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ABSTRACT 

A nationwide assessment o f  geothermal re- 
sources < 90°C has recent ly  been completed by the  
U. S. Geological Survey. Estimates were obtained 
o f  accessible resource base, resource, and ben- 
e f i c i a l  heat f o r  1145 i d e n t i f i e d  low-temperature 
reservo i rs  occurr ing i n hydrothermal convection 
systems and conduction-dominated systems. For 
i d e n t i f i e d  systems, the  nationwide t o t a l  o f  ther -  
mal energy recoverable a t  he wellhead (resource) 
i s  est imated t o  be 82 x l o t 8  J ,  from which a 
t o t a l  benef ic ia l  heat o f  39,000 MWt f o r  30 
years could be obtained. 

INTRODUCTION 

Geothermal resource assessment i s  t he  e s t i -  
mation of the amount o f  thermal energy t h a t  might 
be extracted from the Earth and used a t  cos ts  
compet i t ive w i th  other forms o f  energy a t  a fore- 
seeable t ime under reasonable assumptions o f  
technological  improvement. The f i r s t  systematic 
e f f o r t  t o  est imate the  geothermal resources o f  
t he  United States was published i n  1975 as U.S. 
Geological Survey C i r cu la r  726 (White and 
Williams, 1975). This assessment and a fo l lowup 
assessment publ ished i n  1979 as C i r cu la r  790 
(Muff ler ,  1979) focussed on t h e  quan t i t i es  o f  
geothermal energy stored i n  regional  conductive 
environments, igneous-re1 ated geothermal sys- 
tems, hydrothermal convection systems, and geo- 
pressured-geot hermal systems. Estimates were 
given o f  t he  thermal energy recoverable from hy- 
drothermal convection systems a t  temperatures of 
90°C and above. I n  addit ion, the  1979 assessment 
included a compi lat ion o f  data on t h e  occurrence 
o f  1 ow-temperature geothermal water 1 ess than 
90°C (Same1 , 19791, bu t  no attempt was made t o  
estimate the  associated thermal energy. 

Low-temperature geothermal resources occur i n  
two types o f  geohydrologic environments. These 
are hydrothermal convection systems, which com- 
monly invo lve  upward f l ow  of thermal water along 
f a u l t s  i n  areas of above-normal heat flow, and 
conduction-dominated systems i n  sedimentary 
basf ns and coastal embayments, where a rea l l y -  
extensive aqui fers occur beneath a t h i c k  i nsu la t -  
i n g  blanket of rocks having low thermal conduc- 
t i v i  ty  . Low-temperature geothermal resources i n  

each of these environments are cu r ren t l y  being 
u t i l i z e d  i n  space heating, food processing, and 
other non-electr ic appl icat ions.  

To provide estimates of t he  quan t i t i es  o f  
thermal energy a t  temperatures l ess  than 90°C 
recoverable from geothermal reservo i rs  i n  t h e  
United States, the  U.S. Geological Survey (USGS) 
recent ly  completed an assessment based on an ex- 
panded inventory o f  1 ow-temperature geothermal 
occurrences and using a new methodology f o r  e s t i -  
mati  ng recoverable energy . 
and several p r i v a t e  cont rac tors  w i t h  the  support 
o f  t he  State Coupled Geothermal Program o f  t he  
Department o f  Energy 's Div i s ion  o f  Geothermal 
Energy have provided data f o r  t h i s  assessment. 
Information on water chemistry, temperature, f low 
rate, and other parameters measured a t  over 1,000 
low-temperature s i t e s  has been stored i n  t h e  com- 
puter-based GEOTHERM informat ion system main- 
ta ined by the  USGS. 
w i l l  be publ ished i n  a USGS c i r c u l a r  i n  1982. a 

Addit ional  information fo r  each resource area 
contained i n  the  GEOTHERM system i s  ava i l ab le  on 
request. 

Many s t a t e  agencies 

Results o f  the  assessment 

METHODS FOR ASSESSING LOW-TEMPERATURE GEOTHERMAL 
c t S  

Assessment o f  geothermal energy resources i n -  
volves determinations of t he  locat ion,  extent, 
and geohydrologic cha rac te r i s t i cs  o f  each re- 
source area and est imat ion of t he  accessible re- 
source base (amount o f  thermal energy stored i n  
each rese rvo i r )  and the  resource ( the  amount o f  
thermal energy t h a t  can be produced a t  t he  land 
surface). 
sidered t o  meet the  c r i t e r i a  t h a t  rese rvo i r  per- 
meabi 1 i ty i s suf f i c ien t  t o  supply 1 ong-term pro- 
duct ion and t h a t  rese rvo i r  temperatures exceed a 
minimum temperature-depth re1 a t f  on. We used a 
lower-temperature l i m i t  which i s  10°C above the  
l oca l  mean annual temperature a t  t he  l and  surface 
and a 25"C/km temperature gradient w i t h  depth. 
This el iminates assessment o f  an enormous quant- 
i ty o f  sha l l  ow groundwater having ''normal I' temp- 
eratures but includes water i n  reservoi  r s  assoc- 
i a t e d  w i t h  hydrothermal convection systems and i n  
regional  aqu i fe rs  i n  many deep sedimentary basins 
and coastal embqyments where temperatures i n -  
crease re1 a t i  vely r a p i d l y  wi th  depth. 

I d e n t i f i e d  resource areas are con- 
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The accessible resource base f o r  each low- 
temperature area i d e n t i f i e d  i n  t h i s  assessment i s  
ca lcu la ted  as: 

where: qR = accessible resource base ( J )  
pc = volumetric spec i f i c  heat o f  rock 

p lus  water (2.6 J/cm3"C) 
a = rese rvo i r  area (kin2) 
d = reservo i r  th ickness (km) 
t reservo i r  temperature ("C) 

t r e f  = reference temperature (15°C) 

The reference temperature of 15°C i s  an assumed 
average mean annual a i r  temperature, and t h e  vol-  
umetric spec i f i c  heat of 2.6 J/cm3'C i s  a 
weighted average f o r  rock types found i n  low- 
temperature geothermal areas. S t a t i  s t i c a l  
methods ou t l i ned  i n  C i r cu la r  790 were used t o  
quant i fy t he  uncertainty i n  these ca l cu la t i ons  
and t o  provide 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  t he  
estimates o f  t o t a l  accessible resource base, re- 
source, and benef ic ia l  heat. For each reservoir ,  
estimates were made o f  t he  minimum, maximum, and 
most l i k e l y  values f o r  parameters area, t h i ck -  
ness, and temperature; these values were then 
used t o  form t r i angu la r  p r o b a b i l i t y  dens i t ies  
from which the mean and standard dev ia t ion  f o r  
each parameter and f o r  t he  var ious energy quanti- 
t i e s  were calculated. 

Mary i d e n t i f i e d  1 ow-temperature areas assoc- 
i a t e d  w i t h  hydrothermal convection systems are 
i d e n t i f i e d  only on the  basis o f  a s ing le  thermal 
spr ing o r  well  because l i t t l e  o r  no data on sub- 
surface condi t ions ex i s t .  For thes areas, a 

sumed from considerat ion of poss ib le  models of 
hydrothermal c i r c u l a t i o n  patterns. 

standard reservo i r  volume o f  1.0 km 5 was as- 

The approach used f o r  resource determinations 
i n  previous assessments was t o  assume a recovery 
fac to r  o f  0.25 o f  t he  accessible resource base. 
This fac to r  i s  based on a heat-sweep process i n -  
volv ing i n j e c t i o n  o f  c o l d  water i n t o  the  reser-  
v o i r  t o  replace hot water withdrawn dur ing pro- 
duction (Nathenson, 1975). I n  t h i s  assessment, 
resource determination i nvo l  ves est imat ion o f  the  
number o f  we l l s  each rese rvo i r  can support over a 
development per iod o f  30 years, based on t h e  as- 
sumption t h a t  co ld  water w i l l  no t  be i n jec ted  
i n t o  the  reservoir .  Although i n j e c t i o n  of pro- 
duced f l u i d s  fo l low ing  surface u t i l i z a t i o n  mqy be 
l e g a l l y  required i n  c e r t a i n  areas, lower reser- 
v o i r  .temperatures and 1 arger rese rvo i r  areas make 
cos t l y  i n j e c t i o n  schemes f o r  energy recovery l ess  
l i k e l y  t o  be used i n  low-temperature geothermal 
areas than i n  intermediate- and high-temperature 
geothermal areas. The method we used t o  make re- 
source estimates al lows f o r  induced recharge o f  
water from permeable regions surrounding each 
reservo i r  as rese rvo i r  pressures decl ine. As a 
resu l t ,  recovery fac to rs  approach 0.25 over 30 
years fo r  smal 1-area reservoirs,  bu t  are s i g n i f i -  
can t l y  l e s s  than 0.25 f o r  large-area reservoirs.  

Resource estimates are ca lcu la ted  as: 

where = resource ( J )  
pc f = volumetric spec i f i c  heat o f  

f l u i d  (4.1 J/cm3"C) 

each we l l  (L/s) 

wel l  head (assumed equal t o  
rese rvo i r  temperature) ( "C) 

: ( Y H  
N = number o f  product ion w e l l s  
Q = volumetric discharge r a t e  o f  

t = f l u i d  temperature a t  t he  

A de ta i l ed  ana lys is  o f  w e l l - f i e l d  design f o r  each 
resource area i s  no t  warranted fo r  t he  purposes 
o f  t h i s  assessment. Instead, determinations o f  
t he  optimum number o f  we l l s  and t h e i r  spacing 
were made f o r  an i dea l i zed  production p lan  con- 
s i  s t i n g  of regul  arly-spaced we1 1 s discharging a t  
31.5 L/s (500 gpm) f o r  30 years w i t h  a t o t a l  
drawdown a t  t he  center of t h e  rese rvo i r  o f  150 m 
(500 f t ) .  
number o f  we l l s  which together would produce the  
spec i f ied  drawdown i s  determined by the  r a t i o  o f  
rese rvo i r  area, a, t o  the  area per well ,  a,. 
The area per we l l  i s  t he  square of t he  spacing 
between we l l s  and i s  der ived from curves pre- 
sented i n  t h e  c i r c u l a r  t h a t  r e l a t e  we l l  spacing 
t o  rese rvo i r  area and transmi s s i  v i  ty and t o  1 eak- 
age proper t ies  o f  con f i n ing  beds. Methods used 
t o  quant i f y  t he  uncer ta in ty  i n  resource estimates 
fo l l ow  those f o r  accessible resource base 
estimates. 

Based on t h i s  product ion plan, t h e  

The amount of t he  resource t h a t  can be ap- 
p l i e d  t o  a spec i f i c  non-electr ic u t i l i z a t i o n  i s  
termed bene f i c ia l  heat. Estimates o f  b e n e f i c i a l  
heat from geothermal water can be compared w i t h  
thermal energy obtainable from other fuels.  
Select ion o f  appropr iate uses f o r  1 ow-temperature 
geothermal water depends p a r t l y  on the  rese rvo i r  
temperature, and d i f f e r e n t  app l i ca t ions  i nvo l ve  
d i f f e r e n t  temperature drops dur ing the  heat- 
exchange process. We have used the  f o l l  owing 
equation, which i s  based on data fo r  f i v e  d i r e c t -  
use appl icat ions,  t o  ca l cu la te  the  temperature 
drop, A t ,  as a funct ion o f  wellhead temperature: 

A t  = 0.6 ( t  - 25°C) (3 )  

Benef ic ia l  heat est imates are obtained by subs t i -  
t u t i n g  a t  i n t o  equation 2 i n  place of ( t  - t r e f ) .  
Uni ts fo r  r e  o r t i n g  benef ic ia l  heat are megawatts 
thermal (MW ! f o r  30 years. For comparison w i t h  
estimates o! accessible resource base and re- 
source, one MWt f o r  30 years = 0.945 x 1015 J. 
For values o f  t 1. 25°C the  useful A t  and t h e  
benef ic ia l  heat are zero. Th is  l i m i t  r e s u l t s  
from de f in ing  low-temperature resources as being 
a t  l e a s t  10°C above the  mean annual land surface 
temperature, which averages about 15°C across the  
country. 
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ESTIMATES OF RESOURCE BASE, RESOURCE, AND 
BENEFICIAL R: 

A t o t a l  o f  1145 low-temperature reservo i rs  
have been iden t i f i ed ,  exclusive of nat ional  parks 
( tab le  1 ) .  Most of these areas are  associated 
w i th  bdro thermal  convection systems i n  the  
western Uni ted States. I n  the  cen t ra l  United 
States, resource areas occur p r i m a r i l y  i n  deep 
sedimentary basins i n  the  Great P la ins  where 
regional  aqu i fe rs  conta in  waters meeting our 
temperature-depth c r i t e r i o n .  I n  the  eastern 
United States, 25 low-temperature areas i n  the  
Appal achian Highlands and A t l a n t i c  Coastal P1 a i  n 
have been iden t i f i ed .  

The d i s t r i b u t i o n  o f  1108 1 ow-temperature hy- 
drothermal convection systems as a func t ion  o f  
reservo i r  temperature f i t s  the exponential re la -  
t i o n  def ined i n  C i r cu la r  790 o f  cumulative f r e -  
quency versus rese rvo i r  temperature f o r  i n t e r -  
mediate and high-temperature systems (Brook and 
others, 1979, f i g u r e  11).  This r e l a t i o n  shows 
t h a t  the  number of geothermal reservo i rs  i n  hy- 
drothermal convection systems increases exponent- 
i a l  l y  as rese rvo i r  temperature decreases. 

The t o t a l  accessible resource base ( tab le  1) 
i s  dominated by the  thermal energy stored i n  sed- 
imentary basins i n  the  cent ra l  Uni ted States. 
However, the  methodology f o r  resource ca l cu la t i on  
y i e l d s  r e l a t i v e l y  low recovery fac to rs  f o r  t h i s  
type o f  resource rea. Hence, the  t o t a l  resource 
estimate, 82 x lOf8 J ,  i s  more evenly d i s t r i b -  
uted between the  western and cen t ra l  United 
States. Accessible resource base and resource 

t o t a l s  f o r  t he  eastern Uni ted States are re la -  
t i v e l y  small, r e f l e c t i n g  i n  p a r t  a lack  o f  ex- 
p l o r a t i o n  a c t i v i t y  and i n  p a r t  the  widespread 
existence o f  low heat f low i n  rocks of average 
thermal conduct iv i ty.  

I n  i d e n t i f i e d  systems, t o t a l  benef ic ia l  heat 
i s  39,000 MWt fo r  30 years, which i s  equivalent 
t o  37 x 1018 J. This  represents a s ign i f i can t  
quant i ty o f  thermal energy when compared w i t h  
equival ent  requi  rements f o r  other energy sources 
( f o r  example, 39,000 MWt of bene f i c ia l  heat 
from a geothermal system i s  comparable t o  39,000 
MWe i f  t h a t  e l e c t r i c i t y  were used t o  heat a 
home 

Estimates o f  t he  undiscovered low-tempera- 
t u r e  resources ( t a b l e  1) i n  systems whose loca- 
t i o n s  are as y e t  unknown and i n  i d e n t i f i e d  sys- 
tems due t o  possible upward rev is ions  of reser- 
v o i r  s ize  and temperature are  l ess  than corres- 
ponding estimates f o r  i d e n t i f i e d  systems. This 
r e f l e c t s  the degree t o  which reservo i rs  meeting 
our temperature-depth c r i t e r i o n  can be de l  ine- 
ated a t  present. 
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Table 1. Mean values of geothermal energy from i d e n t i f i e d  and undiscovered reservo i rs  < 90°C i n  the  
United States, exclusive of na t iona l  parks. (Numbers are rounded o f f  t o  two s i g n i f i c a n t  f i gu res  o r  

t o  th ree  s ign i f i can t  f i gu res  when the  f i r s t  d i g i t  i s  1 . )  

Type of Geothermal System Number Accessible Resource Benefic i a1 
Region o f  Resource Base Heat 

Reservoirs (1018 J )  (1018 3 )  ( W t  f o r  30 y r )  

Hydrothermal Cenvection Systems 

Western U.S. 1048 196 28 12300 

Central and Eastern U.S. 60 3.2 0.81 290 

Conduction-domi nated Systems 

Western U.S. 9 99 1.15 470 

Central and Eastern U.S. 28 24000 52 26000 

I d e n t i f i e d  Resources 1145 24000 82 
Undiscovered Resources -- 7200 65 

39000 
30000 
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