
NOTICE CONCERNING COPYRIGHT 
RESTRICTIONS 

 
This document may contain copyrighted materials. These materials have 
been made available for use in research, teaching, and private study, but 
may not be used for any commercial purpose. Users may not otherwise 
copy, reproduce, retransmit, distribute, publish, commercially exploit or 
otherwise transfer any material. 

 
The copyright law of the United States (Title 17, United States Code) 
governs the making of photocopies or other reproductions of copyrighted 
material. 

 
Under certain conditions specified in the law, libraries and archives are 
authorized to furnish a photocopy or other reproduction. One of these 
specific conditions is that the photocopy or reproduction is not to be "used 
for any purpose other than private study, scholarship, or research." If a 
user makes a request for, or later uses, a photocopy or reproduction for 
purposes in excess of "fair use," that user may be liable for copyright 
infringement.

 
This institution reserves the right to refuse to accept a copying order if, in 
its judgment, fulfillment of the order would involve violation of copyright 
law.

 



Geothermal Resources C o u d z ,  !i'RAiWACTIOiVS Vot. 4 ,  September 1980 

A COST COMPARISON BETWEEN GEOTHERMAL AND COGENERATION SOURCES OF PROCESS HEAT 

Harlan C. Meal and Higinio Guillamon-Duch 

Massachusetts I n s t i t u t e  of Technology 
Cambridge, MA 02139 

ABSTRACT 

Indus t r i a l  process hea t  can be provided i n  
several d i f f e ren t  ways. When considering geother- 
m a l  energy as a source of process hea t ,  t he  cos t s  
of using geothermal f l u i d s  are usually compared 
with t h e  cos t s  of using f o s s i l  f u e l s  d i r ec t ly .  
For the  range of process temperatures ava i l ab le  
t o  geothermal f lu ids ,  many process heat users  have 
a th i rd  option. They can burn f o s s i l  f u e l s  t o  gen- 
erate e l e c t r i c i t y  and then condense the  turb ine  
exhaust steam i n  a heat exchanger t o  provide t h e  
needed heat.  For low temperature appl ica t ions  
( l e s s  than, say, 300'F) t h i s  provides ' the process 

rec t ly .  I n  these s i t ua t ions  l i qu id  dominated geo- 
thermal resources a r e  a correspondingly less at- 
t r a c t i v e  source of heat. 

I heat  a t  a cos t  lower than using f o s s i l  f u e l  di-  

COST OF TURBINE EXHAUST HEAT 

The simultaneous production of work (or  elec- 
t r i c i t y ) a n d  usable process hea t  i n  in tegra ted  fa- 
c i l i t i e s  is commonly ca l led  cogeneration. Recent 
regula t ion  f a c i l i t a t i n g  the  sale of surplus gen- 
e ra ted  e l e c t r i c i t y  makes t h i s  option ava i lab le  t o  
l a rge  use r s  of low temperature process hea t ,  even 
when the  on-site electrical demand is not i n  bal- 
ance with the  hea t  demand. 

I n  a thermal engine, only about one t h i r d  of 
t he  energy i n  the  f u e l  supply can be converted t o  
mechanical energy. The remaining two th i rds ,  un- 
a b l e  t o  extract more work from them, are communi- 
cated as hea t  t o  the  working f l u i d  and engine 
coolants. I n  cont ras t  with conventional power 
p lan ts ,  where t h i s  heat is d iss ipa ted  i n  the  en- 
vironment, cogeneration appl ica t ions  use it as a 
source of valuable low temperature process heat.  
The work produced by t h e  engine. is used t o  d r ive  
machinery o r ,  most usually,  an electric generator. 

Almost any thermal engine can be  used i n  a 
cogeneration mode. For our ana lys i s  we w i l l  con- 
s i d e r  t he  s ing le  stage,  steam-topping, cogener- 
a t i o n  p lan t ,  which is the  most readi ly  ava i l ab le  
and proven system f o r  l a rge  users  of low temper- 
a t u r e  process heat. The r e s u l t s  are,nevertheless,  
.generalizable t o  other cogeneration systems. 

Figure 1 shows a schematic diagram of a sin- 
g l e  stage,  steam-topping cogeneration plant.  Fuel 
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Fig. 1 Diagram of a simple cogeneration steam- 
topping p lan t .  (1) high pressure b o i l e r ,  
(2) turbo-generator, (3) heat exchanger, 
(4) P U P .  

burnt i n  t h e  high pressure bo i l e r  produces steam 
that is expanded i n  the  non-condensing turbine,  
d r iv ing  a generator. E l e c t r i c i t y  i s  produced and 
the  exhaust steam, cooler and a t  a lower pres- 
sure,  is condensed providing process heat.  

It can be shown (Meal et al.,  1980) tha t ,  i n  
t he  optimal economic operation of these cogener- 
a t i o n  systems, only the  l a t e n t  heat of condensa- 
t i on  should be used a s  process heat,  and a s  much 
l a t e n t  hea t  as poss ib le  t o  generate e l e c t r i c i t y .  
Thus, i dea l ly ,  t h e  turb ine  should be bled and 
backfed continuously along the  temperature tra- 
jec tory  of t he  process substance. Unfortunately, 
t h i s  is not  f eas ib l e .  For constant temperature 
processes the re  is a s ing le  w e l l  defined con- 
densation pressure and temperature and the  d i f -  * 

f i c u l t y  does not arise. I n  those other appli- 
ca t ions  where the  process substance undergoes 
a l a rge  increase  i n  temperature, t he  bes t  design 
is  f recuent ly  t o  extract steam from the  turb ine  
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a t  several  d i s c r e t e  stages.  Of course, such opti-  
m a l  designs a r e  taylored t o  spec i f i c  cases and 
finding them can be a d i f f i c u l t ,  but f o r  our pur- 
poses nonilluminating, problem. The s ing le  s tage  
system considered here  o f f e r s  r e s u l t s  of grea te r  
genera l i ty  and simplicity.  The process s i d e  can 
be thought as a constant temperature process o r  
as a s tage  of a va r i ab le  temperature one. The 
important f a c t  t o  no t i ce  is t h a t  t h e  condensation 
temperature of t h e  sa tura ted  steam leaving the  
turb ine  is determined by the  process temperature. 

Since both the  mechanical energy and the  
exhaust heat produced by the  turbine have value, 
t he re  is no unambiguous way t o  determine the  
"cost" of e i t h e r  separately.  We can determine the  
t o t a l  cos t  of providing both, but s ince  the  me- 
chanical (or electrical) energy and t h e  thermal 
energy are by-products o r  co-products t he re  is  
no na tu ra l  way t o  a l loca t e  cos t s  between them. 

We may use a common by-product cos t ing  tech- 
nique, however. I f  t he  e l e c t r i c a l  energy produced 
can be sold,  o r  used in t e rna l ly  t o  avoid buying 
commercial power, we  may take the  electrical ener- 
gy t o  be the  primary product. We then t ake  the  
opportunity cos t  of t h e  by-product thermal energy 
t o  be a l l  the  cos t s  of the-power generation and 
hea t  supplying which are i n  excess of t h e  revenues 
produced by s e l l i n g  (or  avoiding buying) electri- 
cal energy. 

I f  w e  build a reasonably la rge  (not gigantic) 
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new f o s s i l  f u e l  power p lan t  we might expect t o  
t o  produce power a t  pr ices  reasonably competitive 
with ex i s t ing  commercial r a t e s  f o r  f o s s i l  gener- 
ated e l e c t r i c  power. Such a p lan t  w i l l  condense 
the  exhaust steam at  about 210'F. I f  w e  can use 
heat a t  t h a t  temperature o r  less (e.g., f o r  space 
heating) we can obtain t h a t  hea t  with no l o s s  i n  
power output. 

If our process is a t  higher temperature we 
must increase  the temperature, i.e., t h e  pressure, 
a t  which the  exhaust steam is condensed with a 
corresponding l o s s  of e l e c t r i c  power output.  
Ignoring the  change i n  turb ine  e f f i c i ency  with 
a smaller pressure drop across the  turb ine ,  t he  
e l e c t r i c a l  energy ava i lab le  from a given amount 
of steam at  temperature T1 and pressure P1, i n  
expanding i t  t o  temperature T and pressure  P2, 
is d i r e c t l y  proportional t o  t#e enthalpy d i f f e r -  
ence h -h between the  states. T is t h e  temper- 1 2  a t u r e  a t  exit from the  turb ine  an8 also t h e  con- 
denser temperature, d ic ta ted  by the  process we 
choose t o  heat. 

Suppose the market p r i ce  of electrical energy 
is p per kilowatt-hour.The value per hour of t he  
energy generated from a steam flow of xk pounds 
per hour is  

ire = p xk E (hl-h2) 

where E is the  e f f ic iency  of t he  turbogenerator 
t i m e s  a conversion fac tor  of Btu t o  kwh, it de- 

GEOTHERMAL SOURCE TEMPERATURE 
300' 400' 500' 

I I 1 I 

100' 200' 300 ' 400' 

PROCESS TEMPERATURE, O F  

Fig. 2 Cost of process hea t  from cogeneration and l i qu id  dominated 
geothermal f l u i d s  
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sc r ibes  the  amount of e l e c t r i c i t y  i n  kwh ac tua l ly  
generated per Btu of energy delivered by the  s t e a m  
i n  the  turb i n e  . 

The amount of process hea t  ava i lab le  per hour, 
6,  var i e s  with the  condenser (process) temperature, 

4 ' i L T  
2 

where L 

of sa tura ted  steam a t  temperature T2. 

t h e  working f l u i d  is expanded t o  ambient.pressure 
t o  be equal t o  the  t o t a l  cos t  per hour, C. 

is the  vaporization enthalpy per pound 
T2 

W e  t ake  t h e  value of t h e  power obtained when 

b = p Ih E (hl-ha) 

where h 
b ien t  pressure: The cos t  per hour of t he  by-product 
process heat,  Ct,  is the  d i f fe rence  between t h e  to- 
ta l  cos t  per hour C and the  value of t he  e l e c t r i c  
power obtained. 

is t h e  enthalpy of sa tura ted  steam a t  am- a 

kt = t - ire 
= p B E (hl-ha) - p h E (hl-h2) 

p 61 E (h2-ha) 

The amount of heat obtained is 6, so t he  cos t  per 
Btu is  

L 

A typ ica l  p r i ce  of e l e c t r i c i t y  is 1.5 c/kWh. 
E is  about 0.00025 kwh per Btu. With these  values 
the  cos t  per mi l l ion  Btu i s  shown i n  Table 1 and 
p lo t ted  i n  Figure 2 as a function of t he  process 
temperature T2, taking Ta = 210'F. 

COMPARISON WITH LIQUID WMINATED 
GEOTHERMAL FLUIDS 

The cos t  of t he  hea t  supplied t o  a process by 
a l iqu id  dominated geothermal f l u i d  depends on the  
d i f fe rence  of temperature between the  geothermal 
source and the  process. A s  a f i r s t  approximation 
t h e  amount of heat t h a t  can be extracted per u n i t  
of mass from a given hot l i qu id  is proportional t o  
that difference.  Since the  cos t  per pound of geo- 
thermal f l u i d  
perature,  t he  
hea t  is 

where 

cg = per 
pg = cost per 

is l a rge ly  independent of i ts tem- 
cos t  per Btu of geothermal process 

mi l l ion  Btu obtained from geothermal 

mi l l ion  pounds of geothermal f l u i d  

hs = geothermal source enthalpy 

h - enthalpy of t he  geothermal f l u i d  a t  the  pro- 
2g cess temperature. 

Table 1. Cost of process heat from cogeneration 
and l i qu id  dominated geothermal f lu ids .  

Process c o s t  of Cost of Geothermal Heat 
Temperature Cogeneration 

Exhaust Heat 
(OF) ($/106Btu) ($/lo bB t u )  

Source Temperature* 
300'F 400°F 500'F 

100 0.0 0.50 0.33 

150 0.0 0.67 0.40 
200 0.0 1.00 0.50 
250 0.56 2.00 0.67 

1.00 300 1.24 ---- 
2.00 350 1.81 --- 

400 2.32 ---- ---- 
* The cos t  of geothermal f l u i d  is  assumed 

$100 per mi l l i on  pounds, independent of 
source temperature. 

0.25 

0.29 

0.33 
0.40 
0.50 

0.67 

1.00 

I 

t o  be  
t h e  

-400'F and 500'F providing hot  pure water a t  $100 
per mi l l ion  pounds. 

i 

CONCLUSIONS 

A simple method has been presented f o r  t he  ra- 
t i o n a l  valuation of low temperature l i qu id  domi- 
nated geothermal resources. The valuations obtained 
from i t  can be of use t o  developers, users and pro- 
moters of geothermal energy. 

The r e s u l t s  depend on the  loca l  cos t s  of elec- 
t r i c i t y  and geothermal f l u i d  and, therefore,  are 
sens i t i ve  t o  these  cos t s  and case spec i f ic .  How- 
ever, with typ ica l  cur ren t  p r i ces  l i qu id  dominated 
geothermal resources below 350'F a r e  an i n f e r i o r  
a l t e rna t ive  f o r  l a rge  users  of low temperature 
process heat. 
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This cos t  is plo t ted  i n  Figure 2 and shown in 
Table 1 f o r  nominal geothermal resources a t  3OO0F, 
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