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ABSTRACT 

DIMENSIONAL ANALYSIS OF AN ECONOMIC MODEL 
FOR A HOT-WATER GEOTHERMAL HEATING SYSTEM 

David Kauffman, Arthur V. Houghton, 
and Stephen B. Brotzman 

The Un ivers i ty  o f  New Mexico 
A1 buquerque , NM 871 31 

A complex economic model was developed f o r  
evaluat ion o f  geothermal hot-water heat ing f o r  
l a rge  i n s t i t u t i o n a l  systems. The Buckingham P i  
method o f  dimensional analysis was appl ied t o  t h i s  
t h i s  model i n  order t o  s i m p l i f y  analysis and 
t rade -o f f  studies. The r e s u l t  i s  a g rea t ly -  
simp1 i f ! ied equation which compares the ove ra l l  
cos t  o f  a geothermal system t o  continued use o f  
the  present system using a minimum number of key 
dimensionless var iables.  

INTRODUCTION 

As pa r t  o f  an ea r l y  study, we developed an 
economic model f o r  evaluat ing the  f e a s i b i l i t y  o f  
hot-water geothermal heat ing f o r  large, e x i s t i n g  
i n s t i t u t i o n s ,  such as un ive rs i t y  campuses 
(Kauffman and Houghton, 1979). The model , de- 
scr ibed below i n  more d e t a i l ,  i s  q u i t e  complex. 
It i s  no t  easy t o  estimate the e f f e c t  of changes 
i n  values o f  various parameters on the  ove ra l l  
economic f e a s i b i l i t y  o f  the system. It i s  no t  
easy t o  separate out the e f fec ts  o f  uncertain- 
t i e s  i n  input  data. 

I n  order t o  obtain a simpler, more r e a d i l y  
understood economic model, we appl ied the  
Buckingham P i  technique t o  our complex model. 
The Buckingham P i  method reduces a complex prob- 
lem t o  a minimum, but no t  necessar i ly  unique, se t  
o f  dimensionless groups. It has been f requent ly  
appl ied t o  physical s i tua t ions ,  such as complex 
f l u i d  f l ow  and heat t rans fe r  problems (Langhaar, 
1951 ; Perry e t  a1 . , 1963; Bennett and Myers , 1974). 

The Buckingham P i  method i s  based on the 
premise tha t  any equation representing the  beha- 
v i o r  o f  a given system must be dimensional ly homo- 
geneous; thus i t  i s  possible t o  w r i t e  i t  i n  the  
form o f  a selected number o f  dimensionless terms. 
Using x i  as a symbol f o r  a dimensionless group, 
then : 

F = f(nl, n2, ..., nj)  

The number o f  groups, j , required f o r  any system 
i s  given by: 

j = n - r  

where n i s  the t o t a l  number o f  independent v a r i -  
ables involved and r i s  the  number o f  fundamental 
dimensions (mass, time, etc.)  incorporated i n  the  
var iables.  

The groups are determined by f i r s t  se lec t i ng  
a basic se t  o f  r var iables.  
be based on i n t u i t i o n  concerning physical r e a l  i- 
t ies ,  random select ion,  etc.  Each o f  the r funda- 
mental dimensions, however, must be represented i n  
t h i s  se t  and be associated on a one-to-one basis. 
The j remaining variables, V i ,  are then i n d i v i d -  
u a l l y  combined w i t h  the proper combination o f  the  
r basic var iables t o  render them dimensionless. 
Values o f  v i  and corresponding values f o r  F may 
then be found by varying the  V i  over the appro- 
p r i a t e  range o f  i n te res t .  The re la t i onsh ip  be- 
tween F and T i  may then be determined. 
combining o f  a l l  the re la t ionsh ips  between F and 
the T i ' s ,  the  t o t a l  re la t i onsh ip  may be determined. 
The r e l a t i v e  e f fec ts  o f  various n j ' s  may then be 
determined and i n s i g n i f i c a n t  groups discarded. 
The r e s u l t i n g  equation then re la tes  F t o  the  i m -  
por tan t  var iables o f  the system. 

ECONOMIC MODEL 

This se lec t ion  may 

By careful  

Our economic model estimates the  r a t i o  o f  t he  
cost o f  p rov id ing  heat w i t h  a new geothermal sys- 
tem t o  the cost o f  p rov id ing  an equivalent amount 
o f  heat w i t h  an e x i s t i n g  f o s s i l - f u e l  d i s t r i b u t e d  
steam system. There are three major par ts  t o  the  
model : geothermal cap i ta l  costs , geothermal oper- 
a t i n g  costs and system comparison. 

Geothermal cap i ta l  costs include estimated 
costs f o r  a production we l l  , a disposal we l l  , a 
production we l l  pump, a d i s t r i b u t i o n  pump, pipe- 
l i n e  costs, bu i l d ing  u n i t  costs (heat exchangers 
controls,  i nd i v idua l  bu i l d ing  modif icat ions,  e t c  
engineering fee  and a contingency a1 lowance. 
Operating costs include power f o r  we l l  and d i s t r  
bu t ion  pumps, maintenance, operat ing labor  and 
water treatment costs. The f i n a l  system com- 
parison i s  given by: 

c, i- PC0 
R =  
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Kauffman, e t  a1 . 
where R i s  the system r a t i o ,  Cc and Co are geo- 
thermal cap i ta l  and annual operating costs, P i s  
the desired pay-out per iod  and Cs i s  the  annual 
f ue l  cost f o r  the  e x i s t i n g  system. 

W d l W  
"5 = GLP v5 = w 

GR Needless t o  say, there  are many parameters 
involved i n  est imat ing the  terms i n  the  R equa- 
t i on .  Some a re  we l l  defined; e.g., the  heat 
capaci ty o f  water. Some can be estimated reason- 
ab ly  we1 1 through pub1 ished cor re la t ions  o r  other 
data sources; e.g., costs o f  pumps. Terms i n  
these two categories were f i x e d  i n  our model. 

Sixteen terms, however, were e i t h e r  l e f t  as 
engineering design choices o r  were kept as inde- 
pendent var iables t o  examine t h e i r  e f f e c t  on R. 
These terms are  : 

V7 = GR =7 = - T 

- D  v8 = D 
"8 - --% 
n g = l m  vg = I 

- x  Vl0 = x "10 - 
T =  
N =  
A =  
L =  
SF = 

GR = 

D =  
X =  
I =  

U =  
B =  
W =  

G =  
F =  
E =  
P =  

The 

Water temperature del i vered  t o  bu i ld ings  
Number o f  bu i ld ings  i n  the system 
Average f l o o r  area per bu i l d ing  
Peak heat ing demand per u n i t  f l o o r  area 
System stream f a c t o r  ( t o t a l  annual 
required use d iv ided by t o t a l  annual 
capaci ty)  
Average geothermal gradient 
Water t a b l e  depth 
Distance from users t o  we l l  
Average interconnect ion pipe1 i n e  
distance 
P ipe l ine  cos t  per u n i t  length 
Bu i l d ing  mod i f i ca t ion  cos t  
Water treatment cost  
Natural gas cos t  
Fuel cos t  ( i f  not  natural  gas) 
E l e c t r i c  power cos t  
Desired payout period. 

DIMENSIONAL ANALYSIS 

s ix teen var iab les  1 i s t e d  above include 
s i x  fundamental dimensions: do l la rs ,  energy, tem- 
perature, length, t ime and number o f  bu i ld ings .  
We selected ten (16-6) T I S  f o r  our analysis, each 
with a var iab le  f o r  ad jus t ing  i t  without a f f e c t -  
i n g  other r's. 

wl = F/G V1 = F 

V4 = B B 
=4 = GLPA 

Values o f  R were calculated f o r  a t y p i c a l  
base case and f o r  a l a rge  number o f  cases dev ia t -  
i ng  from the base case i n  the  value o f  one V i .  
Typical resu l t s  are shown i n  Figures 1 and 2 f o r  
n4 and m7. 

L inear re la t ionsh ips  were found f o r  R vs m i  
o r  R vs l / s i  f o r  a l l  except n7, which was found t o  
f i t  an exponential funct ion.  We then were able t o  
construct  an ove ra l l  equation f o r  R: 

We evaluated the  k ' s  and the  s i ze  o f  t he  R'S f o r  
reasonable physical  and economic values. 
i nvo l v ing  71 

o f  negl i g i  b?k importdnce. 

Terms 
~ 5 ,  "8 ng and "lo were shown t o  be 

We then formulated a new func t ion  w i t h  new k's: 

This equation was found t o  f i t  a l l  o f  ou r  calcu- 
l a t e d  case data t o  w i t h i n  ,+lo percent over the  
ranges o f  V i ' s  which are o f  i n te res t .  This per- 
m i t s  us t o  ca r ry  ou t  s e n s i t i v i t y  analyses and 
o ther  t rade -o f f  studies w i t h  much grea ter  ease 
than using the  f u l l ,  computerized model. 

It should be pointed ou t  t h a t  our se lec t ion  
o f  r ' s  and the  func t iona l  form o f  our s i m p l i f i e d  
equation are n o t  unique. A wide v a r i e t y  o f  choices 
could be ava i lab le .  I n  fac t ,  we experimented w i th  
other sets o f  r's; overa l l  r esu l t s  were s i m i l a r  t o  
the  se t  ou t l i ned  above. 
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Fig. 1. Cost r a t i o  as a func t ion  
o f  n4. Result i s  l i n e a r .  

CONCLUSIONS 

The Buckingham P i  method can be used t o  ana- 
l y z e  and s i m p l i f y  complex problems invo lv ing  both 
engineering and economic fac to rs .  Considerable 
care and judgment are required, however, i n  order 
t o  se lec t  the most useful  combinations f o r  a 
given problem. The r e s u l t i n g  simp1 i f i e d  corre- 
l a t i o n s  can be used f o r  r a p i d  t rade-o f f  studies 
and other analyses. 
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