

1 

I 



P 

i3 

i3 

3 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

373 
100 HF = 2.326*~4 (CSALT) * (1.8*TB+32.0) **A5 ( CSALT) 
200 IF (IND .EQ. 1) QUAL= (B-HF)/(HG-HF) 

IF (IND .EQ. 1) RETURN 
SG = SSUP(P,HG) 
IF (CSALT .GT. 0.05) GO TO 300 
SFIVE = 0.0808975 + 0.0118918*TB - 5.932527E-6*TB*TB 
SF = SFIVE - (SFIVE-SFSAT(PPURE) )*(l.O<SALT/O.O5) 

300 IF (CSALT .GT. 0.05) SF= A2(CSALT) + A3(CSALT)*TB + 
1 A6 ( CSALT) *TB*TB 
QUAL, = (BSF)/(SGSF) 
REIZTRN 

END 
FUNCTION Al(CSALT) 

AI. = 1.0 - 0.617*CSALT + 0.1955*CSALT*CSALT - 
1 7.253*CSALT* *3 + 12.73*CSALT* *4 

FuTIwRN 
END 
FUK!"ION A2(CSALT) 

A2 = 0.022721568 + 1*8609946*CSALT - 17.556371*CSALT* 
1 CSALT + 78*319422*CSALT**3 - 123.64677*CSALTf*4 

€?EruRN 
END 
FUNCTION A3(CSALT) 

A3 = 0.0136411 - O,O55155907*CsALT + 0.5069931*CSALT* 
1 CSALT - 2*2488173*CSALT*"3 + 3.53276*cSALT**4 

RETURN 
END 
FUJXTION A4(CSALT) 

A4 = 0.2447 + Om5337*CSALT + 1.379*CSALT*CSALT - 
1 6.679*CSALT**3 + 9.47*cSALT**4 

RETURN 
END 
FUK!"ION *(CSALT) 

A5 = 1.225 - 0.4617*CSALT - 1.002*CSALT*CSALT + 
1 5.58*CSALT**3 - 5.371*CSALT**4 - 4.615*CsALT**5 
RFIZTRN 
END 
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E " I 0 N  A6(CSALT) 

C 
A6 = -8.5415746~-6 + 1.0078215E-4*CSALT - 1.231346~-3* 
1 CSALT*CSALT + 5.6280648E-3*CSALT**3 - 
1 8.8324747E?-3*CSALT**4 

C 
RFmTRN 
END 
FUNCTION A7 ( CSALT) 

C 
A7 = 6.46775648 - 66.27175*CSF;LT + 178.2585*CSALT*CSAIT 

C 
l3EmJRN 
END 
FUNCTION A8 ( CSALT) 

C 
A8 = -0.013823412 + 0.3706078*CSALT - 1.021136*CSALT* 
1 CSALT 

C 
F!EruRN 
END 
FUNXION A9(CSALT) 

C 
A9 = 2.055291E-5 - 5.5440741E-4*CSALT + 0.0014887831* 
1 CSALT*CSALT 

C 

i 



. . . . . . . . .. . . . ... . - - .  .- 

1. S t e a m  t a b l e s  b 

FUNCTION HFSAT (P ) 
C 
C ********* PROGRAM RIT!WRNS 
C ********* LIQUID IN KJ/KG 

DIMEXBION A(9) 
IXTA IN, IOIPT/8, 6/ 
LATA A/1.26023114E-lf 
1 1.4206653&-1, 
1 1.76657498~-1, 

8 C 

C 

P 

J I J  

cor re l a t ion  programs 

ENTHALPY OF SATURATED *********** 
GIVEN PRESSURE IN BARS *********** 

9 ~5236473E-2, 2.93525979E-2, 
6.1647851QE-2, 4.3261744lE-2, 
1 -44344866E-2, 5 -93803227E-21 

PR = AUXlO(P*4.52734517) 
K = 1  
IF (PR .GT. 1.10300) K = 4 
IF (PR .GT. 1.45862) K = 7 
IF (PR.LT.0.08721 .OR. PR.GT.2.22405) WRITE (IOUT,900) P 
HFR = A(K) + A(K+l)*PR + A(K+2)*PR*PR 
HFSAT = HFRx2099.3 

FEIVRN 
900 FORMAT (lHO, 18H----- ARGWENT P =,%.2,13H IS OUTSIDE 0, 

END 
FUKTION HGSAT (P) 

C 

1 43HF ACCURATE DaVlAIN FOR EUXTION HFSAT ----- 1 

C 

C ********* VAPOR IN KJ/KG GIVEN PRESSURE IN BARS ************ 
C 

C ********* PJTJlURNS E m Y  OF S I T E D  ************ 

DIMENSION A(3) 
EATA IN, IOUT/8, 6/ 
DATA A/1.24066734, 5.2919540m-2, -1.7917885CE-3/ 

C 
PR = ALQGlO(P*4.52734517) 
IF (PR.LT.-O.53124 .OR. PR.GT.2.19991) WRITE (IOUTf900) P 
HGR = A(1) + A(2)*PR + A(3)VR-R 
HGSAT = HGR9099.3 

R E m R N  
C 

900 FORMAT (lHOf18H----- ARGWENT P =,%.2,13H IS OUTSIDE 0, 
1 43HF ACCURATE DCMAIN 
END 
FUNCI'ION SFSAT(P) 

C 
C ********* PROGRAM RETURNS 
c ********* IN K J / K G K  
C 

DIMENSION A(9) 
IXTA IN, IOUT/8, 6/ 

FOR FUKTION HGSAT ------ ) 

ELVTROPY OF SATURATED LIQUID ****** 
GIVEN PRESSURE IN BARS ****** 

HFSToOlO 
HFsToo20 
HFSTO030 
HFSTO040 
HFsTo050 
HFSTo060 
HFS'IO070 
HFSTO080 
HFsToo90 
HFSTOlOO 
HFSIollO 
HFsm120 
HFsrO130 
HFSTO140 
HFST0150 
HFSTOl60 
HFsrO170 
HFSlQl80 
HFSl.0190 
HFsTO200 
HFm210 
HFslQ2 2 0 
HFSTO230 
HGSTOOlO 
HGsTo020 
HGSTOO30 
HGST0040 
HGS10O 5 0 
HGST0060 
HGS10070 
HGST0080 
HGSTO090 
HGS10100 
HGSlQ110 
HGST0120 
HGSlQ13 0 
HGSTo140 
HGSTOl50 
HGST0 160 
HGST0170 
HGSTO180 
SFSmolO 
SFSTOO20 
sFSTO030 
SFSIo040 
SFS10050 
SFST0060 
SFS%)070 
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EATA A/1.9502157CE-lI 1.36982262E-1, 2.11430825E-2, 
1 2,04577565E-1, 1 .1930865OE-l, 2.93241814E-2, 
1 2.2039365m-1, 9.76922512E-2, 3-670774772-21 

C 
PR = ALQGlO( P*4.52734517) 
K = 1  
IF (PR .GT. 1.10300) K = 4 
IF (PR .GT. 1.45862) K = 7 

SFR 
SFSAT = SFR*4.4298 

RETURN 
900 FORMAT (lHO118€F---- AR%WlENT P =,F6.2,13H IS OUTSIDE 0, 

END 
FUNCTION SGSAT (P ) 

IF' (PR.LT.-Oe08888.0R. PR.GT.2.40403) WRITE (IOUT,9OO) P 
= A(K) + A(K+l)*PR + A(K+2)*PR*PR 

C 

1 43F ACaTRATE D&IN FOR FUNCTION SFSAT ------ 1 

C 
C ********* PROGRAM RETURNS ENTROPY OF SATURATED VAPOR ******* 
C 
c ********* IN KJ/KGK GIVEN PRESSURE IN BARS ******* 

DIMENSION A(3) 
DATA IN, IOUT/8, 61 
EATA A/1.77420044, -1 .71066105E-lI -1 ,48623437E-3/ 

C 
PR = XCGlO(P*4.52734517) 

SGR = A(1) + A(2)*PR + A(3)*PR*PR 
SGSAT = SGR*4.4298 

R.EruRN 
900 FOFlYAT ( 1HO , 18€+---- ARGWNT P =,F6.2,l3H IS OUTSIDE 0, 

END 
FUNCTION TSAT(P) 

IF (PR.LT.-1.11371 .OR. PR.GT.2.31860) WRITE (IOUT,900) P 

C 

1 43HF ACCURATE DCMAIN FOR FUNCTION SGSAT ------ 1 

C 
C ********* PROGRAM RFIZTRNS SATURATION TEMPERATURE IN ******** 
C ********* DEGREES CELSIUS GIVEN PRESSURE IN BARS ******** 
C I 

DlMENSION A(9) 
DATA IN, IOVr/8 , 61 
IXTA A/5 e 1  93 7842 4E-1 I 7 -21 3 741 5 4E-2 , 2 e 1 1  544OOOE-2 I 
1 5.2911084%-1, 5.4094422a-2, 2.953131872-2, 
1 5.45680106E-1, 3 m15304175E-2, 3.72182578E-2/ 

C 
PR = ALGGlO(P*4.52734517) 
K = 1  
IF (PR .GT. 1.10300) K = 4 

SFSI0080 
SFsTOo90 
SFSIOlOO 
SFSTOll 0 
SFSTO 120 
SFST01 3 0 
SFST0140 
SFST01 50 
SFSI0160 
SFSTOl 70 
SFSTO 180 
SFST01 90 
SFSTO200 
sFsTO210 
SFSIB220 
SFST0230 
SGS10010 
SGST0020 
SGSTO 0 3 0 
SGSTOO 4 0 
SGSTo050 
SGSTOO60 
SGSTO070 
SGSTOO80 
sGsTOo90 
sGsT0100 
SGSTO 110 
SGSTO120 
SGS10 1 30 
SGSTO140 
SGSTOl50 
SGSTOl60 
SGSTO 170 
SGST0180 
TSATO 01 0 
TSAW02 0 
TSATO 03 0 
TSATO040 
TSA10050 
TSATO060 
TSAT0070 
TSATO080 
TSATO 090 
TSATOlOO 
TSATO110 
TSATO120 
TSATO130 
TSAT0140 



3 

b 

b 

b 
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IF (PR .GT. 1.45862) K = 7 
IF (PR.LT.O.05378 .OR. PR.GT.2.38824) WRITE (IOUT,900) P 
TR 
TSAT = 647.29VR - 273.15 
RFTURN 

= A(K) + A(K+l) 9 R  + A(K+2) *PRvR 

C 

900 FORMAT (1HO , 1 &I----- ARGWENT P =,%.2,13H IS OUTSIDE 0, 
1 43HF' ACCURATE DCllAIN FOR F"ION TSAT ------- ) 

END 
FUJCTION PsTT(T) 

C 
C ********* PROGF!AM RETURNS SATURATION PRESSURE IN ******** 
C ********* BARS GIVEN TEMPERATURE IN DEGREES CELSIUS ******** 
C 

DIMENSION A(4) 
IXTA IN, IOUT/8, 61 
DATA A/7.95640116, -11.9841761, -11.1072210, 6.30109816/ 

TR = (T+273.15)/647.29 
IF (TR.LT.0.42201 .OR. TR.GT.0.93335) WRITE (IOUT,900) T 
PR 
PS?T = 22.088*EXp(PR) 

RJTrURN 

C 

= A(1) + A(2)/TR + A(3)*ALOG(TR) + A(4)j"rR 
C 

900 FORMAT (lHO, la----- ARGWENT T =, %.1,13H IS OUTSIDE 0, 
1 43HF ACCWATE DCMAIN FOR FUMYION PSTT ------ ) 

END 
FUJCI'ION PSTHF(HF) 

C 
C ********* PROGRAM REITJlWS SATURATION PRESSURE IN *********** 
C ********* BARS GIVEN LIQUID ENI'HAWY IN KJ/KG *********** 
C 

DIMENSION A(9) 
IXTA IN, IOUT/8, 6/ 
IXTA A/-l. 34499168, 1.23549461E1, -1.1558838&1, 
1 -1 J479O726, 1.08166580E1, -8.55740070, 
1 -9.48456764E-1, 9.58110905, -6.64306259/ 

C 
HFR = HF/2099.3 
K = 1  
IF (HFR .GT. 0.26270) K = 4 
IF (HFR .GT. 0.32403) K = 7 
IF (HFR.LT.0.14075 .OR. HFR.GT.0.44559) WRITE (IOUT,900) HF 
PR 
PSTHF = (1 O.O**PR) 14.52734517 

RFTURN 
900 FORMAT ( 1H0, 18W---- ARGWNT HF=,F6.1,13H IS OUTSIDE 0, 

= A(K) + A(K+l)=R + A(K+2)*HFR*HFR 

C 

TSA?D 150 
TSAT0160 
TSA10170 
TSATOl80 
TSAm 190 
TsA10200 
TSA?D 2 10 
TEA10220 
TSA?D 2 30 
EST10010 
PSTIo020 
PSTT0030 
PSTIoO40 
EST10050 
PSTIo060 
PSTTOO 70 
PSTIo080 
PSTT0090 
Psmloo 
P S T T 0 l l O  
PsTIo120 
PSTT0130 
FsTIQ140 
EST10150 
PSTIO 160 
FSTT0170 
PSTID180 
PsHFOolO 
Fsm020 
PSHFQO3 0 
PSrnO40 
PSKFo050 
PSrnOGO 
PSHFOO70 
PSHFOO80 
PSHFoo90 
Psmloo 
PSm110 
PSHFo120 
pSHR)130 
psm140 
PSHFo150 
PSHFD160 
PSHFol70 
PSHFD180 
PSHFol90 
PSm200 
PSHFD210 
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1 4XF ACaTRATE DOMAIN FOR FUNCTION PSTHF ------ 1 
END 
FUNCTION PSTHG( HG) 

C 
C ********* PROGRAM RETURNS SATURATION PRESSURE' IN *********** 
C ********* BARS GIVEN VAPOR EJYIWGPY IN KJ/KG *********** 
C 

DIMESION A(9) 

DATA A/-7.31933594El, 9.50500031E1, -2.91149445E1, 
ENTA IN, IOUT/8, 61 

1 2.2380691%1, -5.24040222~1, 2.77587738E1, 
1 3 -67976562E2, -5 -77664307E2, 2*2734O897~2/ 

C 
HGR = HG/2099.3 
K = 1  
IF (HGR .GT. 1.29667) K = 4 
IF (HGR .GT. 1.31439) K = 7 
IF (HGR.LT.1.25289 .OR. HGR.GT.1.33006) WRITE (IOUT,900) HG 
PR = A(K) + A(K+l) *HGR + A(K+2) *HGR*HGR 
PSTHG = (lO.O**PR) /4.52734517 

RETURN 
C 

900 FORMAT (lHO, la----- ARGWENT H G I ? 7 7 . 1 , 1 3 H  IS OUTSIDE 0, 
1 42HE' ACCURATE DCNAIN FOR FUN%rION PSTHG ----- ) 
END 
FUKTION TSUP ( PI H ) 

C 
C ********* PROGRAM FETURNS TEMPERATURE OF SUPERHEF\ITED ******* 
C *  STEAM IN DEGREES CELSIUS GIVEN PRESSURE IN * 

C 

c ********* BARS AND ENI"Y IN KJ/KG ******* 

DIME!SSION A(36) 
DATA IN, IOUT/8, 61 
DATA A/-l.4590559CE 0, -8.54326189E-1, 1.68955040~ 0, 
1 1.5536174% 0, 1.1441030% 0, -2.3189544712 0, 
1 3.32209468~-2 , -3.8624614 5E-1, 8.0104893 4E-1 , 
1 -1.4479579% 0, -1.37720394E 0, 1.04240227E 0, 
1 1 e56512642~ 0, 1 -85438728E 0, -1.36987877~ 0,  
1 1.94339156E-2, -6. 27111912F+ll 4.533354042-1, 
1 -3.91609764E 0, 3 -21600533E 
1 5.563096052 0, -5.4818697QE 
1 -1.54643345E 0, 2 -22234249~ 
1 -4.4243679oE 0, 1.67020893E 
1 6.03402996E 0, -2.89095306E 
1 -1.62238693E 0, 1.15832043 

C 
PR = ALOGlO(P*4.52734517) 
HR = H/2099.3 

0, 3.56851220E-2, 
0, 3.7118798%-1, 
0, -2.58159697E-1, 
0, 4.97298777E-1, 
0, -4.15853202E-1, 
0, 6.923735142-2/ 

PSHFo220 
PSHFO230 
PSHGOOlO 
PSHGO02 0 
PSHGOO30 
PSHGO040 
FSHGO050 
PSHGO060 
PSHGOO70 
psHGo080 
PSHGOO90 
PSHGOlOO 
PSHGollO 
PSHGOl20 
PSHGO130 
PSHGO140 
PSHGO 1 5 0 
psHGo160 
PSHGO170 
PSHGOl80 
PSHGO190 
PSHGO200 
PSHGO2 10 
PSHGO220 
PSHGO2 3 0 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 



3 

i3 

3 

K = 1  379 
IF (PR .GT. 1.27909) K = K+18 
IF (HR .GT. 1.40019) K = K+9 
IF (PR.LT.0.35481 .OR. PR.GT.2.02986 .OR. 

A0 = A(K ) + A(K+l) *PR + A(K+2) *PR*PR 
Al = A(K+3) + A(K+4)?R + A(K+5)*PR"PR 
A2 = A(K+6) + A(K+7) *PR + A(K+8) *PR*PR 
TR = AO + M*HR + M*HR*HR 

1 HR.LT.1.25756 .OR. HR.GT.1.55385) WRITE (IOUI',900) PI H 

TSUP = 647.29VR - 273.15 
RFTURN 

C 

900 FORMAT (1HO , la----- ARGLMENT P =,%.2,13H ORARGLMENT , 
1 3HH =,F7.1/lH ,8XI34HIS OUTSIDE OF ACCURATE DCMAIN FOR , 
1 1%FLJNCI'ION TSUP ----- 1 
END 
FUNCl'ION SSUP( PI H) 

C 
-C ********* PROGRAM RETURNS ENTROPY OF SUPERHEATED *********** c *  STEAM IN KJ/KG-K GIVEN PRESSURE IN BARS * 

AND ENI'HALPY IN KJ/KG c ********* 
C 

DIMENSION A(36) 
DATA IN, IOUT/8, 6/ 
DATA A/-2.3741149% 0, 
1 5.2899065OE 0, 
1 -1.5698118ZE 0, 
1 -6.9523811 3E-1, 
1 2.8650722% 0, 
1 -6 -94033682E-1, 
1 -7.03521442E 0, 
1 1.23033962E 1, 
1 -4.199361803 0, 
1 -5 -57568645E 0, 
1 9.7324714iE 0, 
1 -3 -1050653 5E 0, 

C 

4.57980394-1, 
-1.0625162 E 0, 
4.02487874-1, 
-9.99029696E-1, 
1.0459413% 0, 
-3 e60684633E-1, 
6.2163562s 0, 
-9.75796127E 0, 
3.6717395s 0, 
5.49639702E 0, 
-8.1061410% 0, 
2.8558883 7E 0, 

PR = ALQGlO(P*4.52734517) 
HR = H/2099.3 
K = 1  
IF (PR .GT. 1.27909) K = K+18 
IF (HR .GT. 1.40019) K = K+9 

*********** 

-2.45094262E-2, 
7.39890337E-2, 
-3.95627022E-2, 
4 .07750368E-1, 
-5.54302752E-1, 
1 -8891513 3E-1, 
-1.7110261% 0, 
2.63489246E 0, 
-1.00651932E 0, 
-1.7192039% 0, 
2.44793034E 0, 
-8.67748618E-l/ 

IF (PR.LT.0.35481 .OR. PR.GT.2.63421 .OR. 

A0 = A(K ) + A(K+l)*PR + A(K+2)*PR*PR 
Al = A(K+3) + A(K+4) *PR + A(K+5) *PR*PR 
A2 = A(K+6) + A(K+7)*PR + A(K+8)*PR*PR 
SR = A0 + Al'kHR + A 2 W - R  

1 HR.LT.1.25756 .OR. HR.GT.1.64912) WRITE (IOUT,900) PI H 

TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
TSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 

3 



SSUP = 4.4298kSR 380 

R?zruRN 
900 FORMAT (1HO , 18K.---- ARGWNT P =,F6.2,13H OR ARGWNT , 

C 

1 3HH =, F7.1/1H , 8X, 34HLS OUTSIDE OF ACCURATE DOMAIN FOR , 
1 l%EUN"ION SSUP ----- 1 
END 
FUNXION HSUP ( PI S ) 

C 
C ********* pRoGRAM RETURNS E W Y  OF SUPERHEATED ********** 
c *  STEAM IN KJ/KG GIVEN PRESSURE IN BARS * 
c ********* AND ENTROPY IN KJ/KGK ********** 
C 

DlMENSION A (36) 
IATA IN, IOUT/8 , 6/ 
DATA A/ 3 e10252666E 0, -2.76911438E-1, -2.78082430E-1, 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

C 
PR = 
SR = 
SCUT = 
K =  
IF (PR 
IF (SR 
SCUT = 

-2.7745046G 0, 
9 72 97287 OE- 1 I 
3.4 7496891~ 0 , 

-3 J4423084E 0, 
1.06486034E 0, 
7.90833378E 0, 
-9.02869797E 0, 
3.00988674E 0, 
1.33643494E 1, 
-1.50024872E 1, 
4.6211738a 0, 

-2.15333477E-2, 
1 -52231634E-1, 
8.9654713%-1, 
-1 -38792992E 0, 
5.4356414l.E-1, 
-6086018753E 0, 
8.5202722% 0, 
-2 -6225261 7E 0, 
-1.2424003a 1, 
1.44815683E 1, 
-4.1867809% 0, 

3.9650017O~-l , 
-1 e16567492E-1 I 
-8.9943885m-1 , 

-2.84795403E-1, 
1.0534582 lE 0, 

1.9511137OE 0, 
-2.4838275% 0, 
8 J5658092E-1, 
3.5400362oE 0, 
-4.18934345E 0, 
1.26490974E O/ 

ALXx;lO(P*4.52734517) 
S/4.4298 
1.9536431 - 0.22158996*PR - 0.014279632*PR*PR 
1 
.GT. 1.27909) K = K+18 
.GT. SCUT ) K = K+9 
2.23637 - 0.242WPR 

IF (PR.LT.O.35481 .OR. PR.GT.2.30077 .OR. 

A0 = A(K ) + A(K+l)*PR + A(K+2)*PR*PR 
AI. = A(K+3) + A(K+4) *PR + A(K+5) *PR*PR 
A2 = A(K+6) + A(K+7)*PR + A(K+8)*PR*PR 
HR = A0 + Al*SR + A2*SR*SR 
HSUP = 2099.3qR 

RETURN 

1 SR.LT.1.35893 .OR. SR.GT.SCW WRITE (IOUT,900) PI S 

C 

900 FORMAT (1HO , la----- ARGLMENT P =,%.2,13H OR ARGLMENT , 
1 3HS =,F7o4/1H ,8X,3LpIIS OUTSIDE OF ACCURATE DCMAIN FOR , 
1 l%FUNCTION HSUP ----- 1 
END 

SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
SSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
%SUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
S U P  
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
HSUP 
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381 FUNCTION HSFT (PI T ) 

C 
C ********* PROGRAM RETURNS ElVIT-VGPY OF SUPERHEATED ********** 
C ********* AND TEMPERATURE IN DEGREES CELSIUS ********** 
C 

* c *  STEAM IN KJ/KG GIVEN PRESSURE IN BARS 

DIMENSION A (3 6) 
DATA IN, IOUT/8, 6/ 
DATA A/ 8.9305591@-1, 1.884O69m-1, -20 31952727E-1, 
1 6.88367069E-1 , -4.35630560E-1, 5.3900641 2E-1 
1 -5.0731062%-2, 2.59720922~-1, -3.23858857E-1, 
1 9 J2453294E-1, 1.3171947OE-1, -1 .O6218874E-lI 
1 6.2901192%-1, -2.787387923-1, 2e09811330E-11 
1 -6.68292493E-3, 1.5229302 6E-1 I -1 -0851496 5E-1 I 
1 -3.6894989CE-1, 2.0615539Q3 0, -9.29848075E-1, 
1 3 -21899033E 0, -4.15710545E 0, 1091405392E 0, 
1 -1.3303470@ 0, 2.1182012Q3 0, -1.0028305lE 0, 
1 5 J2337151E-1, 7 .64%9262E-l, -3 095799339E-1, 
1 1.08903694E 0, -1.2538166oE 0, 6.9602429%-1, 
1 -1 -4145261 OE-1, 5 e20882249E-1, -3 ~7029893E-1/ 

C 
PR = ~lO(P*4.52734517) 
TR = (T+273.15)/647.29 
K = 1  
IF (PR .GT. 1.27909) K = K+18 
IF (TR .GT. 0.78504) K = K+9 
TCUT = 2.86612 - 1.62006*PR + 0.37602*PR*PR 
IF (PR.LT. 0.35481 .OR. PR.GT. 2 .lo191 .OR. 

A0 = A(K ) + A(K+l)*PR + A(K+2)*PR*PR 
A l  = A(K+3) + A(K+4)fPR + A(K+5)PRvR 
A2 = A(K+6) + A(K+7) *PR + A(K+8) *PR*PR 
HR = A0 + Al*TR + A2*TR*TR 
HSPT = 2099.3-R 

RFTURN 
900 FORMAT ( l H O ,  l&I----- ARGWENT P =,%.2,13H OR ARGLMENT I 

1 TR.LT.0.54713 .OR. TR.GT.TCUT ) WRITE (IOuT,900) PI T 

C 

1 3HT =,F7.2/M ,8X,34HIS OUTSIDE OF ACCURATE DCMAIN FOR , 
1 l%FUN@TION HSPT ----- 1 
END 
FUNCTION TLIQ( PI H )  

C 
C ********* PROGRAM RETURNS TEME'ERATURE OF SUBCOOLED ********* 
c *  

C 

* 
********* LIQUID IN DEGREES CELSIUS GIVEN PRESSURE c ********* IN BARS AND ENIXALPY IN KJ/KG 

DIMENSION A(12) 
DATA IN, IOUT/8, 6/ 

HSPT 
HSFT 
HSPT 
HSFT 
HSPT 
HSPT 
HSPT 
HSFT 
HSFT 
HSPT 
HSPT 
HSFT 
HSPT 
HSFT 
HSPT 
HSPT 
Hsm 
HSPT 
HSPT 
HSFT 
HSFT 
HSPT 
HSFT 
HSPT 
HSPT 
HSFT 
HSFT 
HSPT 
HSPT 
HSPT 
HSPT 
HSFT 
HSFT 
HSPT 
HSFT 
HSPT 
HSFT 
HSFT 
HSPT 
HSPT 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
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IXTA A/ 4.21499670E-1, -8.1936665s-4, 7.8710007E-1, 

1 1 -03512243E-3, -5 -28957956E-2, 1.7557811 2E-4, 
1 4.152109623-1, -6.1644464E-3, 8.3490347%-1, 
1 2.88585685E-2, -1.40651643E-1, -3.47168930E-2/ 

C 
PR = Pf4.52734517E-2 
HR = H/2099.3 
K = 1  
IF (HR .GT. 0.32302) K = K+6 
IF (PR.LT.0.00106 .OR. PR.GT.5.29699 .OR. 
1 HR.LT.O.03999 .OR. HR.GT.0.70452) WRITE (IOl-?I’,900) P, H 
~0 = A(K ) + A(K+~)*PR 
Al = A(K+2) + A(K+3)*PR 
A2 = A(K+4) + A(K+5)*PR 
TR = A0 + Al*HR + A2*HR*HR 
TLIQ = 647.29qR - 273.15 

RFFuRN 
C 

900 FORMAT ( lHO,  la----- AFXXMENT P =,%.2,13H OR ARGUIENT , 
1 3HH =,F7.1/lH , 8 X t 3 4 H I S  OUTSIDE OF ACCURATE DCMAIN FOR , 
1 l%E”CTION TLIQ -----) 
END 
FUNCTION SLIQ( P, H )  

C 
C ********* PROGRAM RETURNS ENTROPYOF SUBCOOLED ********* 
c *  LIQUID I N  KJ/KG-K GIVEN PRESSURE I N  BARS * 
c ********* AND ENTHALPY I N  KJ/KG ********* 

DIMENSION A(12)  
IXTA I N ,  IOVr/8, 6/ 
IXTA A/ 2.655386923-3, 

1 1 -62114436E-3, 
1 2.49471068E-2, 
1 -4 -1763003 9E-2 , 

PR = P*4.52734517E-2 
HR = H/2099.3 
K = 1  
IF (HR .GT. 0.32302) K 
IF (PR.LT.O.00106 .OR. 

1 HR.LT.0.03999 .OR. 

-1.72114931E-3, 1.643784523 0, 
-8.95615876E-1, -3.94121744E-4, 

6.5431892%-3, 1.47415829E 0, 
-5.838269OOE-1, 5.4575383 7E-2/ 

= K+6 
PR.GT.4.75371 .OR. 
HR.GT.0.68071) WRITE (IOUT,900) P, H 

A0 = A(K ) + A(K+l)*PR 
A l  = A(K+2) + A(K+3)*PR 
A2 = A(K+4) + A(K+5)*PR 
SR = A0 + Al*HR + A2*HR*HR 
SLIQ = 4.4298%R 

TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
TLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
SLIQ 
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900 FORMAT (1H0,l &-I----- ARGLMENT P =,%.2,13H ORARGWENI' I 

1 3HH =,F7.1/1H ,8XI34HIS  OUTSIDE OF ACCURATE DOMAIN FOR , 
1 19HF'UNCI'ION S L I Q  ----- 1 
END 
FUNCTION HLIQ( PI S ) LIJ 

C # 

C ********** PROGRAM RETURNS f7-Y OF SUBW'JJ7D ********** 
LIQUID I N  KJ/KG GIVEN PRESSURE I N  BARS 

AND ENTROPY I N  KJ/KGK 
* 

********** c *  c ********** 
C 

DIMENSION A ( 1 2 )  
LATA IN,  IOUT/8, 6/ 
DATA A/ 1.11063197E-3, 1.03659043E-3, 5.53658366E-1, 

1 1.86528487E-4, 4.03372109E-1, 1.30917513E-4, 
1 1.77758932~-2, 4.317751133-4, 40 7383147%-1, 
1 2 -27557379E-3, 4.98737633E-1, -1.47053134E-3/ 

9 

C 
PR = P*4.52734517E-2 a 
SR = S/4.4298 
K = 1  
IF (SR .GT. 0 .43738)  K = K+6 
IF (PR.LT .O .00106 .OR. PR.GT. 9.98280 .OR. 

1 SR.LT.0.06592 .OR. SR.GT.0.90884) WRITE (IOWI',900) PI S 
AD = A(K ) + A ( K + ~ ) * P R  
Al = A(K+2) + A(K+3)*PR 
A2 = A(K+4) + A(K+5)*PR 
HR = A0 + Al*SR + A2*SR*SR 
HLIQ = 2099.3-R 

RETURN 
C & 

900 FORMAT (1HO I 1 &I- ---- ARGWENT P =,F6.2,13H OR ARGINENT I 

1 3HS =,F7.4/I.H , 8 X I 3 & I S  OUTSIDE OF ACCURATE DCMAIN FOR , 
1 l%FUNCTION HLIQ ----- ) 
END 
FUNCTION H ~ ( P ,  T 

C 
3 

C ********** PROGRAM E m y  OF SUBCOOED ********** 
* c *  

C ********** AND TEMPERATURE I N  DEGREES CELSIUS ********** 
C 

LIQUID IN KJ/KG GIVEN PRESSURE IN BARS 

DIMENSION A ( 1 2 )  
DATA I N ,  IOUT/8, 61 
IXTA A/-5.1424276&-1, 1.5082371CE-3, 1.1707449m 0, 

1 -7.6338718613-4, 1 .17088497E-1, -8.45802948E-4, 

1 -1.90349936E-1, 3.22138727~-1, 1.305708293-1/ 

# 

1 -4.3513792a-1, 60 95270896E-2, 9.153177143-1, 

C 
PR = P*4.52734517E-2 h 

SLIQ 
SLIQ 
SLIQ 
SLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLIQ 
HLFT 
HLFT 
HLPT 
HLIm 
HLPT 
HLIm 
HLJT 
HLPT 
HLFT 
HLFT 
E€LPr 
HLPT 
HLPT 
HLPT 
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TR = (n-273.15) /647.29 
K = 1  
IF (TR .GT. 0.66917) K = K+6 
IF (PR.LT.O.00106 .OR. PR.GT.5.02535 .OR. 
1 TR.LT.0.45289 .OR. TR.GT.0.91481) WRITE (IOUT,900) P, T 
AO = A(K ) + A(K+~)*PR 
Al = A(K+2) + A(K+3)FR 
A2 = A(K+4) + A(K+5)*PR 
HR = AO + N*TR + A~*TR*TR 
EKFT = 2099.3qR 

RE!TURN 
C 

900 FORMAT (1HO,l83- ---- ARXNENT P =,%.2,13H OR ARGWIENT , 
1 33°F =,F7.2/lH ,8X,34HIS OUTSIDE OF ACCURATE DCIlAIN FOR , 
1 19HFUNCTION HLPT ----- 1 
END 

II 
HLFT 63 
HLPT 
HLFT 
HLFT 
HLPT 
HLPT 
rn 
HLFT 
HLPT 
HLFT 
HLPT 
HLPT 
HLFT 
HLIm 
m 
HLPT 
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6 .  Example computer i n p u t  and o u t p u t  

The complete computer i n p u t  s t a t e m e n t s  used f o r  

t h e  two examples d e s c r i b e d  i n  Chapter  6 and t h e  correspond-  
& 

i ng  o u t p u t  s t a t e m e n t s  are shown i n  F i g s .  D-6 th rough D-9. 

a .  I n p u t  and o u t p u t  d a t a  n o t e s  f o r  Example 1 

Several p o i n t s  should be noted  i n  r e l a t i o n  t o  t h e  

i n p u t  s t a t e m e n t s  g iven  i n  F i g .  D-6.  F i r s t ,  t h e  e n t h a l p y  

and a v a i l a b i l i t y  v a r i a b l e s  XMAT (1) through XMAT ( 4 )  , ENTOTL, 

ENTOT2, AVAILS, and AVAIL2 do n o t  a f f e c t  t h e  c a l c u l a t i o n s  

i n  t h e  manual matching mode of o p e r a t i o n  and so may be set 

e q u a l  t o  ze ro .  Second, s i n c e  i d e n t i c a l  u n i t  p r o c e s s  equip-  

ment i s  used i n  t h e  conven t iona l  and t h e  geothermal  system, 

b 

t h e  c o s t  of t h e  equipment i s  i r r e l e v a n t  t o  t h e  d i f f e r e n t i a l  

economic a n a l y s i s  and t h e r e f o r e  XMAT2(1)  and CAREA(1) are 

set  e q u a l  t o  zero .  Th i rd ,  t h e  f i r s t  requi rement  f o r  elec- 

t r i c i t y  r e p r e s e n t s  t h e  pumping power f o r  t h e  geothermal  

f l u i d  p i p e l i n e .  F o u r t h ,  s i n c e  i n  t h i s  case t h e  geothermal 

f l u i d  u s e r  i s  a l s o  t h e  f i e l d  deve lope r ,  no f l u i d  i s  purchas-  

ed and C F L U I D  i s  set e q u a l  t o  ze ro .  F i f t h ,  as  w a s  no ted  

above, t h e  v a r i a b l e s  PROBT, PROBM, and PROBC are n o t  c u r r e n t -  

l y  used i n  t h e  program. S i x t h ,  LIFEBD, BONDRT, and DEBTEQ 

are set  e q u a l  t o  zero s i n c e  p r o j e c t  f i n a n c i n g  c o n s i d e r a t i o n s  

are t o  be omi t t ed  f r o m  t h i s  a n a l y s i s .  F i n a l l y ,  ROIREQ r e f e r s  

t o  t h e  r a t e  of r e t u r n  on t h e  geothermal  inves tment  t h a t  i s  
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employed i n  computing t h e  d e p l e t i o n  a l lowance  (see Appendix 

B )  

I n  r e l a t i o n  t o  t h e  o u t p u t ,  two p o i n t s  are  of i n t e r -  

es t  (F ig .  D-7). F i r s t ,  t h e  " F i r s t  L a w  e r ror"  f i g u r e s  on t h e  

second and t h i r d  pages  of t h e  o u t p u t  do n o t  app ly  t o  t h e  

manual matching mode of o p e r a t i o n  and  so should  be ignored .  

Second, on page 6 of t h e  o u t p u t  t h e  d i s c o u n t e d  payback p e r i -  

od i s  l i s t e d  as  1 0 0  y e a r s  d e s p i t e  t h e  f a c t  t h a t  t h e  n e t  p re -  

s e n t  v a l u e  of system s a v i n g s  i s  n e g a t i v e  (which i m p l i e s  an  

i n f i n i t e  payback p e r i o d ) .  S i n c e  t h e  computer i s  n o t  c a p a b l e  

of g e n e r a t i n g  an  e x p r e s s i o n  f o r  i n f i n i t y ,  a v a l u e  of 100 

y e a r s  i s  used  t o  r e p r e s e n t  i n d e f i n i t e l y  long  payback p e r i o d s .  

I 
n 
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R U N  N U M B E R :  9. C A S E  N U M B E R :  1 

GEOTHERMAL RESOURCE LOCATION: 
NORTHWESTERN UNITED STATES 

INDUSTRIAL PROCESS APPLICATION: 
LARGE PULP AND PAPER FIRM 

Y 

0 
C 

H 

E 
U 
I 
4 

I 

0 
C 
'd 
C 
GI 

Q 

----- EXAMPLE 1 ----- 

. 

w 
03 
03 
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R U N  N U M B E R :  9. C A S E  N U M B E R :  1 

C O N V E N T I O N A L  S Y S T E M  M A T C H  R E S U L T  D A T A :  

AUXILIARY ENERGY REQUIRED : 
TEMP ( C )  PRESSURE (BARS) ENERGY (KW) 

2 5 3 . 8 5  42.383 3 . 6 8 6 8 E + 0 4  

EQUIPMENT S I Z E  DATA: 
EQUIPMENT DESCRIPTION S I Z E  PARAMETER 1 PARAMETER 2 

1 PROCESS EQUIPMENT . 204117 .OOOO 1 .oooo 

TOTAL PROCESS ENERGY REQUIREMENT. . . . . . = 3 . 0 3 7 3 E + 0 4  
TOTAL PROCESS ELECTRICITY USE . . . . . . . = O.OOOOE+OO 
TOTAL PROCESS AUXILIARY FOSSIL  FUEL HEAT. . = 3 . 6 8 6 8 E + 0 4  
TOTAL GEOTHERMAL SUPPLY MASS FLOW RATE. . . = O . O O O O E + O O  
TOTAL SUPPLY STREAM ENTHALPY. . . . . . . . = 4 . 4 6 5 7 E + 0 4  
TOTAL SUPPLY STREAM ENTHALPY AT EXIT .  . . . = 4 . 4 6 5 7 E + 0 4  
TOTAL SUPPLY STREAM AVAILABILITY. . . . . . = O.OOOOE+OO 
TOTAL SUPPLY STREAM AVAILABILITY AT EXIT.  . = O.OOOOE+OO 
TOTAL MASS FLOW O F  WATER REQUIRED . . . . . = 1 . 5 1 9 6 E + O 5  

2 1 . 3 8 3 5  - F I R S T  LAW ERROR . . . - 

Kw 
m7 
Kw 
K G / H R  
Kw 
Kw 
Kw 
Kw 
KG/HR 
8 

CURRENT PROCESS EQUIPMENT COSTS: PROCESS COST 
1 $O.OOOE+OO 
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R U N  N U M B E R :  9. C A S E  N U M B E R :  1 

G E O T H E R M A L  S Y S T E M  M A T C H  R E S U L T  D A T A :  

AUXILIARY ENERGY REQUIRED: 
TEMP ( C )  PRESSURE (BARS) ENERGY ( K W )  

253  .-85 4 2 . 3 8 2  1 . 1 6 6 8 E + 0 4  
0.00 0.000 2.21OOE+O1 
0 .oo 0 .ooo 2.38OOE+Ol 

EQUIPMENT S I Z E  DATA: 
EQUIPMENT DE S C R I  P T  I ON S I Z E  PARAMETER 1 PARAMETER 2 

1 PROCESS EQUIPMENT . 204117  .OOOO 1 .oooo 
2 HEAT EXCHANGER. 200000.0000 2 7 8 8 6 . 0 9 9 6  

TOTAL PROCESS ENERGY REQUIREMENT. . . . . . = 3 . 0 3 7 3 E + 0 4  
TOTAL PROCESS ELECTRICITY USE . . . . . . . = 4 . 5 9 0 0 E + 0 1  
TOTAL PROCESS AUXILIARY F O S S I L  FUEL HEAT. . = 1 . 1 6 6 8 E + O 4  
TOTAL GEOTHERMAL SUPPLY MASS FLOW RATE. . . = 2 . 0 0 0 0 E + 0 5  
TOTAL SUPPLY STREAM ENTHALPY. . . . . . . . = 5 . 5 4 7 8 E + 0 4  
TOTAL SUPPLY STREAM ENTHALPY AT E X I T .  . . . = 5 . 5 4 7 8 E + 0 4  
TOTAL SUPPLY STREAM AVAILABILITY. . . . . . = 0 . 0 0 0 0 E + 0 0  
TOTAL SUPPLY STREAM AVAILABILITY AT E X I T .  . = 0 . 0 0 0 0 E + 0 0  
TOTAL MASS FLOW O F  WATER REQUIRED . . . . . = 1 . 8 7 6 1 E + 0 5  
F I R S T  LAW ERROR . . . . . . . - - -61.4334 

CURRENT PROCESS EQUIPMENT COSTS: PROCESS COST 
1 $O.OOOE+OO 

KW 
Kw 
Kw 
KG/HR 
KW 
KW 
Kw 
Kw 
KG/HR 
8 

G, 
W 
0 

L A 
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R U N  N U M B E R :  9. C A S E  N U M B E R :  1 

a 

t 

E C O N O M I C  D A T A :  

. . . . .  2 NUMBER OF PRODUCING WELLS NEEDED. - - 
2 NUMBER OF EXTRA WELLS . . . . . . . . . . .  - 

NEW WELLS PER YEAR PER PRODUCING WELL - - 
LAND ACQUISITION COST . . . . . . . . . . .  = 200000. 1978 $ 
COST PER WELL . . . . . . . . . . . . . . .  = 1800000. 1978 $ 
COST OF FLUID TRANSMISSION SYSTEM . . . . .  = 4500000. 1978 $ 
OTHER COSTS (EXPLORATION, ETC.) . . . . . .  = 500000. 1978 $ 
ANNUAL FIELD MAINTENANCE COST . . . . . . .  = 250000. 1978 $ 

0. 1978 $ ANNUAL COST FOR REPLACEMENT WELLS . . . - - 
FRACTION OF WELL COSTS ATTRIBUTABLE TO 

FRACTION OF TANGIBLE WELL COSTS 

- . . .  0.067 (YEAR)-1 

TANGIBLE EXPENSE. . . . . . . . . . . . .  = 40.0000 % 

ALLOCATABLE TO DEPLETABLE ACCOUNTS. . . .  = 80.0000 % 
COST OF GEOTHERMAL FLUID. . . . . . . . . .  - - o .oooo CENTS /KG 

PROBABILITY DISTRIBUTION FOR STREAM TEMPERATURE : 
P(ACTUAL T .LE. GIVEN T)= 25% AT T = 0.03 c 

= 50% AT T = 165.00 . C 
= 75% AT T = 0.00 c 

PROBABILITY DISTRIBUTION FOR STREAM FLOW RATE: 
P(ACTUAL M .LE. GIVEN M)= 25% AT M = O.OOOOE+OO KG/HR 

= 50% AT M = l.OOOOE+05 RG/HR 
= 75% AT M = O.OOOOE+OO KG/HR 

PROBABILITY DISTRIBUTION FOR COST OF FLUID: 
P(ACTUAL C .LE. GIVEN C)= 25% AT C = 0.00000 C/KG 

= 75% AT C = 0.00000 C/KG 
= 50% AT c = o.ooooo C/KG 

1982 PROJECT STARTING DATE - - 
PROJECT CONSTRUCTION TIME - - 
PROJECT OPERATING LIFE. = 

FRACTION OF TOTAL INVESTMENT MADE EACH YEAR: 

. . . . . . . . . . .  . . . . . . . . .  3 YEARS 
15 YEARS . . . . . . . . . .  

0.100 0.400 0.500 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.000 

COST OF ELECTRICITY IN 1978 . . . . . . . .  = 1.3699 $/GJ 
2.5571 $/GJ COST OF FOSSIL FUEL IN 1978 . . . . . . . .  - - 

INFLATION FACTORS: PRICE FOSSIL ELECT. GT FLUID 
THROUGH 198 6 : 7.50% 11.20% 8.50% 11.20% 
AFTER 1986: 7.00 8.00 7.60 8.00 

-. . 



DEPRECIATION L I F E T I M E  . . e 

SALVAGE VALUE AS PERCENTAGE OF INVESTMENT 
BOND L I F E T I M E  TO MATURITY . . . . . . . .  
BOND INTEREST RATE. . . 
DEBT/EQUITY RATIO . . . . . . . . . . . .  
INVESTMENT TAX CREDIT 
PROPERTY TAX RATE . . . . . . . . . . . .  
OVERALL MARGINAL INCOME TAX RATE. . . . .  
INSURANCE PREMIUM RATE. . . . . . . . . .  
OPERATING AND MAINTENANCE COST RATE . . .  
ANNUAL CAPACITY FACTOR. . . . . . . . . .  
DISCOUNT RATE . . . . . . . . . . . . . .  
RATE O F  RETURN REQUIRED BY INVESTORS ON 

DEPLETABLE INVESTMENT . . . . . . . . .  
ROYALTIES ON GEOTHERMAL FLUID PRODUCTION. 

- . -  . -  . -  . -  . -  . -  . -  . -  

- 
- 
- 
- 
- 
- 
- 

- . -  . -  - 

13 
2.00 

0 
0.00 
0.00 

20.00 
2 . 2 0  

48.00 
0.12 
2.00 

7 5 . 0 0  
20 .00  

20 .00  
12.00 

YEARS 
% 
YEARS 
% 

% 
CENTS / $ 
% 
CENTS/ $ 
CENTS/$ 
a 
% 

% 
% 

w 
u) 
N 

A h 
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R U N  N U M B E R :  9. C A S E  N U M B E R :  1 

E C O N O M I C  R E S U L T S :  FRAC = 1,0000 

TOTAL INVESTMENT I N  GEOTHERMAL SYSTEM 
I N  CONSTANT DOLLARS . . . . . . . . . . .  = 1 . 2 7 0 1 E + 0 7  $ 
I N  CURRENT DOLLARS. . . . . . . . . . . .  = 1 . 8 7 9 0 E + 0 7  $ 

TOTAL INVESTMENT I N  GEOTHERMAL F I E L D  

TOTAL INVESTMENT I N  CONVENTIONAL SYSTEM 

N E T  P R E S E N T  VALUE O F  G T  S Y S T E l l  CASH FLOWS.. = - 1 . 6 2 7 8 E + 0 7  $ 
NET PRESENT VALUE O F  CONVENTIONAL 

SYSTEM CASH FLOWS . . . . . . . . . . . .  = - 1 . 4 3 6 6 E + 0 7  $ 
N E T  PRESENT VALUE O F  SYSTEM S A V I N G S  . . . .  = - 1 . 9 1 1 6 E + 0 6  $ 

I N  CONSTANT DOLLARS . . 1 * 2 4 0 0 E + 0 7  $ 

I N  CONSTANT DOLLARS . . . . . . . . . . .  = 0 . 0 0 0 0 E + 0 0  $ 

DISCOUNTED PAYBACK P E R I O D  . - - 
INTERNAL RATE O F  RETURN . . . . - - 
CASH FLOWS: 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
14  
15 
16  
1 7  
18 

YEAR 

1982 
1903 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 

F O S S I L  

$ O.OOOE+OO 
$ 0.000E+00 
$ O.OOOE+OO 
$ - 3 . 0 4 7 E + 0 6  
$ - 3 . 3 8 9 E + 0 6  
$ - 3 . 6 6 0 E + 0 6  
$ - 3 . 9 5 2 E + 0 6  
$ - 4 . 2 6 9 E + 0 6  
$ - 4 . 6 1 0 E + 0 6  
$ - 4 . 9 7 9 E + 0 6  
$ - 5.3 7 7 E+O 6 
$ - 5 . 8 0 7 E + 0 6  
$-6.27 2 E + 0 6  
$-6.7743+06 
$ - 7 . 3 1 6 E + 0 6  
$ - 7 . 9 0 1 E + 0 6  
$-8.5333+06 
$-9.2163+06 

GEOTHERMAL 

100 YEARS 
16.6355 % 

SAVING 

$ - 1 . 2 7 7 E + 0 6  
$ - 5 . 5 1 5 E + 0 6  
$ - 7 . 4 9 9 E + 0 6  
$ 2 . 2 1 9 E + @ 6  
S 2 . 3 7 4 E + 0 6  
$ 2 . 4 8 1 ~ + 0 6  

$ 2 . 7 3 2 ~ + 0 6  

$ 3 . 0 4 2 ~ + 0 6  
$ 3 . 2 2 2 E + 0 6  

$ 3.880~+06 
$ 4 . 1 4 3 E + 0 6  
$ 4 .432~+06  
$ 4.748Ek06 
$ 5.13%+06 

$ 2 . 6 0 0 E + 0 6  

$ 2 . 8 8 0 E + 0 6  

$ 3 . 4 2 1 E + 0 6  
$ 3 . 6 3 9 E + 0 6  

c 

w 
W 
w 
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b. I n p u t  and o u t p u t  d a t a  n o t e s  f o r  Example 2 

The fo l lowing  comments are in t ended  t o  a id  i n  

i n t e r p r e t i n g  t h e  i n p u t  and o u t p u t  s t a t e m e n t s  f o r  Example 2 .  

F i r s t ,  t h e  geothermal  f l o w  ra te  loop o p t i o n  des-  

c r i b e d  i n  Chapter  2 i s  n o t  employed. The v a r i a b l e s  STARTM 

and F I N A L M  are therefore bo th  set e q u a l  t o  u n i t y .  Second, 

i n p u t  f l u i d  streams numbers 3 th rough 8 r e p r e s e n t  t h e  e x i t  

streams f r o m  u n i t  processes numbers 1 through 6 .  These 

streams are re -en te red  as  i n p u t  t o  a l l o w  c l o s u r e  of f l u i d  

loops ( a s  w a s  d i s c u s s e d  i n  Chapters 3 and 6 ) .  The f l o w  

ra tes  are i n i t i a l l y  set t o  z e r o  s i n c e  t h e y  are n o t  needed 

i n  t h e  conven t iona l  system. T h i r d ,  t h e  u n i t  p r o c e s s e s  are 

l is ted as  d i r e c t - i n j e c t i o n  t y p e  p r o c e s s e s .  T h i s  restric- 

t i o n  i s  necessa ry  i f  closed f l u i d  loops  are be ing  employed. 

Four th ,  s i n c e  i n  t h i s  c a s e  t h e  p r o c e s s  equipment has  a l -  

ready  been i n s t a l l e d  and w i l l  n o t  be changed, t h e  cost  of 

equipment i s  i r r e l evan t .  The v a r i a b l e s  CAREA(J) are t h u s  

set e q u a l  t o  z e r o .  F i f t h ,  t w o  dummy p r o c e s s e s  are used t o  

pe rmi t  i n t e r a c t i v e  o p e r a t i o n  of t h e  program (as w a s  des- 

c r i b e d  i n  Chapter  2 ) .  I t  should  be noted  t h a t  t h e  second 

of these r e p r e s e n t s  a requi rement  f o r  f o s s i l  f u e l ,  whi le  

t h e  f i r s t  i s  l e f t  blank a t  t h i s  p o i n t .  

The e l e v e n t h  page of t h e  o u t p u t  shows i n  echo- 

p r i n t  form t h e  i n t e r a c t i v e  i n p u t  t o  t h e  program mentioned 
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i n  Chapter  2 ,  I n  t h i s  s i t u a t i o n  the  i n p u t  i s  used t o  a l t e r  

stream d a t a  f o r  t h e  geothermal  system. The c h a r a c t e r i s t i c s  

of t h e  e i g h t h  p r o c e s s  (a dummy process) are now altered t o  

e s t a b l i s h  a requi rement  f o r  e l e c t r i c i t y  on t h e  p a r t  of geo- 

thermal r e i n j e c t i o n  pumps. 
1 

1 
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a 

P 

b 

a 

18 1 2 
ONTARIO, OFEWN 
ORE-IDA FOOD PRCCESSING FACILITY 

(MALHEUR C0UM"I). WELLS NE OF INEXSTA' IT  1-80 NEAR SN?W3 RIVER 
(REITOFIT APPLICATION) 

1 1 0 0 1.0 1.0 0.5 1.0 1.0 1.0 1.0 
8 
150.0 6.895 631.96 162532.2 

6.895 
150.0 4.758 632.23 50oooO. 0 

4.758 

PROBABLY NA, CL, CA 0.001 4 3 0.001 

NONE 0.0 1 1 0.0 

93.0 1.6 309.49 0.0 
mNE 0.0 1 1 0.0 

1.6 
66.0 1.01325 275.76 0.0 

NONE 0.0 1 1 0.0 
1.01325 

38.0 1.01325 158.77 0.0 
mNE 0.0 1 1 0.0 

1.01325 
38.0 1.01325 158.77 0.0 

mNE 0.0 1 1 0.0 
1.01325 

38.0 1.01325 158.77 0.0 
r6hE 0.0 1 1 0.0 

1.01325 
38.0 1.01325 158.77 0.0 

NONE 0.0 1 1 0.0 
1.01325 
9 
91.0 1.6 1207.5 31146.8 3 1 1.0 19.0 19.0 0.0 
64.5 1.0 1650.0 51074.5 3 1 1.0 15.0 15.0 0.0 
36.0 1.0 4841.5 74933.5 3 1 1.0 29.5 29.5 0.0 
36.0 1.0 4325.7 133900.5 3 1 1.0 15.6 15.6 0.0 
36.0 1.0 2614.2 80920.9 3 1 1.0 15.6 15.6 0.0 
36.0 1.0 3223.8 99790.3 3 1 20.0 15.6 15.6 0.0 
28.0 1.0 767.8 11884.1 0 1 1.0 10.0 10.0 0.0 
0.0 0.0 0.0 0.0 1 1 0.0 0.0 0.0 0.0 
0.0 -1.0 18630.5 0.0 1 1 0.0 0.0 0.0 0.0 
2 1  0.0 0.0 782000.0 443000.0 731500.0 81000.0 0.0 

150.0 150.0 150.0 162532.2 162532.2 162532.2 
1.0 0.0 0.0 

0.0 0.0 0.0 
197C 2 15 
0.1811 0.8189 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.06OoO 0.10740 0.07274 0.00000 0.06000 0.07590 0.07274 O.Ooo00 
15 0.0 
15 0.085 0.0 

2.2M?-6 2.81tE-6 

0.1000 0.026 0.48 
0.0011 0.050 0.60 
0.1000 0.100 0 .oo 

F I G U R E  D-8 - INPUT FOR EXAMPLE\¶WO 
. -  - I 

Gr$ 



R U N  N U M B E R :  18. C A S E  N U M B E R :  '1 

HEATED SOLELY BY F O S S I L  FUEL 

GEOTHERMAL SUPPLY FLOW RATE FRACTION: START = 1.000 
END = 1.000 

GEOTHERMAL RESOURCE LOCATION: 
ONTARIO, OREGON (MALHEUR COUNTY). WELLS NE O F  INTERSTATE 1-80 NEAR SNAKE RIVER 

M 

E w 
F 
M 

MASS FLOW RATE CUTOFF POINTS:  
1.000 1.000 1.000 1.000 
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R U N  N U M B E R :  18. C A S E  N U M B E R :  1 

3 

3 

9 '  

S U P P L Y  S T R E A M  D A T A . :  

150.00 C T E M P E R A T U R E .  - 
P R E S S U R E . . . . . . . . . . . . . . . . . .  - - 
ENTHALPY. . -  - 
MASS FLOW RATE. . . . . . . . . . . . . . .  = 1.62533+05 KG/HR 
MINIMUM ALLOWABLE FLASH PRESSURE.  - - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = PROBABLY NA, C L ,  CA 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00100 KG/KG 
SCALING INDEX - 
T O X I C I T Y  INDEX. - - 
AMOUNT O F  NOM-CONDENSABLE CAS PRESENT a - - 0.0010 KG/KG 
COMPUTED STREAM P U R I T Y  PARAMETER. a . . - - 

. . . . . . . . . . . . .  . e -  

6 .895  BARS . . . . . . . . . . . . . . . .  631 .96  J / G  

. . . . .  6 .895  BARS 

4 
3 

0 

. . . . . . . . . . . . . . .  - . . . . . . . . . . . . . .  

150.00 C 

632 .23  J/G 

TEMPERATURE.  . a -  - 
P R E S S U R E . .  e -  - 
ENTHALPY- - . . . . . . . . . . . . . . .  . e -  

MASS FLOW RATE. . . . . . . . . . . . . . .  = 5 . 0 0 0 0 E + 0 5  KG/HR 
MINIMUM ALLOWABLE FLASH PRESSURE. - - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 KG/KG 
S C A L I N G I N D M . .  - - 
T O X I C I T Y  INDEX. - 
AMOUNT O F  NON-CONDENSABLE GAS PRESENT - - - 
COMPUTED STREAM PURITY PARAMETER. - - 

. . . . . . . . . . . . .  . . . . . . . . . . . . . . .  4.758 BARS 

4.758 BARS . . . . . .  
1 
1 

. . . . .  1 

. . . . . . . . . . . . .  . . . . . . . . . . . . . .  - 
0.0000 KG/KG 

T E M P E R A T U R E .  . . . . . . . . . . . . . . .  = 93 .00  
1.600 PRESSURE. - 

389.49 ENTHALPY. e -  - 
MASS FLOW RATE. . . . . . . . . . . . . . .  = O.OOOOE+OO 

1 . 6 0 0  MINIMUM ALLOWABLE FLASH PRESSURE. . . . . .  - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 

1 SCALING I N D E X  - . . . . . . . . . . . . . . .  - 
1 T O X I C I T Y  INDEX. - 

0 .oooo AMOUNT O F  NON-CONDENSABLE GAS PRESENT - 
1 COMPUTED STREAM P U R I T Y  PARAMETER. . . . . .  - 

. . . . . . . . . . . . . . . .  . -  . . . . . . . . . . . . . . . .  
- 

. . . . . . . . . . . . . .  - - 
- 

TE:SERATURE - 
P R E S S U R E . .  . . . . . . . . . . . . . . .  e -  

E N T H A L P Y . .  . . . - 
MASS FLOW RATE. . . . . . . . . . . . . . .  - 
MINIMUM ALLOWABLE FLASH PRESSURE. - - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  5: 

TOTAL DISSOLVED S O L I D S .  - . . - 
S C A L I N G I N D M . .  . . . . . .-- - 
T O X I C I T Y  INDEX. . . . . . . . . . . . . . .  = 
AMOUNT O F  NON-CONDENSABLE GAS PRESENT . . .  - 
COMPUTED STREAM P U R I T Y  PARAMETER. . . . . .  = 

. . . . . . . . . . . . . . . .  - - 
- 
- . . . . .  
- 

- 

6 6  .OO 
1 . 0 1 3  

275.76 
0.0000E+00 

1 .013  

0 .00000 
1 
1 

0.0000 
1 

NONE 

C 
BARS 
J / G  
KG/HR 

KG/KG 

BARS 

KG/KG 

C 
BARS 
J /G 
KG/HR 

KG /KG 

BARS 

KG/KG 

-- . 
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4 

38.00 TEMPERATURE.  - 
1.013 PRESSURE. - 

158.77 ENTHALPY. . . . . . . . . . . . . . . . . .  - 
MASS FLOW RATE. . . . . . . . . . . . . . .  = 0 . 0 0 0 0 E + 0 0  . . . . .  1.013 MINIMUM ALLOWABLE FLASH PRESSURE.  - - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 

1 SCALING INDEX . . . . . . . . . . . . . . .  - 
1 T O X I C I T Y  INDEX. - 

0 .oooo AMOUNT O F  NON-CONDENSABLE GAS PRESENT . . .  - . . . . .  1 COMPUTED STREAM P U R I T Y  PARAMETER. - - 
. . . . . . . . . . . . . . .  38 .OO T E M P E R A T U R E .  - - 

1.013 P R E S S U R E . .  . . . . . . . . . . . . . . . .  - 
158.77 ENTHALPY. . . . . . . . . . . . . . . . .  a -  

MASS FLOW RATE. . . . . . . . . . . . . . .  = O.OOOOE+OO 
1.013 MINIMUM ALLOWABLE FLASH PRESSURE.  - 

F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 

1 S C A L I N G I N D E X . .  - - 
1 T O X I C I T Y  INDEX. - 

0.0000 AMOUNT O F  NON-CONDENSABLE GAS PRESENT . . .  - 
1 COMPUTED STREAM P U R I T Y  PARAMETER. - 

. . . . . . . . . . . . . . .  - . . . . . . . . . . . . . . . . .  - - 

- . . . . . . . . . . . . . .  - - 

- 
- 

. . . . .  - 

. . . . . . . . . . . . .  . . . . . . . . . . . . . .  - - . . . . .  - 
38.00 T E M P E R A T U R E . . . . . . . . . . . . . . . . -  - 
1.013 P R E S S U R E . .  . . . . . . . . . . . . . . . .  - . . . . . . . . . . . . . . . . .  158.77 ENTHALPY. - - 

MASS FLOW RATE. . . . . . . . . . . . . . .  = O.OOOOE+OO 
1.013 MINIMUM ALLOWABLE FLASH PRESSURE.  - - 

F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 

1 S C A L I N G I N D E X .  . . . . . . . . . . . . . .  - . . . . . . . . . . . . . .  1 T O X I C I T Y  INDEX. - - 
0 .oooo AMOUNT O F  NON-CONDENSABLE GAS PRESENT - 

1 COMPUTED STREAM P U R I T Y  PARAMETER. . . . . .  - 
38 .OO T E M P E R A T U R E . .  . . . . . . . . . . . . . .  - 
1.013 P R E S S U R E . .  - 

158.77 ENTHALPY. - 
'MASS FLOW RATE. . a a . e a . a e . a . a e = 0 . 0 0 0 0 E + 0 0  

1.013 MINIMUM ALLOWABLE FLASH PRESSURE. - 
F L U I D  CHEMISTRY . . . . . . . . . . . . . .  = NONE 
TOTAL DISSOLVED S O L I D S .  . . . . . . . . . .  = 0.00000 

1 SCALING INDEX - - 
1 T O X I C I T Y  INDEX. - 

0.0000 AMOUNT O F  NON-CONDENSABLE GAS PRESENT - 
1 COMPUTED STREAM P U R I T Y  PARAMETER. - 

- 

- 

. . .  - - 
- . . . . . . . . . . . . . . .  a -  . . . . . . . . . . . . . . . .  . -  

. . . . .  - 
. . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  - . . .  - . . . . .  - 

C 
BARS 
J /G 
KG/HR 
BARS 

KG/KG 

KG /KG 

C 
BARS 
J /G  
KG/HR 

KG/KG 

BARS 

KG/KG 

C 
BARS 
J /G  
KG/HR 

KG/KG 

BARS 

KG /KG 

C 
BARS 
J / G  
KG/HR 

KG/KG 

BARS 

KG/KG 

i 

-. 
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I N D U S T R I A L  A P P L I C A T I O N  P R O C E S S E S :  

PROCESS TEMP PRESSURE HEAT FLOW RATE PURE PHASE H.T.C. DELTl  
( c )  (BAKS) (KW) (KG/HR) ( c )  

91.0 1.600 1 . 2 0 8 E + 0 3  3 . 1 1 5 E + 0 4  
64.5 1.000 1 . 6 5 0 E + 0 3  5 . 1 0 7 E + 0 4  
36.0 1.000 4 . 8 4 2 E + 0 3  7 . 4 9 3 E + 0 4  
36.0 1.000 4 . 3 2 6 E + 0 3  1 . 3 3 9 ~ + 0 5  
36.0 1.000 2 . 6 1 4 E + 0 3  8 . 0 9 2 E + 0 4  
36.0 1.000 3 . 2 2 4 E + 0 3  9 . 9 7 9 E + 0 4  
28.0 1.000 7 . 6 7 8 E + 0 2  1 . 1 8 8 E 4 0 4  

0.0 0.000 o . O O o E + O O  0 . 0 0 0 E + 0 0  
0.0 -1.000 1 . 8 6 3 E + O 4  O.OOOE+OO 

CURRENT PROCESS EQUIPMENT COSTS: PROCESS COST 
1 $O.OOOE+OO 
2 O.OOOE+OO 
3 O.OOOE+OO 
4 O.OOOE+OO 
5 O.OOOE+OO 
6 O.OOOE+OO 
7 0 .OOOE+OO 
8 O.OOOE+OO 
9 0 .OOOE+OO 

1.00 19.00 
1.00 15.00 
1.00 29.50 
1.00 15.60 
1.00 15.60 

2 0 . 0 0  15.60 
1.00 10.00 
0.00 0 .00  
0.00 0.00 

de1t2 
( c )  

19.00 
15.00 
29.50 
15.60 
15.60 
15.60 
10.00 

0.00 
0 .00  
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R U N  N U M B E R :  18. C A S E  N U M B E ' R :  1 - 
E C O N O M I C  D A T A :  

2 - NUMBER OF PRODUCING WELLS NEEDED. - - NUMBER OF EXTRA WELLS . . . . . . . . . . .  - 
NEW WELLS PER YEAR PER PRODUCING WELL . . .  - 
LAND ACQUISITION COST . . . . . . . . . . .  - 
COSTPERWELL.. . . . . . . . . . . . . .  - 
COST OF FLUID TRANSMISSION SYSTEM . . . . .  - 
OTHER COSTS (EXPLORATION, ETC.) . . . . . .  - 
ANNUAL FIELD MAINTENANCE COST . . . . . . .  - 
ANNUAL COST FOR REPLACEMENT WELLS . . . . .  - 

TANGIBLE EXPENSE. . . . . . . . . . . . .  - 
FRACTION OF TANGIBLE WELL COSTS 
ALLOCATABLE TO DEPLETABLE ACCOUNTS. . . .  - - 

COST OF GEOTHERMAL FLUID. . . . . . . . . .  - 

- 
- 
- 
- - 
- 
- 

FRACTION OF WELL COSTS ATTRIBUTABLE TO - 

- 

1 
0.000 

0. 
782000. 
443000. 
7 3 1500.. 
81000. 

0. 

100.0000 

0.0000 
0 .oooo 

(YEAR) -1 
1978 $ 
1978 $ 
1978 $ 
1978 $ 
1978 $ 
1978 $ 

% 

% 
CENTS /KG 

PROBABILITY DISTRIBUTION FOR STREAM TEMPERATURE : 
P(ACTUAL T .LE. GIVEN T)= 25% AT T = 150.00 C 

= 50% AT T = 150.00 C 
= 75% AT T = 150.00 C 

PROBABILITY DISTRIBUTION FOR STREAM FLOW RATE : 
P(ACTUAL M .LE. GIVEN M)= 25% AT M = 1.6253E+05 KG/HR 

= 50% AT M = 1.6253E+O5 KG/HR 
= 75% AT M = 1.6253E+05 KG/HR 

PROBABILITY DISTRIBUTION FOR COST OF FLUID: 
P(ACTUAL c .LE. GIVEN c)= 25% AT c = o.ooooo C/KG 

= 50% AT c = o.ooooo C/KG 
= 75% AT C = 0.00000 C/KG 

1978 - PROJECT STARTING DATE . . . . - 
2 YEARS 
15 YEARS 

- PROJECT CONSTRUCTION TIME . . . . . . . . .  - 
- PROJECT OPERATING LIFE. e . . . - 

FRACTION OF TOTAL INVESTMENT MADE EACH YEAR: 
0.181 0.819 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2.2480 $/GJ 
2.8100 $/GJ 

- COST OF FOSSIL FUEL IN 1978 . . . . . . . .  - 
COST OF ELECTRICITY IN 1978 . . . . . . . .  - - 

1 

INFLATION FACTORS: PRICE FOSSIL ELECT. GT FLUID 
THROUGH 1986: 6.00% 10.74% 7.27% 0.00% 
AFTER 1986: 6.00 7.59 7.27 0.00 

n 
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D E P R E C I A T I O N  L I F E T I M E  . . . . . . . . . .  
SALVAGE VALUE A S  PERCENTAGE O F  INVESTMENT 
BOND L I F E T I M E  TO MATURITY . . . . . . . .  
BOND I N T E R E S T  RATE. . . . . . . . . . . .  
DEBT/EQUITY RATIO . . . . . . . . . . . .  
INVESTMENT TAX C R E D I T  . . . . . . . . . .  
PROPERTY TAX RATE . . . . . . . . . . . .  
OVERALL MARGINAL INCOME TAX RATE. . . . .  
INSURANCE PREMIUM RATE. . . . . . . . . .  
OPERATING AND MAINTENANCE COST RATE . . .  
ANNUAL CAPACITY FACTOR. . . . . . . . . .  
DISCOUNT RATE . . . . . . . . . . . . . .  
RATE O F  RETURN REQUIRED BY INVESTORS ON 

DEPLETABLE I NVE STMENT . . . . . . . . .  
ROYALTIES ON GEOTHERMAL F L U I D  PRODUCTION. 

- . -  . -  . -  
* -  

- 
- 
- 
- . -  . -  - 
- . -  
- . -  
- . -  . -  - 
- . -  
- . -  
- . -  . -  - 

15 
0.00 

15 
8.50 
0 .oo 
10.00 

2.60 
48.00 
0.11 
5.00  

60.00 
10.00 

10.00 
0 .oo 

YEARS 
% 
YEARS 
% 

% 
CENTS/$  
% 
CENTS/$  
CENTS/$ 
% 
% 
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F L U I D  S T R E A M S  A F T E R  P R O C E S S  1 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES C ) (BARS) ( J / G )  ( K G / H R )  

9 150.0 4.758 632.23 4.6885E+05 1 0.0000 0.00000 
2 117 .3  4.758 492.67 3.1147E+04 3 0.0000 0.00000 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  2 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
I (DEGREES C ) (BARS) ( J / G )  ( K G / H R )  

1 0  150.0 4.758 632.23 4.1778E+05 1 0.0000 0.00000 
9 122.7 4.758 5 1 5.9 3 5.107 5E+04 3 0.0000 0.00000 
2 117.3 4.758 492.67 3.1147E+04 3 0.0000 0.00000 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  3 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES c )  (BARS)  ( J / G )  ( K G / H R )  

11 150.0 4.758 632.23 3.4285E+05 1 0.0000 0.00000 
9 122 .7  4.758 515.93 5.1075E+04 3 0 .oooo 0 .ooooo 
2 117.3 4.758 492.67 3.1147E+04 3 0.0000 0.00000 

13 95.3 4.758 399.63 7.4934E+04 3 0 .oooo 0 .ooooo 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  4 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW KATE PURE NON-COND. TDS 
(DEGREES C )  (BARS) ( J / G )  ( K G / H R )  

1 2  150.0 4.758 632.23 2.0894E+05 1 0 .oooo 0 .ooooo 
9 122.7 4.758 515.93 5.10753+04 3 0.0000 0.00000 

11 122.7 4.758 515.93 1.3390E+Q5 3 0 .oooo 0 .ooooo 
2 117.3 4.758 492.67 3.1147E+04 3 0.0000 0.00000 

1 0  95.3 4.758 399.63 7.4934E+04 3 0 .oooo 0.00000 



... 
F L U I D  S T R E A M S  A F T E R  P R O C E S S  6 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES C )  (BARS) ( J / G )  ( K G / H R )  

1 3  150.0 4.758 632.23 1.091 5E+05 1 0 .oooo 0 .ooooo 
9 122.7 4.758 515.93 5.1075E+04 3 0.0000 0.00000 

1 2  122.7 4.758 51  5.93 9.97903+04 3 0 .oooo 0 .ooooo 
11 122.7 4.758 515.93 1.33903+05 3 0.0000 0.00000 

2 117.3 4.758 492.67 3.1147E+04 3 0 .oooo 0 .ooooo 
10 95.3 4.758 399.63 7.4934E+04 3 0.0000 0.00000 . '  

F L U I D  S T R E A M S  A F T E R  P R O C E S S  5 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES C )  (BARS) ( J / G )  ( K G / I ~ R )  

1 4  150.0 4.758 632.23 2.8233E+04 1 0.0000 0.00000 
9 122.7 4.758 515.93 5.1075E+04 3 0 .oooo 0 .ooooo 

1 3  122.7 4.758 515.93 8.0921E+04 3 0.0000 0.00000 
1 2  122.7 4.758 5 1 5 .9 3 9.9 7 9 OE+04 3 0 .oooo 0 .ooooo 
11 122.7 4.758 515.93 1.3390E+05 3 0.0000 0.00000 

2 11 7.3 4.758 492.67 3.1147E+04 3 0 .oooo 0 .ooooo 
10 95.3 4.758 399.63 7.4934E+04 3 0.0000 0.00000 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  7 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES c )  ( B A R S )  ( J / G )  ( K G / H R )  

1 5  
9 

1 3  
1 2  
11 

2 
1 4  
10 

150.0 4.758 
122.7 4.758 
122.7 4.758 
122.7 4.758 
122.7 4.758 
117.3 4.758 

95.3 ~ 4.758 
95.3 4.758 

632.23 1.6349E+04 
515.93 5.1075E+04 
515.93 8.0921E+04 
5 1 5.9 3 9.97 9 OE+04 
515.93 1.3390E+05 
492.67 3.1147E+04 
399.64 1.1884E+04 
399.63 7.4934E+04 

1 0.0000 
3 0 .oooo 
3 0.0000 
3 0 .oooo 
3 0.0000 
3 0 .oooo 
1 0.0000 
3 0 .oooo 

0.00000 
0 .ooooo 
0.00000 
0 .ooooo 
0.00000 
0 .ooooo 
0.00000 
0 .ooooo 

I 

L 
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R U N  N U M B E R :  18. C A S E  N U M B E R :  1 

E N E R G Y  P R O F I L E  M A T C H  R E S U L T S :  FRAC = 0.0000 

A U X I L I A R Y  ENERGY REQUIRED: 
TEMP ( C )  PRESSURE (BARS)  ENERGY ( K W )  

0.00 0.000 O.OOOOE+OO 
0.00 -1.000 1 . 8 6 3 1 ~ + 0 4  

EQUIPMENT S I Z E  DATA: 
E Q U  I PM ENT D E S C R I P T I O N  

1 PROCESS EQUIPMENT 
2 PROCESS EQUIPMENT 
3 PROCESS EQUIPMENT 
4 PROCESS EQUIPMENT 
5 PROCESS EQUIPMENT 
6 PROCESS EQUIPMENT 
7 PROCESS EQUIPMENT 
8 PROCESS EQUIPMENT 
9 PROCESS EQUIPMENT 

S I Z E  

. 

. 

PARAMETER 1 
31146.8008 
51074.5000 
74933.5000 

133900.5000 
80920.8984 
99790.2969 
11884.0996 

0.0000 
0 .oooo 

PARAMETER 2 
0.9055 
0.8334 
0.8556 
0 .7675 
0 .7675 
0 .7675 
0.1056 
1.0000 
1 .oooo 

TOTAL PROCESS ENERGY REQUIREMENT. . . . . . = 3 . 7 2 6 1 E + 0 4  
TOTAL PROCESS E L E C T R I C I T Y  USE . . . . . . . = 0 . 0 0 0 0 E + 0 0  
TOTAL PROCESS A U X I L I A R Y  F O S S I L  F U E L  HEAT. . = l . 8 6 3 1 E + 0 4  
TOTAL GEOTHERMAL S U P P L Y  MASS FLOW RATE. . . = 0 . 0 0 0 0 E + 0 0  
TOTAL S U P P L Y  STREAM ENTHALPY. . . . . . . . = 8 . 7 8 1 0 E + 0 4  
TOTAL S U P P L Y  STREAM ENTHALPY AT E X I T .  . . . = 6 . 9 1 7 9 E + 0 4  
TOTAL S U P P L Y  STREAM A V A I L A B I L I T Y .  . . . . . = 1 . 3 2 2 3 E + 0 4  
TOTAL S U P P L Y  STREAM A V A I L A B I L I T Y  AT E X I T .  . = 8 . 0 0 0 4 E + 0 3  
TOTAL MASS FLOW O F  WATER REQUIRED . . . . . = 0.0000E+00 

0.0000 - F I R S T  LAW ERROR - 

Kw 
Kw 
Kw 
KG/HR 
Kw 
Kw 
Kw 
Kw 
KG/HR 
% 



R U N  N U M B E R :  

E N T E R  NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

ENTER NEXT RUN DATA: 

18. C A S E  N U M B E R :  2 

M S I ( 2 ) =  0.0 

M S I ( 3 ) =  31147.0 

M S I ( 4 )  = 51075.0 

M S I ( 5 ) =  74934.0 

MSI(6) = 133901.0 

M S I ( 7 ) =  80921.0 

M S I (  8) = 99791.0 

QPI(8)= 223.74 

Q P I ( 9 ) =  0.0 

INAME = 1 

& 
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F L U I D  S T R E A M , S  A F T E R  P R O C E S S  1 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES C )  (BARS) ( J / G )  ( K G / H R )  

6.895 631.96 1.313?E+05 0 0.0010 0.00100 9 150.0 
1 117.1 6.895 492.40 3.1147E+04 0 0.0010 0.00100 
3 93.0 1.600 389.49 3.1147E+04 3 0 .oooo 0 .ooooo 
4 66.0 1.013 275.76 5.1075E+04 1. 0.0000 0.00000 
5 38.0 1.013 1 5 8.7 7 3 .89 5 5E+05 1 0 .oooo 0 .ooooo 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  2 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES c )  (RARS)  ( J / G )  ( WHR 1 

11 150.0 6.895 63  1.96 8.031 1E+04 0 0.0010 0.00100 
9 122.6 6.895 515.66 5.1075Et04 0 0.0010 0.00100 
1 117.1 6.895 492.40 3.1147E+04 0 0.0010 0.00100 
3 93.0 1.600 389.49 3.11.47E+04 3 0.0000 0.00000 
4 66.0 1.013 275.76 5.1075E+04 3 0 .oooo 0 .ooooo 
5 38.0 1.013 158.77 3.8955E+05 1 0.0000 0.00000 

F L U I D  S T R E A M S  A F T E R  P R O C E S S  3 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES c )  (BARS)  ( J / G )  ( K G / H R )  

1 3  
9 
1 

11 
3 
4 
5 

1 4  

150.0 
122.6 
117.1 
94.8 
93.0 
66.0 
38.0 
38.0 

6.895 
6.895 
6.895 
6.895 
1.600 
1.013 
1.013 
1.013 

631.96 
515.66 
492.40 
399.36 
389.49 
275.76 
158.77 
158.77 

0 0.0010 
0 0.0010 
0 0.0010 
0 0.0010 
3 0.0000 
3 0.0000 
3 0.0000 
1 0 .oooo 

0.00100 
0.00100 
0.00100 
0.00100 
0.00000 
0.00000 
0.00000 
0 .ooooo 

i 
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F L U I D  S T R E A M S  A F T E R  P R O C E S S  4 :  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
(DEGREES C.) ( B A R S )  ( J / G )  ( K G / H R )  

1 3  
1 

11 
3 
4 
9 
5 

1 5  
1 4  

150.0 
117.1 
94.8 
93.0 
66.0 
50.7 
38.0 
38.0 
37.5 

6.895 
6.895 
6.895 
1.600 
1.013 
6.895 
1.013 
1.013 
1.013 

631.96 
492.40 
399.36 
389.49 
275.76 
216.67 
158.77 
158.77 
156.52 

F L U I D  S T R E A M S  A F T E R  P R O C E S S ' 6 :  

SUPPLY TEMPERATURE 
(DEGREES C )  

1 3  
1 
3 
4 

11 
9 
5 

1 6  
1 5  
1 4  

150.0 
117.1 
93.0 
66.0 
57.5 
50. 7 
38.0 
38.0 
38.0 
37.5 

F L U I D  S T R E A  

SUPPLY 

1 3  
3 
4 

11 
1 

1 6  
5 

1 5  
1 4  

0.0010 
0.0010 
0.0010 
0.0000 
0 .oooo 
0.0010 
0 .oooo 
0.0000 
0 .oooo 

0.00100 
0.00100 
0.00100 
0.00000 
0 .ooooo 
0.00100 
0 .ooooo 
0.00000 
0 .ooooo 

PRESSURE ENTHALPY FLOW RATE PURE NON-COND. TDS 
( BARS ) ( J / G )  ( K G / H R )  

6.895 
6.895 
1.600 
1.013 
6.895 
6.895 
1.013 
1.013 
1.013 
1.013 

631.96 5.3774E+03 
492.40 3.1147E+04 
389.49 3.1147E+04 
275.76 5.1075E+04 
244.48 7.4934E+04 
216.67 5.1075E+04 
158.77 7.4934E+04 
158.77 8.0923E+04 
158.77 9.9790E+04 
156.52 1.3390E+05 

0 
0 
3 
3 
0 
0 
3 
1 
3 
3 

M S  A F T E R  P R O C E S S  5 :  

TEMPERATURE PRESSURE ENTHALPY FLOW RATE 
(DEGREES C )  (BARS) (J/G) ( K G / H R )  

150.0 
93.0 
66.0 
57.5 
50.4 
39.9 

'38.0 
38.0 
37.5 

6.895 
1.600 
1.013 
6.895 
6.895 
1.013 
1.013 
1.013 
1.013 

631.96 5.3774E+03 
389.49 3.1147E+04 
275.76 5.1075E+04 
244.48 7.4934e+04 
215.35 &.2221E+04 
166.70 8.0921E+04 
158.77 7.4934E+04 
158.77 9.9790E+04 
156.52 1.3390E+05 

PURE 

0.0010 
0.0010 
0 .oooo 
0.0000 
0.0010 
0.0010 
0.0000 
0.0000 
0 .oooo 
0.0000 

NON-COND. 

0.0010 
0 .oooo 
0.0000 
0.0010 
0.0010 
0 .oooo 
0.0000 
0 .oooo 
0.0000 

0.00100 
0.00100 
0 .ooooo 
0.00000 
0.00100 
0.00100 
0.00000 
0.00000 
0.00000 
0.00000 

TDS 

0.00100 
0 .ooooo 
0.00000 
0.00190 
0.00100 
0 .ooooo 
0.00000 
0 .ooooo 
0.00000 



F L U I D  S T R E A M S  A F T E R  P R O C E S S  

SUPPLY TEMPERATURE PRESSURE ENTHALPY FLOW RATE 
(DEGREES c )  (BARS) ( J / G )  ( K G / H R )  

3 
4 

1 3  
11 
18 
1 6  

5 
1 5  
1 4  
1 

93.0 
66.0 
65.5 
57.5 
50.4 
39.9 
38.0 
38.0 
37.5 
33.0 

1.600 
1.013 
6.895 
6.895 
6.895 
1.013 
1 .013  
1.013 
1.013 
6.895 

389.49 3 . 1 1 4 7 ~ + 0 4  
275.76 5.1075E+04 
277.76 5.3774E+03 
244.48 7.4934E+04 
215.35 7.0337E+04 
166.70 8.0921E+04 
158.77 7.4934E+04 
158.77 9.979OE+O4 
156.52 1.3390E+05 
143.03 1.1884E+O4 

7 :  

PURE NON-COND. TDS 

3 
3 
0 
0 
0 
3 
3 
3 
3 
0 

0.0000 
0 .oooo 
0.0010 
0.0010 
0.0010 
0 .oooo 
0.0000 
0 .oooo 
0 .0000  
0.0010 

0.00000 
0 .ooooo 
0.00100 
0.00100 
0.00100 
0 .ooooo 
0.00000 
0.00000 
0.00000 
0.00100 

I 
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R U N  N U M B E R :  18. C A S E  N U M B E R :  2 

E N E R G Y  P R O F I L E  M A T C H  R E S U L T S :  FRAC = 1.0000 

AUXILIARY ENERGY REQUIRED : 
TEMP ( C )  PRESSURE (BARS)  ENERGY (KW) 

67.73 1.013 3 . 7 6 7 1 E + 0 2  
0.00 0.000 2 . 2 3 7 4 E + 0 2  
0.00 -1 .ooo 0.000 OE+O 0 

EQUIPMENT S I Z E  DATA: 
EQUIPMENT D E S C R I P T I O N  S I Z E  PARAMETER 1 

1 PROCESS EQUIPMENT . 31146.8008 
2 PROCESS EQUIPMENT . 51074.5000 
3 PROCESS EQUIPMENT . 74933.5000 
4 PROCESS EQUIPMENT . 133900.5000 

6 PROCESS EQUIPMENT . 99790.2969 
7 PROCESS EQUIPMENT . 11884.0996 
8 PROCESS EQUIPMENT . 0.0000 
9 PROCESS EQUIPMENT . 0 .oooo 

10  HEAT EXCHANGER. . . 31146.8008 
11 HEAT EXCHANGER. . . 51074.5000 
1 2  HEAT EXCHANGER. . . 74933.5000 
13 HEAT EXCHANGER. . . 133900.5000 
14  HEAT EXCHANGER. . . 99790.2969 
15 HEAT EXCHANGER. . . 80920.8984 
16 F O S S I L  FUEL HEATER. 80920.8984 
1 7  HEAT EXCHANGER. . . 11884.0996 

5 PROCESS EQUIPMENT . ao920.8984 

TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
TOTAL 
' F I R S T  

PROCESS ENERGY REQUIREMENT. . . . . 
PROCESS E L E C T R I C I T Y  USE . . . . . . 
PROCESS AUXILIARY F O S S I L  FUEL HEAT. 
GEOTHERMAL SUPPLY MASS FLOW RATE. . 
SUPPLY STREAM ENTHALPY. . . . . . . 
SUPPLY STREAM ENTHALPY AT E X I T .  . . 
S U P P L Y  STREAM AVAILABILITY.  . . . . 
SUPPLY STREAM A V A I L A B I L I T Y  AT E X I T .  
MASS FLOW O F  WATER REQUIRED . . . . 
L A W E R R O R .  . . . 

- . -  . -  . -  
- 
- 
- . -  . -  . -  . -  . -  . -  

- 
- 
- 
- 
- 

. =  

PARAMETER 2 
0.9914 
0.9453 
0.9993 
1.0007 
0.9932 
0.9990 
0.3028 
1.0000 
1 .oooo 

1207.5000 
1650.0000 
4841.5000 
4241.9121 
3223.8000 
2415.7615 

376.7134 
529.0834 

1 . 8 8 5 4 E + 0 4  
2 . 2 3 7 4 E + 0 2  
3.76713+02 
1.6 25 3 E + 0 5  
5 . 2 9 9 4 E + 0 4  
3 . 4 7 4 0 E + 0 4  
5 . 1 8 9 1 E + 0 3  
1 . 2 9 2 8 E + 0 3  
0.00 OOE + 0 0 

0.0007 

Kw 
Kw 
Kw 
KG/HR 
Kw 
Kw 
Kw 
Kw 
KG/HR 
8 



R U N  N U M B E R :  18. C A S E  N U M B E R :  2 

E C O N O M I C  R E S U L T S :  FRAC = 1.0000 

TOTAL INVESTMENT I N  GEOTHERMAL SYSTEM 
I N  CONSTANT DOLLARS . . . . . . . . . . .  = 4 . 6 0 6 3 E + O 6  $ 
I N  CURRENT DOLLARS. . . . . . . . . . . .  = 4.83263+06 $ 

I N  CONSTANT DOLLARS . . . . . . . . . . .  = 3 . 5 2 0 5 E + 0 6  $ 

I N  CONSTANT DOLLARS . . . . . . . . . . .  = O.OOOOE+OO $ 

SYSTEM CASH FLOWS . . . . . . . . . . . .  = - 7 . 6 6 9 4 E + 0 6  $ 
NET PRESENT VALUE O F  SYSTEM SAVINGS . . . .  = 3 . 1 7 0 2 E + 0 6  $ 

TOTAL INVESTMENT I N  GEOTHERMAL F I E L D  

TOTAL INVESTMENT I N  CONVENTIONAL SYSTEM 

NET PRESENT VALUE O F  GT SYSTEM CASH FLOWS.. = - 4 . 4 9 9 1 E + 0 6  $ 
NET PRESENT VALUE O F  CONVENTIONAL 

- DISCOUNTED PAYBACK PERIOD . - 
INTERNAL RATE OF RETURN . . . . . . . . . .  - - 
CASH FLOWS: 

1 
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1 9 7 8  
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1981 
1 9 8 2  
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1991 
1 9 9 2  
1993 
1994 

FOSSIL 

$ O.OOOE+OO 
$ 0 . 0 0 0 E + 0 0  
$ - 6 .3 1 7 E+ 0 5 
$ - 6 . 9 9 5 E + O 5  
$ - 7 . 7 4 7 E + 0 5  
$ - 8 . 5 7 9 E + 0 5  
$ - 9 . 5 0 0 E + 0 5  
$ - l . O 5 2 E + O 6  
$ - 1 . 1 6 5 E + 0 6  
$-le 2 5 3 E + 0 6  
$ - l e 3 4 9 E + O 6  
$ - 1 . 4 5 1 E + 0 6  
$ - 1 . 5 6 1 E + 0 6  
$ - 1 . 6 8 0 E + 0 6  
$ - 1 . 8 0 7 E + 0 6  
$ - 1 . 9 4 4 E + 0 6  
$-2.0923+06 

GEOTHERMAL 

$ - 7.6 2 5 E+O 5 
$ - 3 . 6 6 7 E + 0 6  
$ 1 . 1 8 1 E + 0 5  
$ 8 . 7 7 5 E + 0 4  
$ 5 . 6 6 7 E + 0 4  

$ - 7 . 8 7 3 E + 0 3  
$ - 4 . 1 4 6 E + 0 4  
$ - 7 . 6 0 2 E + 0 4  
$ - 1 . 1 0 9 E + 0 5  
$ - 1 . 4 6 7 E + 0 5  
$-le 8 3 5 E + 0 5  
$ - 2 . 2 1 5 E + 0 5  
$ - 2 . 6 0 6 E + 0 5  
$ - 3 . 0 0 9 E + 0 5  
$ - 3 . 4 2 5 E + 0 5  
$ - 3 . 8 5 6 E + 0 5  

$ 2 . 4 8 2 ~ + 0 4  

10  YEARS 
1 9 . 7 2 0 5  % 

SAV I NG 

$ - 7 . 6 2 5 E + 0 5  
$ - 3 . 6 6 7 E + 0 6  
$ 7 . 4 9 8 E + 0 5  
$ 7 . 8 7 3 E + 0 5  
$ 8 , 3 1 3 E + 0 5  

$ 9 . 4 2 1 E + 0 5  
$ 1 . 0 1 1 E + 0 6  
$ 1 . 0 8 9 E + 0 6  
$ 1 . 1 4 3 E + 0 6  
$ 1 . 2 0 2 E + 0 6  
$ 1 . 2 6 7 3 + 0 6  
$ 1 .34OE+O6 

$ 1 . 5 0 6 E + 0 6  
$ 1 . 6 0 2 E + 0 6  
$ 1 . 7 0 6 E + 0 6  

$ 8 . 8 2 7 ~ + 0 5  

$ 1 . 4 1 9 E + 0 6  
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