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ABSTARCT 

Mathematical model l ing i s  a use fu l  t o o l  f o r  
evaluat ing o r  comparing energy supply  systems, 
p a r t i c u l a r l y  f o r  aggregations over an extended 
area, where d e t a i l e d  analys is  o f  each p r o j e c t  i s  

geothermal d i ' s t r i c t  heat ing systems i s  considered, 
along w i t h  suggested estimators f o r  data elements 
which are no t  r e a d i l y  a v a i l a b l e  f o r  most 
appl icat ions.  

- not  possible, The basic model l ing design o f  

WHY MATHEMATICAL KODELLING? 

With a l te rna te  energy systems being considered f o r  
more and more appl icat ions,  a need has ar isen  f o r  
a t o o l  t o  q u i c k l y  analyze p r o j e c t s  f o r  economic 
v i a b i l i t y  and cross-pro ject  comparison. Deta i led 
analysis o f  each p r o j e c t  under considerat ion would 
be the  best o f  a l l  poss ib le  courses, bu t  i s  no t  
p r a c t i c a l  i n  most appl icat ions.  Using a s u f f i c i e n t  
mathematical model, an analyst  could q u i c k l y  
determine whether a p r o j e c t  might be economic, or  
g ive  a rank-order ing t o  a number o f  d i f f e r e n t  
p ro jec ts  based on any of a v a r i e t y  of fac to rs .  For 
purposes o f  aggregation, a mathematical model 
implemented on a computer, could analyze and 
aggregate a l a r g e  number o f  p r o j e c t s  i n  a shor t  
time, r e s u l t i n g  i n  e i t h e r  summarized data o r  a 
rank-ordering o f  t h e  pro jec ts .  

MODELLING A GEOTHERMAL DISTRICT-HEATING SYSTEM 

The model described i n  t h i s  paper i s  a "p r ice  
so lv ing"  model - t h e  bottom l i n e  s o l u t i o n  i s  f o r  
the  price/MMBTU t h e  developer would need t o  charge 
the  users t o  r e s u l t  i n  a break-even cash f low.  
Other models e x i s t  which so lve f o r  i n t e r n a l  
ra te-of - re turn.  A p r i c e  s o l v i n g  model t r e a t s  the 
investors  expected r e t u r n  on investment as an 
expense i tem which must be met f o r  a nonnegative 
cash f low. 

There are f o u r  l o g i c a l  components i n  model l ing a 
basic d i s t r i c t  heat ing system: 

User community and associated heat demand 
Well f i e l d  and geo-heated l i q u i d  supply 
Local de l i very ,  d i s t r i b u t i o n  and conversion 
Finances and economics 

I n  add i t ion  t o  these four ,  some p r o j e c t s  might 
invo lve gas- f i red  peaking p l a n t s  t o  augment the 

geothermal system, o r  mul t i -developer  systems. 
Each of these i s  worth a paper o f  i t s  own, and 
w i l l  not  be discussed f u r t h e r  here. The four  basic 
components w i  11 be discussed i n  d e t a i  1 separately. 

USER COKMUNITY 

There are two heat demands necessary t o  t y p i f y  a 
user community; average annual energy demand 
(commonly i n  BTU/yr) and peak shor t - term demand 
(commonly BTU/hr). The average annual demand i s  
used t o  c a l c u l a t e  expected sales, hence income; 
peak demand i s  used t o  design t h e  energy supply 
system t o  operate under t h e  most severe expected 
condi t i ons . 
Cer ta in  data elements are requ i red  t o  perform a 
c r e d i b l e  analys is ,  For t h e  user community these 
are: 

Populat ion - number o f  people i n  t h e  area 
Weather f a c t o r s  - heat ing deg. days, low temp 
Growth r a t e  - expected growth r a t e  per year. 

I n  addi t ion,  there  are f a c t o r s  which a i d  i n  the  
analysis,, but  are d i f f i c u l t  t o  f i n d  f o r  most 

2 appl i cat  i ons : 
F loor  area per c a p i t a  - average i s  365 ft 

(Housing and Urban Dev. , 1974) 
Heat loss  / home - avg i s  0.421 BTU/hr/Fo/ft 

( Oregon I n s t .  Tech, 1 9 5 ) .  
Using these f igures ,  t h e  annual heat  demand may be 
approximated. 
r e s i d e n t i a l  d i s t r i c t  i s  ca lcu la ted  i n  two par ts :  
space heat ing demand and ho t  water demand. 

I n  t h i s  model , t h e  demand f o r  a 

Space heat demand = (popu la t ion)  

Hot water demand = (popu la t ion)  

x (avg space heat ing  demand/capi t a )  
x (heat ing degree days / avg. HDD) 

x (avg ho t  water demand / capi ta) .  
The na t iona l  average ho t  water demand per c a p i t a  
i n  1975 was 7.5 x l o 6  BTUlyrEcapita (American Gas 
ASSOC, 1978). The na t iona l  average space heat ing 
demand f o r  1975 was 24.7 x lO%TU/yr/capita 
(American Gas ASSOC, 1978 and Dept o f  Housing and 
llrban Dev., 1974). The average heat ing  degree days 
i s  5530 days-F'(SER1, 1980). 

Peak heat demand f o r  a community would be dur ing 
t h e  co ldest  p a r t  of winter ,  e a r l y  i n  t h e  morning. 
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The peak demand f o r  a r e s i d e n t i a l  d i s t r i c t  may be 
approximated by: 

x ( f l o o r  area per c a p i t a )  
x (room temperature - low temperature). 

Peak demand = (popu la t ion)  

WELL FIELD AND GEO-HEATED LIQUID SUPPLY 

As defined here, t h e  w e l l  f i e l d  i s  made up o f  the 
production we1 Is ,  r e i n j e c t i o n  we1 1 s, down-hol e 
pumps, main transmission pipe, w e l l - s i t e  leasing, 
and heat exchanger. The product ion we l ls  are 
assumed t o  be a t  t h e  reservo i r ,  t h e  r e i n j e c t i o n  
we l ls  t o  be j u s t  outs ide t h e  user area. 

The in format ion necessary f o r  a c r e d i b l e  analys is  
i s :  

D r i l l i n g  depth f o r  product ion w e l l s  
Resource temperature a t  t h a t  depth 
Flow r a t e  per w e l l  
Distance from resource t o  user 
Draw-down depth ( down-hole pump depth). 

Other usefu l  but d i f f i c u l t  t o  o b t a i n  in format ion:  
Required temperature - 14OoF i s  common usage 
Leasing costs - u s u a l l y  near $50 per acre 
Production t o  r e i n j e c t i o n  w e l l s  - near 2 . 5 : l .  

Using t h e  peak and annual energy demands, and the  
above information, t h e  w e l l  f i e l d  may be 
approximated by: 

Maximum f low r a t e  = (peak h o u r l y  demand) 

Number o f  product ion w e l l s  = (maximum f low)  

E l e c t r i c i t y  t o  run  pumps = (3.766 x 10'' ) 
x (draw-down depth i n  f e e t )  
x (annual energy demand i n  BTU/yr) + ( 0.67 X temp. drop across second.) 

1/2 

4 (temperature drop across primary) 

i ( f l o w  r a t e  per w e l l )  

Transmission p ipe  diameter = 
max f l o w  r a t e  i n  pr imary)  

( T x 7560 ) 1 2 x  [' 
Transmission p ipe  c o s t  per f o o t  approximates: 

7.2474 + 4 x p i p e  diameter 
Heat exchanger area = (maximum flow r a t e )  

+(200 x l o g  mean temperature d i f f . )  
Log mean temp. d i f f .  = 
(primary - secondary temp drops i n  heat exch.) 

r(primary temp drop i n  heat  exchanger) 1 

costs f o r  model r e s i d e n t i a l  communities. These 
data, show i n  Table 1,  may be used f o r  general 
approximations i n  1 i eu o f  user-speci f  i c 
information. 

The requi red in fo rmat ion  f o r  a c r e d i b l e  model i s :  
Average persons per dwe l l ing  (average i s  2.9) 
Breakdown o f  populat ion by housing type 

Useful in fo rmat ion  t h a t  i s  no t  u s u a l l y  ava i lab le :  
Operations and maintenance - NMEI uses 2.5% o f  

Using t h e  above in fo rmat ion  and data from Table 1,  
we have: 

t o t a l  investment 

Number o f  u n i t s  = (populat ion)  

D i s t r i b u t i o n  c o s t  = (number o f  u n i t s )  
+ (persons per dwe l l ing)  

x 3453 x % s i n g l e  f a m i l y  '-! (2410 x % double fami  
+ (2065 x % f o u r  f a m i l y  

R e t r o f i t  costs  = (number of u n i t s  
x c ( 1 8 0 0  x % s i n g l e  f a m i l y  

t (1600 x X double fami 
+ (1600 x % f o u r  family 

x c ( 1 7 0 5  x % s i n g l e  f a m i l y  
+ (1085 x % double fami 
+ ( 660 x % f o u r  family 

FINANCES AND ECONONICS 

Hookup costs = (number o f  u n i t s )  

u n i t s )  
y u n i t s )  
u n i t s )  3 
u n i t s )  
y u n i t s )  
u n i t s )  3 
u n i t s )  
y u n i t s )  
u n i t s )  3. 

Finances f o r  an energy supply p r o j e c t  may be 
considered e i t h e r  investments o r  annual expenses. 
Investments a re  genera l l y  made up o f  two par ts ,  
t h e  equ i ty  p o r t i o n  t h a t  the  inves tor  provides and 
t h e  debt p o r t i o n  t h a t  i s  borrowed. 
p o r t i o n  i s  borrowed a t  t h e  prevalent  bond ra te ,  
and the equ i ty  inves tor  w i l l  r e q u i r e  a r a t e  o f  
r e t u r n  on h i s  investment. 
investments have t h e  same propor t ions  of e q u i t y  
and debt, t h e  i n f o m a t i o n  we need on each 
investment i s :  

The debt 

Assuming t h a t  a l l  

Amount o f  t h e  investment 
Year i n  p r o j e c t  l i f e  investment i s  made 
Amort izat ion l i f e  o f  debt p o r t i o n  
Depreciat ion l i f e  o f  investment. 

For each investment, the  amortized payment per 
year can be ca lcu la ted  us ing t h e  debt p o r t i o n  o f  
t h e  investment, t h e  bond r a t e ,  and t h e  
amort izat ion l i f e .  
i s  an annual d e b i t  on t h e  cash f low.  

The r e s u l t i n g  payment schedule 
P r i n c i p l e  

"I ksecondary temp drop i n  heat exchanger) 

Cost o f  heat exchanger may be approximated: 

5.86 x e 

J 
4.578 0.6471 

x ( p l a t e  area of heat exch,) 
Housing Type Costs per u n i t  

D i s t r i b .  Hookup R e t r o f i t  

LOCAL DELIVERY SYSTEM 

The d i s t r i b u t i o n ,  r e t r o f i t  and hookup costs f o r  a 
Community are the most d i f f i c u l t  t o  model, due 
s o l e l y  t o  the  lack o f  general ized data. Without 
s p e c i f i c  data on t h e  layout  of t h e  user area, the 
type and s ize  o f  t h e  a f f e c t e d  bu i ld ings ,  and the  
populat ion densi t ies,  we must r e l y  on broad 
approximations. K e i t h  Brown of New Mexico Energy 
I n s t i t u t e  (NMEI) has developed h i g h l y  s p e c i f i c  
analyses o f  d i s t r i b u t i o n ,  r e t r o f i t  and hookup 

~ 

S ing le- fami ly  u n i t s  

Double-fami l y  u n i t s  

Four-family u n i t s  

$ 3453 $ 1800 $ 1785 

2410 1600 1085 

2065 1600 660 

Table 1. D i s t r i b u t i o n  and conversion 
cos ts  by housing t y p e  f o r  a 
model community 
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and i n t e r e s t  por t ions  of the  payments are kept 
separate f o r  t a x  purposes. Using t h e  equ i ty  
p o r t i o n  o f  t h e  investment, and the  expected r a t e  
of re tu rn ,  t h e  requ i red  r e t u r n  on investment by 
year can be ca lcu lated.  
i s  another cos t  t h a t  must be covered f o r  a 
nonnegative cash flow. Depreciat ion ca lcu la t ions  
are  s t ra ight - forward and we1 1 documented 
e l  sewhere. 

This r e t u r n  on investment 

Tax c r e d i t s  are i n  d i r e c t  propor t ion t o  t h e  t o t a l  
investment, though t h e  exact percentage i s  not  t h e  
same f o r  a l l  p ro jec ts .  I n  general, unused tax 
c r e d i t s  may be r o l l e d  forward up t o  6 years t o  
o f f s e t  taxes i n  those years. 

Income by year i s  t h e  average annual demand t imes 
t h e  p r i c e  o f  de l i vered  energy. This p r i c e  i s  t h e  
des i red r e s u l t  o f  the  model. Sales t a x  i s  
ca lcu lated,  as some percentage o f  t h i s  annual 
income. Federal and s t a t e  taxes are ca lcu lated 
f rom the  n e t  taxable revenue, which i s  t h e  t o t a l  
income l e s s  annual expenses, i n t e r e s t  payments, 
deprec iat ion,  dep le t ion  and sales tax.  
Nonnegative taxable revenue may be r o l l e d  back 5 
years and forward 7 years t o  o f f s e t  negative 
taxable revenue years. 

Book p r o f i t  i s  def ined as t h e  ne t  taxable revenue 
l e s s  taxes paid. 
p lus  deprec ia t ion  and deplet ion, less  p r i n c i p l e  
payments and dividends ( r e t u r n  on investments). 
Even though deprec ia t ion  and dep le t ion  are not  
hard cash items, they are added back i n  t o  cash 
f l o w  s ince they were taken out o f  p r o f i t  as book 
i tems. 

Cash f l o w  i s  def ined as p r o f i t  

The minimum p r i c e  t h e  developer must charge f o r  
geothermal energy i s  t h a t  p r i c e  which causes t h e  
n e t  present cashflow t o  be zero. Remember t h a t  t h e  
cashf 1 ow conta ins t h e  investors  r e t u r n  on 
investment. 

SUMKARY 

Mathematical model l ing o f  geothermal d i s t r i c t  
systems i s  a f a s t  and inexpensive t o o l  f o r  
eva lua t ing  p a r t i c u l a r  p r o j e c t s  or  rank-ordering a 
number o f  p ro jec ts .  The major c o n s t r a i n t  on 
model l ing i s  t h e  lack of data. Cer ta in  cost  
segments may be approximated using average 
f igures ,  although t h i s  impl ies a c e r t a i n  lack o f  
confidence i n  the  r e s u l t s .  
s u b s t i t u t e  f o r  a d e t a i l e d  econo-engineering design 
study, but i s  useful f o r  order-of-magnitude costs. 

Model l ing i s  not a 
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