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T H E  U . S .  E N E R G Y  D I L E M M A :  

THE GAP BETWEEN T O W ' S  REQUIREMENTS AND TOMORROW'S POTENTIAL 

Hubert E. Risser  

INTRODUCTION 

I n  t h e  winter of 1972-1973, many individuals ,  government organizat ions ,  
and business and i n d u s t r i a l  concerns i n  t h e  United S t a t e s  were, f o r  t h e  f i r s t  
t ime,  d i r e c t l y  a f fec ted  by t h e  current  energy dilemma. A prolonged cold period 
over a widespread geographic a rea  l e d  t o  an espec ia l ly  heavy demand f o r  heat ing 
f u e l s .  Delivery of n a t u r a l  gas t o  e l e c t r i c  u t i l i t i e s  and i n d u s t r i a l  f i rms ,  es- 
p e c i a l l y  those purchasing gas on an i n t e r r u p t i b l e  b a s i s ,  was temporarily cu t  o f f  
t o  assure  adequate supplies f o r  households and other  high p r i o r i t y  users .  As in-  
ventor ies  of f u e l s  dwindled, f u e l  o i l  suppl iers  and d i s t r i b u t o r s  found it neces- 
sary  t o  a l l o c a t e  c a r e f u l l y  and, i n  some cases ,  t o  r a t i o n  t h e  q u a n t i t i e s  provided 
t o  consumers. 

Although inconvenience and some economic l o s s  were su f fe red ,  t h e  over- 
a l l  e f f e c t s  were not severe,  f o r  with t h e  a r r i v a l  of warmer weather t h e  s i t u a t i o n  
was soon re l ieved.  While t h e  problem was pr imar i ly  reg iona l  r a t h e r  than  na t iona l  
i n  scope, it did demonstrate t o  a l imi ted  degree t h e  types of problems t h a t  can be 
an t i c ipa ted  nationwide from t h e  g rea te r  s c a r c i t y  of f'uels t h a t  i s  developing. It 
was an e a r l y  but  mild manifestation of a predicament t h a t  i s  almost c e r t a i n  t o  
p e r s i s t  throughout t h i s  decade and wel l  i n t o  t h e  1980s. 

By t h e  end of 1972, domestic output of both o i l  and n a t u r a l  gas had es- 
s e n t i a l l y  reached t h e  utmost productive capaci ty  of t h e  e x i s t i n g  known reserves.  
No f u r t h e r  expansion of output i s  poss ib le  u n t i l  t h e  r a t e  of discovery and devel- 
opment of new reserves  i s  increased o r  u n t i l  s u b s t a n t i a l  improvements can be made 
i n  t h e  percentage of u l t imate  recovery from i d e n t i f i e d  deposi ts .  Some unu t i l i zed  
coal-mining capaci ty  remains, but most of t h e  mines with unused capacity a r e  lo-  
cated i n  coal  f i e l d s  with a s u l f u r  content too high t o  meet current  o r  proposed 
s u l f u r  emission standards f o r  s t a t ionary  fuel-burning f a c i l i t i e s .  



Progress i s  being made i n  f inding ways t o  produce l i q u i d  f u e l  and gas 
of p ipe l ine  q u a l i t y  from coa l ,  recover o i l  from o i l  sha le ,  and develop advanced 
nuclear r eac to r s  on a commercial bas i s .  Progress a l s o  has been made i n  e f f o r t s  
t o  u t i l i z e  energy from unconventional sources,  among them geothermal, s o l a r ,  and 
t i d a l  sources. Some of these  e f f o r t s  w i l l  probably r e s u l t  i n  no more than l i m -  
i t e d  contr ibut ions  t o  our fu tu re  energy suppl ies ;  o the r s  a r e  l i k e l y  t o  become 
major sources of supply. Ult imately,  a combination of some of these  various po- 
t e n t i a l  sources can be expected t o  provide t h e  needed l a r g e  addi t ions  t o  our 
energy supply, but  none of them i s  now i n  a s u f f i c i e n t l y  advanced s tage  of devel- 
opment t o  o f f e r  s i g n i f i c a n t  r e l i e f  f o r  a t  l e a s t  t h e  next few years.  

Before t h e  e x i s t i n g  p o t e n t i a l  f o r  energy can be rea l i zed ,  numerous 
economic, technologic,  
impeding any immediate 
This r epor t  i d e n t i f i e s  
cusses various aspects  
problem. 

environmental, and resource problems t h a t  a r e  cur ren t ly  
so lu t ion  of t h e  na t ion ' s  energy dilemma must be overcome. 
some of t h e  f a c t o r s  contr ibut ing t o  t h e  dilemma and dis-  
of proposals t h a t  have been offered as  solut ions  t o  t h e  

CURRENT ENERGY SITUATION 

Trends i n  Energy Consumption 

Tota l  consumption of energy i n  t h e  United S t a t e s  i n  1972 was estimated 
a t  72,091 t r i l l i o n  Btu (u. S. Bur. Mines, l973a, p. 1). The sources of t h i s  en- 
ergy and t h e i r  percentage contr ibut ions  a r e  shown i n  f i g u r e  1, 

The f o s s i l  fue ls-oi l ,  gas ,  and coal-provided 95 percent of t h e  t o t a l  
energy consumed during 1972. The remainder was provided by hydroelec t r ic ,  nuclear ,  
and geothermal sources, An estimated 19,7 percent of t h e  crude petroleum and 
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Fig. 1 - Major sources of the  energy consumed i n  the  United S t a t e s  
i n  1972. Size  of c i r c l e  i s  proport ional  t o  t he  quant i ty  
of energy supplied by each source. 



Fig. 2 - Trends i n  energy consumption i n  the United S t a t e s ,  1920-1975. Actual 
da ta  used f o r  1920-1971 period; p ro jec t ion  t o  1975 based on projected 
energy consumption pa t te rns  i n  1975 given by Dupree and West (1972, p. 5 0 ) .  

more than 29 percent of t h e  t o t a l  p e t r o l e m  supply during t h e  year came from 
fore ign sources (u .  S. Bur. Mines, 1973b, p. 2 ) .  Three years e a r l i e r ,  i n  1969, 
imports had accounted f o r  only 22.4 percent of t h e  t o t a l  petroleum supply (u. S. 
B u r .  Mines, 1971, p. 2) .  About 5 percent of t h e  n a t u r a l  gas consumed i n  1972 
a l s o  was imported. Essen t i a l ly  a l l  of t h e  coal  consumed. was from domestic sources. 

The 1972 l e v e l  of energy consumption was 4.9 percent higher than t h a t  
of t h e  previous year ,  continuing t h e  high r a t e  of growth t h a t  has occurred i n  
t h e  past  and i s  projected f o r  t h e  f'uture. Figure 2 shows t h e  r i s e  i n  t h e  use of 
energy s ince  1920 and t h e  changes i n  t h e  r e l a t i v e  shares provided by each of t h e  
major sources. The projected l e v e l  of energy consumption f o r  1975 shown i n  f i g -  
u r e  2 ,  based on a projec t ion by t h e  U. S, Department of t h e  I n t e r i o r  f o r  t h a t  
year ,  a l s o  i s  shown on t h e  char t  (Dupree and West, 1972, p. 1 7 ) .  

Figure 3 shows t h e  decl ine  i n  t h e  r e l a t i v e  contr ibut ion of bituminous 
coa l  and an th rac i t e  t o  t o t a l  energy consumption i n  comparison with t h e  s t e a d i l y  
increasing contr ibut ion by petroleum and n a t u r a l  gas, Although nuclear power Bas 
experienced very rap id  growth i n  recent  yea rs ,  i n  1972 it s t i l l  accounted f o r  
l e s s  than one percent of the t o t a l  energy consumed. 
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.g. 3 - Share  of t o t a l  energy consumed c o n t r i b u t e d  by primary energy s o u r c e s ,  1920-1972. 

Limitations t o  Productive Capabil i ty 

A t  t h e  beginning of 1973, most of t h e  f u e l  and energy-producing sources 
of t h e  United S t a t e s ,  wi3h t h e  poss ib le  exception of coa l ,  were contr ibut ing a t  
o r  near t h e  f u l l  l i m i t  of t h e i r  developed capacity,  Limitations encountered f o r  
each f u e l  a re  discussed,  following. 

Natural Gas 

Production of na tu ra l  gas i n  t h e  United S t a t e s  grew from 5.6 t r i l l i o n  
cubic f e e t  i n  1947 t o  an estimated 22.9 t r i l l i o n  cubic f e e t  i n  1972, a more than 
4-fold increase  i n  25 years (~m. Gas Assoc. e t  a l e ,  1972, p. 120; Petroleum Engr. 
I n t e r n a t , ,  1973, p. 1 ) .  

The output i n  1947 was equal t o  o n l y  3.5 percent ,  o r  l e s s  than one- 
twenty-ninth, of t h e  n a t u r a l  gas reserves  ava i l ab le  a t  t h e  beginning of t h a t  year.  
I n  1972 t h e  output was 9.1 percent ,  o r  one-eleventh, of ava i l ab le  reserves ,  des- 
p i t e  t h e  f a c t  t h a t  t h e  ac tua l  amount of reserves  was 58 percent g rea te r  than i n  
1947 0 

Trends i n  n a t u r a l  gas production and i n  those  proved reserves  t h a t  a r e  
cur ren t ly  ava i l ab le  f o r  production a re  shown i n  f i g u r e  4. Because t h e  estimated 
26 t r i l l i o n  cubic f e e t  of reserves  i n  t h e  Prudhoe Bay a rea  on t h e  North Slope of 
Alaska cannot a t  present  be considered ava i l ab le ,  they  a r e  not  included i n  t h e  
f igure .  Reserves i n  southern Alaska, from which gas c w r e n t l y  i s  being produced, 
a r e  included, 



Estimated reserves a t  t h e  end of 1946 were 159.7 t r i l l i o n  cubic f e e t .  
From 1947 through 1971 new addi t ions  t o  reserves  (excluding t h e  Alaskan North 
s lope)  ranged from 8.4 t o  24.7 t r i l l i o n  cubic f e e t  per  year and t o t a l e d  411tril- 
l i o n  cubic f e e t  f o r  t h e  25-year period. Each year through 1967 t h e  annual addi- 
t i o n s  exceeded production and reserves continued t o  inc rease ,  reaching a peak 
l e v e l  of 293 t r i l l i o n  cubic f e e t  i n  t h a t  year ( f i g .  4 ) .  However, during each of 
t h e  5 succeeding years ,  1968 through 1972, production exceeded new addi t ions ,  
and t o t a l  reserves  declined from 293 t r i l l i o n  cubic f e e t  t o  240.1 t r i l l i o n  (pet-  
roleum Engr . In te rna t .  , 1973). The 1972 production of almost 23 t r i l l i o n  cubic 

Av.  d i scove r  
1956- 71 

D i s c o v e r i e s  a n d  a d i u s f  r n e n f s  t o  r e s e r v e s  

1947 1950 

* R e s e r v e s  to  product ion? 

Fig. 4 - A. Natural gas reserves (excluding Alaskan North slope) and the R/P 

(reserves-to-production) ratio, 1947-1971. B. Natural gas production and 
annual discoveries and adjustments (additions) to reserves, 1947-1971. 



Fig. 5 - A. Year-end reserves of na tura l  gas, excluding Alaskan North Slope reserves, 1947-1971. 
B. Production and ne t  imports of na tura l  gas, 1947-1971. Lined zone indicates range 
of maximum productive l eve l  achievable with the reserves shown. 



f e e t  was an amount g rea te r  than t h e  addi t ions  t o  reserves  i n  any previous year ,  
with t h e  exception of t h e  record 24.7 t r i l l i o n  cubic f e e t  added i n  1956. The 
average annual r a t e  of addi t ions  f o r  t h e  16  years  from 1956 through 1971 was 
17.5 t r i l l i o n  cubic f e e t ,  much l e s s  than t h e  22.9 t r i l l i o n  used i n  1972. 

More important t o  pro.ductive c a p a b i l i t y  than t h e  absolute l e v e l  of 
e i t h e r  reserves  o r  production i s  t h e  r a t i o  of t h e  reserves  t o  t h e  annual pro- 
duction,  commonly c a l l e d  t h e  R/P r a t i o .  The r a t e  a t  which gas and o i l  can be 
produced from proved reserves  a t  any given time without l o s s  of u l t imate  recov- 
e ry  i s  influenced by many f a c t o r s ,  among which a r e  t h e  nature  of t h e  rese rvo i r  
rock,  t h e  rese rvo i r  pressure ,  the  extent  of development and spacing of w e l l s ,  
and t h e  stage reached i n  t h e  development and productive l i f e  of t h e  rese rvo i r .  
Although no s p e c i f i c  average f i g u r e  i s  necessar i ly  appropriate f o r  any given 
rese rvo i r  o r  f i e l d  a t  any given t ime,  experience has indicated  t h a t  t h e  minimum 
R/P  r a t i o  a t  which a given l e v e l  of production can be maintained i s  about 11 o r  
12 t o  1 f o r  t h e  t o t a l  n a t u r a l  gas reserves  of t h e  United S ta tes .  The R/P r a t i o  
f o r  n a t u r a l  gas i n  t h e  United S t a t e s  declined from about 29.5 t o  1 i n  1947 t o  
l e s s  than 1 1 t o  1 i n  1972 ( f i g .  4 ) .  A s  t h e  R/P of 1 1 w a s  approached, t h e r e  was 
a d i s t i n c t  leveling-off i n  t h e  r a t e  of growth i n  production, desp i t e  a continuing 
strong demand, because t h e  optimum l e v e l  of production had near ly  been reached. 

Figure 5 shows t rends  i n  n a t u r a l  gas cansumption, domestic production, 
ne t  imports,  and t h e  domestic reserves  of na tu ra l  gas (exclus ive  of t h e  Alaskan 
North s lope) .  Also shown i s  t h e  range of 1/11 t o  1/12 of these  rese rves ,  a s  an 
approximation of t h e  upper l i m i t  of quant i ty  producible on a sus ta ined b a s i s .  
Although t h i s  range may not accura te ly  represent  t h e  exact l i m i t s  of producibil-  
i t y  i n  pas t  years ,  t h e  diagram i l l u s t r a t e s  how t h e  l i m i t  of p roduc ib i l i ty  has 
been overtaken as  growing demand outran new discover ies ,  Unt i l  t h e  decl ine  i n  
t h e  R/P r a t i o  i s  reversed by a s i g n i f i c a n t  increase  i n  rese rves ,  l i t t l e  o r  no 
f u r t h e r  increase i n  productive capaci ty  can be ant ic ipated .  

L i q u i d  Fuels  

Liquid f u e l s  consumed i n  t h e  United S t a t e s  a r e  obtained from crude o i l  
and from na tu ra l  gas l i q u i d s ,  which include condensate a s  we l l  a s  l i q u i d s  from 
n a t u r a l  gas p lants .  Refined products from crude o i l  c o n s t i t u t e  about 80 percent 
of t h e  l i q u i d  f u e l s  t o t a l .  

The t r ends  i n  crude o i l  production and crude o i l  reserves  i n  t h e  United 
S t a t e s  (exclusive of t h e  Alaskan North s lope)  a r e  shown i n  f i g u r e  6. The f i g u r e  
a l s o  shows a range between 1/7 and 118 of t h e  known recoverable rese rves ,  e s t i -  
mated as  t h e  approximate upper l i m i t  of p roduc ib i l i ty  f o r  petroleum. A s  was t r u e  
f o r  n a t u r a l  gas ,  t h i s  range i s  approximate r a t h e r  than absolute because t h e r e  i s  
no way of determining t h e  absolute l i m i t  without a c t u a l l y  reaching it, The lev- 
eling-off of production from 1970 t o  1972, desp i t e  t h e  l i f t i n g  of prorat ioning 
r e s t r a i n t s ,  is  a s t rong indicat ion t h a t  t h e  productive capaci ty  of ava i l ab le  re-  
serves has been reached. An add i t iona l  increment of capaci ty ,  amounting t o  an 
estimated 0.5 t o  0.75 mi l l ion  b a r r e l s  per day, o r  180 t o  275 mi l l ion  b a r r e l s  per  
year ,  does e x i s t  i n  t h e  Elk H i l l s  Naval Petroleum Reserve and other  a reas ,  but  
f o r  various reasons these  reserves  a re  cur ren t ly  unavailable f o r  production 
(Natl .  Petroleum Council, 1971, p. 30) . 
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Fig .  6 - A. Year-end reserves  of crude o i l ,  excluding Alaskan North Slope. B. Domestic 

crude o i l  production and ne t  imports of crude o i l  and re f ined  products ,  1947- 
1971. Ver t ica l - l ined  zone ind ica tes  range of maximum productive l eve l  achievable 

with the  petroleum reserves  shown. 

The American Petroleum I n s t i t u t e  annually est imates t h e  "90-day pro- 
ductive capacity,"  which i s  defined (~m. Gas Assoc. e t  a l . ,  1972, p. 20) as  t h e  

... maximum d a i l y  crude production r a t e ,  a t  the  point  of custody 

t r a n s f e r ,  t h a t  could be achieved i n  90 days (fol lowing December 31 of 
any given yea r )  with ex i s t i ng  wel l s ,  well  equipment, and sur face  f a -  

c i l i t i e s - p l u s  work and changes t h a t  can be reasonably accomplished 
within the  time period using present  s e rv i ce  c a p a b i l i t i e s  and person- 
ne l  and with produc t iv i ty  dec l in ing  a s  it would under capaci ty  opera- 
t i on .  



The est imate of t h e  d a i l y  productive capaci ty  of crude o i l  i n  t h e  
United S t a t e s  a t t a i n a b l e  a f t e r  t h e  90 days imnediately following December 31, 
1970, was ll3l73,OOO b a r r e l s  ; following December 31, 1971, it was 10,649,000 
b a r r e l s  ( ~ m .  Gas Assoc. e t  a l . ,  1972, p. 76).  These est imates ind ica te  a pro- 
ductive l i m i t  of 1:7.3 t o  1:7,5 of t h e  rese rves ,  or  about t h e  middle of t h e  
range shown i n  f igure  6. 

When l i q u i d  f u e l s  a r e  emmined as  an energy source, crude o i l  and nat- 
u r a l  gas l i q u i d s  must be considered together.  Natural gas l i q u i d s  a r e  defined 
(~m. Gas Assoc. e t  a l .  , 1972, p. 221) as  : 

... the  hydrocarbon components: propane, butanes and pentanes plus  
( a l s o  r e f e r r ed  t o  a s  condensate) ,  o r  a combination of them, t h a t  a r e  
sub jec t  t o  recovery from raw gas l i qu id s  by processing i n  f i e l d  separ-  
a t o r s ,  scrubbers ,  gas processing and reprocessing p l an t s ,  or  cycl ing 
p l an t s .  The propane and butane components a r e  o f ten  r e f e r r ed  t o  a s  
l i que f i ed  petroleum gases o r  LPG. 

Because na tu ra l  gas l i q u i d s  a r e  produced j o i n t l y  with crude o i l  and 
na tu ra l  gas ,  t h e i r  output ,  t o o ,  has approached a c e i l i n g  u n t i l  g rea te r  o i l  and 
gas productive capaci ty  i s  a t t a ined .  Figure 7 shows t h e  reserves  and t h e  pro- 
duction of t o t a l  l i q u i d s ,  including both crude o i l  and n a t u r a l  gas l i q u i d s .  Re- 
serves have been decl in ing since 1967, c lose ly  p a r a l l e l i n g  t h e  decline i n  re-  
serves of both crude o i l  alone and na tu ra l  gas. 

Unt i l  1967, annual addi t ions  t o  domestic reserves  of crude o i l  and 
na tu ra l  gas l i q u i d s  exceeded production, and reserves  rose  s t e a d i l y  ( f i g .  71, 
although reserves  of crude o i l  alone had leveled  off  severa l  years e a r l i e r  ( f i g .  
6 )  . After 1967, t h e  combined reserves  began t o  dec l ine ,  and from t h e  end of 
1967 t o  t h e  end of 1972 they f e l l  by 17 percent .  The ca lcula t ions  do not in- 
clude t h e  Alaskan North Slope reserves.  

Unt i l  1948 t h e  United S t a t e s  was a net exporter  of o i l ,  but  s ince  then 
it has become a net  importer of increasing amounts of crude o i l  and re f ined  pet- 
roleum products ( f i g .  7 ) .  Unt i l  1968, estimated unused capaci ty  would have been 
e s s e n t i a l l y  s u f f i c i e n t  t o  replace imports had t h e r e  been an in te r rup t ion  i n  sup- 
p l i e s  from fore ign sources,  although t h e r e  would have been some time l a g  i n  bring- 
ing t h i s  capaci ty  i n t o  production. By 1968, t o t a l  consumption was exceeding ca- 
pac i ty  by an increasing margin, and by 1972 t h e  capab i l i ty  of increas ing annual 
output t o  any degree from proved reserves  was v i r t u a l l y  nonexistent .  

The United S t a t e s  demand f o r  l i q u i d  petroleum products i n  1972, accord- 
ing  t o  preliminary r e p o r t s ,  was 5985.6 mi l l ion  b a r r e l s ,  compared t o  5552.6 m i l -  
l i o n  b a r r e l s  i n  1971, an increase  of 433 mil l ion  b a r r e i s  (u.  S o  Bur. Mines, 197313, 
p. 2 ) .  Of t h i s  433-million b a r r e l  increase ,  302 mil l ion  b a r r e l s ,  o r  69.7 percent ,  
came from increased imports,  including an increase  of 86 mi l l ion  b a r r e l s  of im-  
ported re f ined  products. Only 20 mi l l ion  b a r r e l s  of t h e  t o t a l  increase  came from 
increased domestic production. 

Pa r t  of t h e  supply f o r  increased consumption i n  1972 came from a 6e- 
crease  i n  inventory stocks. The decl ine  i n  stocks during 1972 amounted t o  86 
mil l ion  b a r r e l s .  That t h e  decl ine  was s t i l l  continuing i n t o  1973 i s  indicated  
by t h e  f a c t  t h a t  inventor ies  of petroleum and na tu ra l  gas l i q u i d s  were 97 m i l -  
l i o n  b a r r e l s  lower a t  t h e  end of February 1973 than they had been 12  months ear- 
l i e r  (u.s. Bur. Mines, 1 9 7 3 ,  p. 2 ) .  
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Fig .  7 - A .  Year-end reserves  of crude o i l  and na tu r a l  gas l i q u i d s ,  excluding Alaskan North Slope. 
B. Net o i l  .imports and production of crude o i l  and na tura l  gas l i q u i d s ,  1947-1971. Ver t ica l -  
l ined  zone shows range of maximum productive l e v e l  achievable with reserves  shown i n  A.  

I n  recent  years an increasing share of crude o i l  imports has come from 
Africa and t h e  Middle East.  Imports of crude o i l  i n  1972 t o t a l e d  198 mi l l ion  bar- 
r e l s  more than i n  1971, with 53 percent of t h e  increase  coming from Afr ica ,  16 per- 
cent  from t h e  Middle Eas t ,  and only 22 percent f r o m t h e  Western Hemisphere. The 
remaining 9 percent came pr imar i ly  from Indonesia (u.s. Bur. Mines, 197313, p. 17) .  
Imports from Africa and t h e  Middle Eas t ,  the re fo re ,  a r e  growing t h r e e  times as  f a s t  
a s  imports from nearer sources,  such as  Canada and South America. 



Coal 
, 

The current  output of c o a l ,  unl ike  t h a t  of o i l  and gas ,  i s  not re-  
s t r i c t e d  by t h e  l ack  of i d e n t i f i e d  recoverable deposits .  An estimated 200 b i l -  
l i o n  tons  of recoverable coal  i n  beds 42 inches or  more t h i c k  i s  known t o  occur 
a t  depths wi th in  a thousand f e e t  of t h e  surface ( ~ h e o b a l d  e t  a l .  , 1972, p.  3) . 
These resources a r e  within t h e  range of conditions under which coa l  i s  cur ren t ly  
being mined and could y i e l d  an estimated 330 times t h e  1972 l e v e l  of coa l  pro- 
duction. 

Although t h e r e  i s  no l a c k  of i d e n t i f i e d  coa l  r e se rves ,  t h e  capab i l i ty  
f o r  production a t  any given time i s  l imi ted  by a number of other f a c t o r s ,  in-  
cluding t h e  number and capacity of ex i s t ing  mines, manpower a v a i l a b i l i t y ,  t h e  
supply of r a i l r o a d  c a r s ,  and environmental considerat ions.  Although a l l  of t h i s  
coa l  could provide g r e a t l y  needed energy, much of it cannot be used i n  present  
combustion f a c i l i t i e s  without exceeding cur ren t ly  acceptable l e v e l s  of su l fu r  ox- 
i d e  emission. 

The production, consumption, and exports of United S t a t e s  coal  have 
varied widely from year t o  year ,  a s  shown i n  f i g u r e  8.  A surplus of mine ca- 
paci ty  has normally ex i s t ed ,  and, except i n  times of s t r i k e s ,  s c a r c i t y  of r a i l -  
road c a r s ,  o r  exceptional  demands caused by war o r  o ther  unusual circumstances, 
shortages of coal  have r a r e l y  occurred. No completely accurate determination 
of t h e  t o t a l  coal-producing capacity can be made. However, est imates based on 
t h e  annual output and t h e  average number of days worked by t h e  mines during t h e  
year can be made. The U. S. Bureau of Mines makes esdimates each year  of t h e  
amount of coa l  t h a t  could be produced if a l l  mines operated 280 days per year 
a t  t h e  average r a t e  of d a i l y  output indica ted  by t h e  year '  s a c t u a l  production 
and average number of days worked. As f u l l  operat ion f o r  more than 250 days 
per year i s  highly un l ike ly  f o r  most mines, t h e  Bureau of Mines 280-day e s t i -  
mates a r e  reduced t o  a 250-day bas i s  i n  f i g u r e  8. The indicated  percentage of 
surplus capacity has obviously declined d r a s t i c a l l y  during t h e  pas t  1 5  years .  

A recent  f a c t o r  a f fec t ing  t h e  capacity of e x i s t i n g  mines has been t h e  
major decl ine  i n  manpower product iv i ty  i n  underground mines s ince  t h e  enforce- 
ment of new mine sa fe ty  r u l e s  and regula t ions  based on t h e  Federal l e g i s l a t i o n  
of December 30, 1969. Output per  man-day declined from 15.61 tons  i n  1969 t o  
12 .O3 tons i n  1971, a 23 percent drop (u. S. Bur. Mines, l973d, p. 4 ) .  This de- 
c l i n e  i n  product iv i ty  was r e l a t e d  pr imar i ly  t o  changes made i n  operat ing proce- 
dures t o  comply with t h e  new r u l e s .  

The decline i n  productive capacity and some of i t s  implicat ions were 
pointed out r ecen t ly  by T. Reed Scollon, Chief of t h e  Division of Foss i l  Fuels ,  
U. S. Bureau of Mines ( ~ c o l l o n ,  1973, p. 101) : 

As distinguished from the past, there is no longer any surplus 

productive capacity of consequence in the industry. This situation has 
developed as a result of the closure of many underground mines and 
various deterrents to large-scale investments in additional coal-pro- 

ducing capacity. Announcements in 1972 of planned new coal mining ca- 
pacity were at the lowest level in years. Most new eastern United 

States capacity is for metallurgical use. On a national basis, the new 
tonnage will not be sufficient to replace depleted capacity. 



Deterrents  t o  new capaci ty  development i n  1972 included increas-  
ing o i l  imports, continuing unce r t a in t i e s  with respec t  t o  the  timing 
and ex ten t  of nuclear  power generat ion,  ex i s t i ng  and proposed environ- 
mental r e s t r i c t i o n s  aga ins t  coa l ,  and pr ice  cont ro l s .  

The evidence l eads  t o  t h e  conclusion t h a t  while some capacity f o r  increased pro- 
duction of coal  may e x i s t ,  the  mount of increase t h a t  could be rea l i zed  from ex- 
i s t i n g  i n s t a l l a t i o n s  and f a c i l i t i e s  i s  r e l a t i v e l y  small,  

I n  addi t ion ,  t h e  su l fu r  dioxide emission standards proposed by a number 
of s t a t e s  f o r  1975 and beyond dl1 disqua l i fy  from fu tu re  use much of t h e  coal  
from cur ren t ly  ava i l ab le  sources. Should these  standards go i n t o  e f f e c t  as sched- 
u led  and t h e  burden of supplying needed coal  energy be placed on low-sulfur coal  
alone,  t h e  capacity f o r  producing it w i l l  be inadequate. 
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E s t i m a t e d  capacity at 250 operating days 
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Fig.  8 - Production, consumption, and exports of U . S .  coa l ,  1948-1971. Average 
days worked and estimated annual t o t a l  capaci ty  of U . S .  coal  mines, 
assuming 250 operat ing days per  year ,  a l s o  a r e  shown. 
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H y d r o e P e c t ~ i c  Power 

Hydroelectric power has f o r  t h e  pas t  severa l  decades provided approx- 
imately 4 percent of t h e  t o t a l  energy consumed within t h e  United S ta tes  each 
year ( f i g .  9 ) .  The hydroelec t r ic  p lan t s  of t h e  nat ion operate a t  e s s e n t i a l l y  
optimum capacity,  l imi ted  only by water a v a i l a b i l i t y ,  va r i a t ions  i n  demand, and 
t h e  in te r rup t ions  or.shutdowns required f o r  maintenance. During t h e  spr ing of 
1973, s i g n i f i c a n t  cutbacks i n  power generation i n  t h e  Pac i f i c  Northwest t o  a 
l e v e l  below t h e  normal capacity of t h e  i n s t a l l e d  generat ing equipment became 
necessary because of water shortages. Reductions and in te r rup t ions  i n  power t o  
consumers resu l t ed ,  e spec ia l ly  power provided t o  those i n d u s t r i a l  customers who 
purchase on an i n t e r r u p t i b l e  b a s i s .  The impact of t h e  curtai lment was described 
by The Wall Street Journal (1973a) : 

Bonneville Powerrs hydroelectric shortage stems from low stream 
flow due to poor conditions for melting snow pack in the Columbia Riv- 
er basin. Its curtailment, amounting to 50  percent of power that would 
go to industrial users on an "interruptible" basis, is hitting alumi- 
num companies especially hard because the area has the nation's larg- 
est*concentration of smelters, which require enormous amounts of elec- 
tricity to make primary metal, 

Although t h e  annual output of e l e c t r i c i t y  from hydroelec t r ic  p l a n t s  
has increased 90 percent s ince 1960, hydropower's share of t h e  t o t a l  amount of 
e l e c t r i c i t y  generated has declined ( f ig .  9 ~ ) .  L i t t l e ,  i f  any, increase  i n  
hydroelec t r ic  power i s  poss ib le  from ex i s t ing  p lan t s  a t  t h e  present  time t o  
help a l l e v i a t e  t h e  energy shortage. 

Nuclear Power 

The generat ion of e l e c t r i c  power by nuclear power p l a n t s  increased 
more than tenfold  between 1964 and 1972 ( f i g .  9 ~ )  . However, t h e  a c t u a l  amount 
of power generated i n  1972 s t i l l  represented only 3 percent of t o t a l  e l e c t r i c  
power output.  Although development of nuclear power i s  being pushed ahead as  
f a s t  a s  poss ib le ,  numerous problems a re  l i m i t i n g  both t h e  r a t e  of expansion of  
new capacity and t h e  output from e x i s t i n g  nuclear f a c i l i t i e s .  Recent a r t i c l e s  
have pointed out some of t h e  problems t h a t  have re tarded t h e  completion of t h e  
p lan t s  cur ren t ly  under construction and t h e  fill operat ion of p l a n t s  already 
completed ( ~ h r i c h ,  1973, p. 1 )  a Causes c i t e d  include problems r e l a t e d  t o  engi- 
neering design, mistakes i n  assembly, f a i l u r e s  of mate r i a l s ,  defect ive  f u e l s ,  
and delays i n  construction of p lan t s  and i n  fabr ica t ion  of u n i t s .  

Geothermal Power 

The only s i zab le  geothermal e l e c t r i c  power generat ing u n i t s  operat ing 
i n  t h e  United S ta tes  i n  1972 were a t  The Geysers, about 90 miles north of San 
Francisco, Cal i fornia .  They have a combined capaci ty  of 290 megawatts . Although 
a major expansion i n  the  use of geothermal energy has been f o r e c a s t ,  t h e  capac- 
i t y  of e x i s t i n g  f a c i l i t i e s  i s  being f u l l y  u t i l i z e d ,  and g rea te r  use of geother- 
mal energy p o t e n t i a l  must await f u r t h e r  explorat ion and development. 
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Fig. 9 - A. Electric power output by utilities from hydroelectric and nuclear plants. 

B. Percentage of total electric power output of utilities that is provided 
by hydroelectric and nuclear plants. 



In te rna t iona l  Problems and Complications 

With domestic o i l  and gas wel ls  producing a t  capaci ty ,  no s i g n i f i c a n t  
surplus coal-producing capaci ty ,  and no means of r ap id ly  expanding t h e  energy 
output from other  domestic sources, t h e  United S t a t e s  cur ren t ly  has no choice 
but  t o  increase  i t s  imports of o i l  and ref ined products. I n  1972 imports pro- 
vided about 29 percent of t h e  na t ion ' s  t o t a l  l i q u i d  f u e l  supply (u.  S. Bur. Mines, 
1973b, p. 2 ) ,  and l i q u i d  f u e l s  accounted f o r  45.5 percent of a l l  t h e  energy used 
within t h e  country. I n  addi t ion ,  about 5 percent of t h e  n a t u r a l  gas consumed 
was imported, most of it by p ipe l ine  from Canada (u.  S. Bur. Mines, 1973a, p. 
4 ,  6 ) .  

The importation and use of fore ign mater ia ls  i s  not ,  of i t s e l f ,  neces- 
s a r i l y  undesirable;  some highly indus t r i a l i zed  nations a r e  l a r g e l y  dependent on 
imports f o r  t h e  bulk of t h e i r  raw mate r i a l s .  However, t h e  dependence of t h e  
United S t a t e s  on fore ign sources f o r  so  much of i t s  energy supply does ca r ry  with 
it ser ious  implicat ions from both economic and na t iona l  s e c u r i t y  standpoints .  

Economic Impli cations 

The United S t a t e s  suffered ser ious  balance of payment problems i n  1972, 
leading t o  in te rna t iona l  monetary d i f f i c u l t i e s  and t h e  devaluation of t h e  d o l l a r .  
Among t h e  contr ibut ing f a c t o r s  was t h e  d o l l a r  outflow t o  pay f o r  increased f u e l  
imports. The d o l l a r  value of United S ta tes  f u e l  imports and exports  i n  1972 (u.s. 
Dept. Commerce, 1973, p. ~22-523) was a s  follows: 

B i l l  ion do l l a r s  

Imp or t s  Exports 

Total  mineral f ue l s  4.799 1.554 

Petroleum and petroleum products 4.300 0.445 

Coal and r e l a t ed  products not ava i lab le  1.019 

Figure 10 shows t h e  r a p i d i t y  with which t h e  value of f u e l  imports has 
been rising-and contr ibut ing t o  t h e  balance of payments problems. The major 
p a r t  of t h e  t o t a l  f u e l  export value i s  accounted f o r  by coking coa l  exports  t o  
Europe, Japan, and Canada. Of t h e  t o t a l  value of f i e 1  imports i n  1972, almost 
90 percent was f o r  petroleum and petroleum products. Most of t h e  remainder was 
f o r  n a t u r a l  gas imported from Canada. 

The net  U.S. d e f i c i t  i n  petroleum t r a d e  i n  1972 amounted t o  $3.85 
b i l l i o n .  This d e f i c i t  not only contributed i n  some degree t o  t h e  d i f f i c u l t i e s  
leading t o  devaluation of t h e  d o l l a r ,  but  t h e  devaluation of t h e  d o l l a r ,  i n  t u r n ,  
l e d  t o  higher p r i ces  f o r  fore ign o i l  purchases. The increas ing import value 
shown i n  f i g u r e  10 thus  r e s u l t s  from a combination of increased q u a n t i t i e s  of 
imports,  increased p r ices  a s  a r e s u l t  of supply and demand f a c t o r s ,  and a s t i l l  
f u r t h e r  increase i n  p r i ces  r e s u l t i n g  from t h e  d o l l a r  devaluation. The projec ted  
shortage of domestic f u e l  and t h e  accompanying need f o r  increased imports make 
it c e r t a i n  t h a t  U. S. fore ign t r a d e  d e f i c i t s  f o r  energy-producing mater ia ls  w i l l  
continue t o  r i s e  rapidly .  Some est imates ind ica te  t h a t  t h e  value of o i l  imports 
w i l l  reach near ly  $10 b i l l i o n  per year by 1975 and approach $20 t o  $25 b i l l i o n  
per year by t h e  e a r l y  1980s ( O i l  and Gas Jour . ,  1973b). 



Fig.  10 - United S t a t e s  f o r e ign  t r ade  i n  mineral f u e l s :  A-Crude petroleum 
and p e t r o l e m  products.  B-Total f u e l s ,  1960-1972. 



Grave concern i s  being expressed f o r  t h e  danger of currency specula- 
t i o n  and disrupt ion of monetary s t a b i l i t y  t h a t  could occur from a g rea t  outflow 
of money f o r  o i l  imports t h a t  i s  not balanced by increased exports ,  The t o t a l  
amount of money expended f o r  t h e  purchase of o i l ,  mainly from t h e  Middle Eas t ,  
by t h e  oil-importing nations i n  t h e  12  years from 1961 through 1972, i s  reported 
t o  be $27 b i l l i o n .  Estimates ind ica te  t h a t  f o r  t h e  12  years beginning i n  1973, 
t h e  to ta l .  may reach $227 b i l l i o n .  I f  a s ign i f i can t  por t ion  of t h i s  money were 
t o  be used f o r  monetary speculat ion,  r a t h e r  than expended f o r  purchases o r  chan- 
neled i n t o  investment, t h e  impact on t h e  currencies of oil-importing countr ies  
could be d i sas t rous  ( o i l  and Gas Jour. , l973a) .  

Na ti onal Security 

From t h e  standpoint of t h e  nat ional  secur i ty  of t h e  United S t a t e s ,  dc- 
pendence on foreign sources f o r  a l a r g e  pa r t  of our energy needs, e spec ia l ly  on 
those  sources outs ide  t h e  Western Hemisphere, could be accompanied by ser ious  
problems of severa l  types.  F i r s t ,  such o i l  supplies could be in ter rupted a t  t h e  
source througL any of a v a r i e t y  of circumstances beyond t h e  con t ro l  of  t h e  United 
S t a t e s ;  second, in te rna t iona l  competition f o r  t h e  avai lable  supplies i s  increas- 
ing;  and, t h i r d ,  l a r g e  numbers of tankers t r ave l ing  sea l anes  t h a t  a r e  thousands 
of miles long would be highly vulnerable t o  any h o s t i l e  ac t ion  t h a t  might occur. 
A s  t h e  more d i s t a n t  of t h e  sources of supply become increas ingly  important,  t h e  
s igni f icance  of each of these  p o t e n t i a l  problems grows. 

Figure 11 shows t rends  i n  t h e  domestic production of crude o i l  and 
n a t u r a l  gas l i q u i d s  i n  t h e  United S t a t e s  and i n  imports of both crude o i l  and 
ref ined products. During t h e  10-year period shown, United S t a t e s  crude o i l  
production increased only 26 percent ,  while imports of both crude o i l  and re-  
f ined  products doubled. Imports a s  a percentage of t h e  t o t a l  l i q u i d  f u e l  sup- 
p ly  grew from about 19 percent i n  1963 t o  about 29 percent i n  1972. 

Most of t h e  imported re f ined  products come from t h e  Western Hemis- 
phere, primari ly South America and t h e  Caribbean area ,  An increas ing por t ion 
of crude o i l  imports,  however, i s  coming from more d i s t a n t  sources i n  Africa 
and t h e  Middle East ( f i g .  12) .  Imports from Africa and t h e  Middle East in- 
creased from 31.1 percent of t o t a l  crude imports i n  1966 t o  40.4 percent i n  
1972. During t h i s  6-year period,  however, two major in te r rup t ions  i n  shipments 
have occurred. Middle Eastern shipments declined abrupt ly  i n  1967 ( f i g .  12)  
from t h e  e f f e c t s  of t h e  Arab-Israeli c o n f l i c t ,  I n  1970, imports from North 
Africa f e l l  sharply as  a r e s u l t  of Libya% decision t o  reduce i t s  o i l  produc- 
t ion .  During t h a t  same year t h e  growth i n  imports from t h e  Middle East was 
slowed when, on May 3 ,  1970, a bulzdozer broke t h e  Trans-Arabian pipel ine  t h a t  
runs from Saudi Arabia across Syr ia  t o  t h e  Mediterranean por t  of Sidon, Lebanon. 
The flow of 475,000 b a r r e l s  per day of crude o i l  was ha l t ed  f o r  severa l  months 
before r e p a i r  of t h e  p ipel ine  was permitted by t h e  Syrian government. 

A t  t h e  time of t h e  1967 and 1970 in te r rup t ions  i n  t h e  flow of imports,  
t h e  United S t a t e s  s t i l l  had some surplus oil-producing capacity;  the re fo re ,  do- 
mestic crude o i l  output could be increased t o  help  compensate f o r  t h e  reduction 
i n  imports (figs.  7 and 11). Today t h i s  surplus capaci ty  no longer e x i s t s ,  and 
s imi la r  in te r rup t ions  of supplies could be much more se r ious ,  
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I n  recent  years t h e r e  has been an increasing t r end  Lo import o i l ,  es- 
p e c i a l l y  crude o i l ,  from sources outs ide  t h e  Western Hemisphere ( f i g .  12). From 
1963 through 1972, t o t a l  annual imports from t h e  Western Hemisphere increased by 
51 percent;  imports from t h e  Eastern Hemisphere, primari ly t h e  Middle East and 
North Africa, increased 191 percent.  A 47 percent decl ine  i n  crude o i l  imports 
from Venezuela during t h i s  period was more than o f f se t  by a t r e b l i n g  of imports 







of current  world output and which i s  one of t h e  areas with t h e  g rea tes t  poten- 
t i a l  f o r  increased production (Albers e t  ale, 1973, p. 134-135; U. S. Bur. Mines, 
1972a, p. 2-3). 

Although production of o i l  i n  t h e  African nations has grown s i g n i f i -  
can t ly  and i s  making important contr ibutions t o  t h e  current  world petroleum sup- 
p ly ,  t h e i r  reserves a r e  equal t o  only 16 percent of those  of t h e  Persian Gulf 
area (Albers e t  a l . ,  1973, p. 130-134; U. S. Bur. Mines, 1972a, p. 2-3). The in- 
creasing dependence of t h e  major oil-importing nations on o i l  from t h e  Persian 
Gulf a rea  suggests numerous economic, p o l i t i c a l ,  and s e c u r i t y  implicat ions (u.  S. 
News and World Rept., 1973, p. 90-94). 

Recently published r e p o r t s  ind ica te  t h a t  indus t r i a l i zed  nations through- 
out  t h e  world a re  se r ious ly  concerned about t h e  adequacy of world suppl ies  of 
petroleum and t h e  p o t e n t i a l  problems of in te rna t iona l  competition f o r  these  sup- 
p l i e s .  A committee of t h e  European Par l ianent  r ecen t ly  issued a warning of a po- 
t e n t i a l  European energy c r i s i s  i n  Common Market countr ies  by 1980 unless a com- 
prehensive energy pol icy  i s  developed, and it urged e f f o r t s  t o  prevent a p o l i t i c a l  
s t ruggle  with t h e  United S t a t e s  f o r  avai lable  energy sources ( ~ a t l  . Coal Assoc . , 
1973b). Because of f e a r s  of fu tu re  f u e l  shortages,  Japan i s  in tens i fy ing  i t s  
worldwide explorat ion f o r  o i l ,  as  wel l  as purchasing addi t ional  reserves i n  t h e  
Middle East (wal l  S t ree t  Jour. ,  197313). The world's need f o r  energy i n  t h e  fu- 
t u r e  wkll require  t h a t  a l l  p o t e n t i a l  sources be used t o  t h e i r  f u l l e s t  capacity. 

The t r end  toward g rea te r  r e l i ance  on fore ign o i l  sources by t h e  United 
S t a t e s  not only c a r r i e s  t h e  p o t e n t i a l  problems of balance of payments, interna- 
t i o n a l  competition, and in ter rupt ions  i n  supply, but  it a l s o  makes t h a t  supply in- 
creas ingly  vulnerable i n  the  event of h o s t i l e  ac t ion a t  any time i n  t h e  fu tu re .  
During t h e  near ly  4 years of American pa r t i c ipa t ion  i n  World War 11, 95 U. S. 
tankers  were sunk by submarine ac t ion along the  East Coast, i n  t h e  Gulf of Mex- 
i c o ,  and i n  t h e  Caribbean (~achman, 1971). Figure 13 shows t h e  d is tances  from 
t h e  various oil-producing areas  t o  the  United S ta tes .  The ocean movement of 
much l a r g e r  quan t i t i e s  of o i l  than those moved i n  t h e  1940s over d is tances  t h a t  
range up t o  more than 6 times as  great  a s  t h a t  from Venezuela t o  New York would 
make t h e  protec t ton of supply l i n e s  subs tan t i a l ly  more d i f f i c u l t  than it was 
during World War 11. 

While imports of o i l  a r e  v i t a l  t o  t h e  United S t a t e s  a s  a whole, they 
a r e ,  i n  the  shor t  term, more c r i t i c a l  %o some areas of t h e  nation than t o  o thers .  
I n  t h e  event of an in te r rup t ion  i n  supply, the  e n t i r e  nat ion would su f fe r  and, 
a f t e r  a period of t ime,  it might be t h a t  a l l  regions would share t h e  burden of 
t h e  shortage equally. But i n i t i a l l y ,  and u n t i l  a system f o r  t h e  allocation and 
d i s t r i b u t i o n  of remaining sources could be developed, t h e  blow would f a l l  most 
heavily on those areas  now most d i r e c t l y  dependent on imported oi l- the At lant ic  
and Pac i f i c  coas ta l  regions. The coas ta l  a reas  have been designated a s  Petroleum 
Administration f o r  Defense (PAD) D i s t r i c t s  I and V. I n  1972, 67.3 percent of to-  
t a l  o i l  imports went t o  D i s t r i c t  I ,  t h e  East Coast, and 17.1 percent t o  D i s t r i c t  
V ,  t h e  West Coast (u. S. Bur. Mines, 197313, p. 17-19 ) . 

Figure 1 4  shows percentages of crude o i l  and re f ined  products used i n  
D i s t r i c t s  I and V t h a t  a r e  provided by imports. Imports represented 47.8 per- 
cent  of t h e  t o t a l  petroleum supply f o r  D i s t r i c t  I i n  1972, 35.9 percent of t h a t  
f o r  D i s t r i c t  V ,  and 29.0 percent of t h e  t o t a l  U. S.  supply (u .  S. Bur. Mines, 
1973b, p. 32). 
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Of t h e  1.1 b i l l i o n  b a r r e l s  of crude petroleum and petroleum products 
imported t o  t h e  East Coast i n  1972, about 55.3 percent was res idua l  f u e l  o i l ,  
used p r inc ipa l ly  by e l e c t r i c  u t i l i t i e s  and heavy indust ry  (u. S. Bur. Mines, 
197313, p .  17-19). O i l  (mostly res idua l )  provided 85 percent of t h e  f u e l  energy 
consumed by e l e c t r i c  u t i l i t i e s  i n  t h e  New England s t a t e s  and 40 percent of t h a t  
used i n  t h e  Middle At lant ic  s t a t e s  i n  1971 ( ~ a t l .  Coal Assoc. , 1972, p. 51-52). 

LONG-TERM ENERGY POTENTIAL 

The present shortage of avai lable  o i l  and gas and of productive ca- 
pac i ty  does not mean t h e  energy resource p o t e n t i a l  of t h e  United S t a t e s  i s  ex- 
hausted. Geologic evidence ind ica tes  t h a t  l a r g e  undr i l l ed  areas , both onshore 
and offshore ,  a r e  underlain by rocks favorable t o  t h e  occurrence of o i l  and gas. 
Large addi t ional  quan t i t i e s  of these  f u e l s  a r e  l i k e l y  t o  be found i f  add i t iona l  
exploratory d r i l l i n g  i s  ca r r i ed  out  i n  these  areas.  Huge tonnages of coal  a r e  
already known t o  e x i s t .  Such coal  can be burned d i r e c t l y  t o  provide energy o r  
it can be converted t o  l iqufd  o r  gaseous form by processes t h a t  w i l l  a t  t h e  same 
time remove t h e  su l fu r  and provide a clean-burning f u e l .  O i l  sha les  and t a r  
sands with various degrees of o i l  sa tu ra t ion  a l s o  a r e  known t o  occur i n  exten- 
s ive  areas of t h e  nation and t o  contain o i l  estimated a t  b i l l i o n s  of b a r r e l s .  

Besides t h e  conventional f o s s i l  fue ls-oi l ,  gas ,  and coal-and other 
sources of energy, such as  conventional nuclear ,  hydroelec t r ic ,  and geothermal 
p l a n t s ,  t h a t  have contributed t o  our energy supplies i n  t h e  p a s t ,  o the r  poten- 
t i a l  sources of energy, including o i l  ext rac ted  from o i l  shale  and t a r  sands, 
advanced nuclear r e a c t o r s ,  s o l a r  energy, and, on a smaller s c a l e ,  wind and t i d a l  
power are  l i k e l y  t o  be used i n  t h e  fu tu re .  Each of these  sources of energy has 
been en thus ias t i ca l ly  discussed and promoted a t  one time o r  another a s  having 
t h e  po ten t i a l  f o r  making major contributions toward solving t h e  energy problem. 
Undoubtedly each w i l l  eventually make some contr ibut ion,  but  none can r e a l i s -  
t i c a l l y  be considered a s  more than a p a r t i a l  so lut ion t o  t h e  energy dilemma. 
Major obs tac les  must be overcome i n  t h e  development and use of each new source 
before i t s  f u l l  p o t e n t i a l  can be rea l i zed .  Man's i n i t i a t i v e  and ingenuity a r e  
capable of overcoming many of t h e  physical  l i m i t a t i o n s  but not without t h e  ex- 
penditure of l a r g e  amounts of e f f o r t  and c a p i t a l  and t h e  passage of consider- 
able periods of time. The r e l a t i v e  po ten t i a l s  of various sources of energy and 
some of t h e  problems t h a t  must be solved before t h e i r  p o t e n t i a l s  a re  r e a l i z e d  
a r e  discussed following. 

Reserves, Resources, and Resource Base 

Much misunderstanding e x i s t s  regarding t h e  use of t h e  terms rese rves ,  
resources,  and resource Base, The term proved rese rves ,  used i n  connection with 
o i l  and gas,  i s  defined (.Am. Gas Assoc. e t  a l . ,  1972, p. 221) as  " . . . the  estimated 
quantity.,.which analys is  of geologic and engineering data  demonstrates with rea-  
sonable c e r t a i n t y  t o  be recoverable from known o i l  o r  gas f i e l d s  under e x i s t i n g  
economic and operat ing conditions ." Probable reserves  are  defined as  " . . . a  r ea l -  
i s t i c  assessment of t h e  reserves t h a t  w i l l  be recovered from a l l  known o i l  or  gas 
f i e l d s  based on t h e  estimated ul t imate  s i z e  and rese rvo i r  c h a r a c t e r i s t i c s  of 
such f ields. ' '  



The term reserves has been used somewhat more loose ly  when applied t o  
c o a l ,  o i l  sha le ,  and some other minerals.  It f requent ly  has been used f o r  iden- 
t i f  i ed  o r  estimated deposi ts  without qua l i f i ca t ions  regarding t h e  economic re-  
coverab i l i ty  of such deposi ts  . 

I n  con t ras t  t o  t h e  terms reserves or probable reserves applied t o  iden- 
t i f i e d  and economically recoverable depos i t s ,  t h e  terms resources and resource 
base encompass deposi ts  t h a t  remain as  yet  undiscovered and those port ions of 
i d e n t i f i e d  deposi ts  t h a t  a r e  not considered economically recoverable under cur- 
r e n t  condit ions.  

Some people mistakenly consider proved reserves  t o  be a measure of to -  
t a l  f u t u r e  production, and, by dividing current  production i n t o  proved reserves  
of a mineral ,  conclude t h a t  we w i l l  "run out i n  X number of years ." That type of 
thinking f a i l s  t o  recognize t h a t  (1) new reserves  a r e  being s t e a d i l y  added through 
new discover ies ;  ( 2 )  continuing technological  improvements and/or economic changes 
permit g rea te r  recovery of already i d e n t i f i e d  deposi ts ;  and ( 3 )  t h e  production 
from e x i s t i n g  rese rves ,  even i f  no new reserves were added, would not remain a t  
a constant  l e v e l  and then end abrupt ly ,  but  ins tead would continue during a long 
period of time a t  ever-declining annual r a t e s .  

McKelvey (1973, p. 2 has designed a diagram ( f i g .  1 5 ~ )  t o  d i s t i n -  
guish t h e  various ca tegor ies  of mineral reserves and resources. A U.S. Geo- 
l o g i c a l  Survey modification of t h e  diagram  r rob st and P r a t t  , 1973, p. 4) i s  
shown i n  f igure  1 5 B .  These diagrams should help  t o  c l a r i f y  some of t h e  grada- 
t i o n s  i n  t h e  l e v e l s  of p o t e n t i a l  within t h e  t o t a l  resource base. The degree of 
c e r t a i n t y  of existence of a p a r t i c u l a r  mineral decreases i n  t h e  diagrams from 
l e f t  t o  r i g h t  . " ~ o t e n t i a l  undiscovered deposits"  can be s h i f t e d  i n t o  t h e  iden- 
t i f i e d  category only through explorat ion and/or accidenta l  discovery. The ver- 
t i c a l  l i n e  between i d e n t i f i e d  and undiscovered deposits  would then be s h i f t e d  
;t-o t h e  r i g h t .  

The hor izonta l  l i n e  between recoverable and i d e n t i f i e d  marginal de- 
p o s i t s  o r  condit ional  resources may be s h i f t e d  downward e i t h e r  through ( a )  im- 
proved technology t h a t  makes g rea te r  physical  recovery poss ib le ,  o r  ( b )  favor- 
a b l e  economic changes t h a t  lower production cos t s  or  r a i s e  t h e  product value. 
The boundmy between recoverable reserves  and paramarginal o r  subeconomic re-  
sources w i l l  be ra i sed  by unfavorable economic changes. That i s ,  recoverable 
reserves  w i l l  be reduced i n  quanti ty.  

For any given mineral,  much of t h e  ex i s t ing  resource base may never 
be discovered, and much of t h a t  a c t u a l l y  i d e n t i f i e d  may never be recovered be- 
cause of technologic,  economic, or p o l i t i c a l  l imi ta t ions .  

Po ten t i a l  Future Energy Sources 

To obta in  some measure of t h e  p o t e n t i a l  resource base of domestic 
energy from which t h e  United S t a t e s  might u l t ima te ly  draw, est imates have been 
made of t h e  t o t a l  amounts of t h e  various f u e l s  t h a t  o r i g i n a l l y  ex i s t ed  i n  t h e  
ground, Such measurements genera l ly  a r e  a r r ived  a t  by est imating t h e  areas  and 
thicknesses of rocks favorable t o  p a r t i c u l a r  mineral deposits  and then estimat- 
ing t h e  l ike l ihood t h a t  such deposi ts  a c t u a l l y  a r e  o r  were present .  By subtract-  
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ing  past  d iscover ies  from t h e  estimated o r i g i n a l  t o t a l ,  a p o t e n t i a l  undiscovered 
r e s i d u a l  is computed. I n  some ca lcu la t ions ,  t h e  amount l i k e l y  t o  be recoverable 
r a t h e r  than t h e  t o t a l  quant i ty  i n  place i s  estimated. 

Previous est imates of o r i g i n a l  o i l  and gas i n  place have varied widely, 
depending on when t h e  est imates were made, t h e  assumptions used, and t h e  calcu- 
l a t i n g  procedures followed. Estimates of t h e  o r i g i n a l  amounts of petroleum l i q -  
u i d s  and na tu ra l  gas,  a s  presented i n  a recent  publ ica t ion of t h e  U. S. Geolog- 
i c a l  Survey ( ~ h e o b a l d  e t  a l . ,  1972, p. 13-18), a r e  shown i n  t a b l e  1. The assump- 
t i o n s  used i n  t h e  various est imates a r e  elaborated i n  t h a t  publ ica t ion.  For or- 
i g i n a l  na tu ra l  gas i n  p lace ,  est imates a r e  given i n  t a b l e  2.  

The wide range of est imates shown i n  t a b l e s  1 and 2 ,  i n  which t h e  high- 
e s t  est imates a r e  severa l  times t h e  lowest ,  ind ica tes  t h e  uncer ta in ty  involved i n  
est imating undiscovered deposi ts  of o i l  and gas. The v a r i a t i o n s ,  r e f l e c t i n g  p r i -  
mari ly t h e  specula t ive  resources ( f i g .  1 5 ~ ) ~  make t h e  posi t ions  of t h e  lower and 
right-hand borders of t h e  diagram ( f i g .  1 5 ~ )  wholly t e n t a t i v e .  The resource bases 
f o r  some of t h e  o ther  f u e l s  a r e  l e s s  d i f f i c u l t  t o  est imate than those f o r  o i l  and 
gas. 

Because sedimentary deposi ts  of coa l  and o i l  shale  genera l ly  occur i n  
beds of r e l a t i v e l y  uniform thickness t h a t  extend l a t e r a l l y  over wide a reas ,  es- 
t imates  of such resources can genera l ly  be made with a f a r  g rea te r  degree of 
confidence than  est imates of o i l  and n a t u r a l  gas,which a r e  entrapped within t h e  
host rock under s t r u c t u r a l  or  s t r a t i g r a p h i c  condit ions genera l ly  ex i s t ing  i n  
much smaller and l e s s  regular  areas .  

Estimates of coa l  resources a r e  based on areas  thought t o  be under- 
l a i n  by coal  and on est imates of average thickness of such coa l  seams. Actual 
existence of coa l  seams can be  proved and average thickness measured i n  s h a f t s  
or  d r i l l h o l e s  and a t  outcrops, Geologic da ta  on the  uniformity of thickness 
and l a t e r a l  cont inui ty  of t h e  individual  seams permit a reasonably accura te  ex- 
t r a p o l a t i o n  of t h e  measured data  i n t o  surrounding areas  f o r  considerable d is -  
tances.  Estimates of s t r ippab le  coal  reserves  requ i re  add i t iona l  d e t a i l e d  in- 
formation on t h e  thickness and nature of t h e  overburden, I f  reserves a r e  r a t e d  

TABLE 1-ESTIMATES OF TOTAL PETROLEUM LIQUIDS ORIGINALLY I N  
PLACE I N  THE UNITED STATES 

B i l l i o n  b a r r e l s  
S o u r c e  of  e s t i m a t e  Conterminous U. S.  A la ska  T o t a l  

N a t i o n a l  Pe t ro l eum Counci l  ( 1971 )*  741.8% 82.6-n 824.4* 
U. S.  G e o l o g i c a l  Su rvey  (1972) 2,431.0 602.0 3t033.0 
M. King Hubbert  ( 1969) 575 0 85.0 660. 0 
L .  G. Weeks (1958) -.-- --- 1,315.0 
C .  L. Moore (1970) --- --- 670.0 
M. A .  E l l i o t t  and H. R .  L i n d e n  ( 1968)* --- --- 1,286. 0* 

* Crude o i l  on ly .  
Sou rce :  Theobald  e t  a l .  (1972, p, 13). 



TABLE 2-ESTIMATES OF TOTAL NATURAL GAS ORIGINALLY I N  
PLACE I N  THE UNITED STATES 

T r i l l i o n  cubic f e e t  

Source of es t imate  Conterminous U .  S. Alaska Total  

Po t en t i a l  Gas Committee ( 1971) 1,877 447 2,324 
U. S. Geological Survey (1972) 5 , 690 1,380 7,070 
M. King Hubbert ( 1969) 1,312 1,949 
L .  G .  Weeks (1958) --- --- 637 1,250 

C .  L .  Moore ( 1970) --- --- 1,934 

M .  A .  E l l i o t t  and H.  R .  Linden (1968) --- --- 2,175 

NOTE: Total  d i scover ies ,  recoverable and nonrecoverable, through 1972, 872.5 

t r i l l i o n  cubic f e e t  ( ~ m .  Gas Assoc., 1973, p. 120).  
Source: Theobald e t  a l .  (1972, p. 16 ) .  

according t o  q u a l i t y  or  su l fu r  content ,  chemical analyses a r e  made i n  addi t ion  t o  
thickness measurements, 

O i l  shale 
measurements of t h e  
t e s t e d  t o  determine 
shale.  

Estimates 

est imates a r e  general ly based on est imates of t h e  areas  and 
thickness of t h e  deposi ts .  Samples a re  a l s o  col lec ted  and 
t h e  p o t e n t i a l  y fe ld  of o i l  i n  h ~ - ~ a l l o n  b a r r e l s  per t o n  of 

of conventional uranium resources &re based on discovered 
deposits  and on measured outcrops of favorable rock. Estimates of add i t iona l  
uranium resources a r e  based on t h e  quan t i t i e s  contained i n  uranium-bearing 
phosphate rock. 

Although wide areas  of t h e  United S t a t e s  have been i d e n t i f i e d  as  having 
considerable geothermal energy p o t e n t i a l ,  t h e  amount of such p o t e n t i a l  t h a t  can 
confidently now be c l a s s i f i e d  a s  recoverable resource i s  exceedingly small.  Es- 
t imates  of t o t a l  p o t e n t i a l  must be l a r g e l y  in fe r red  from general  geologic know- 
ledge and l imi ted  exploratory d r i l l i n g .  

Relat ive Abundance of Energy from Various Sources 

The sources of energy considered t o  have t h e  g rea tes t  i m e d i a t e  and 
long-term p o t e n t i a l  f o r  supplying U. S. energy needs a r e  shown i n  f igure  16. 
Resource est imates used a r e  from U. S. Geological Survey Circular  650 (Theobald 
e t  a l .  9 1972). The a rea  of t h e  c i r c l e  representing each source i s  proport ional  
t o  t h e  ca lcula ted  energy content ( i n  Btu) of t h e  estimated resource base of 
each. 

The conversion of t h e  estimated physical  q u a n t i t i e s  of t h e  various 
energy sources i n t o  equivalent heat  values (Btu) ,  as  shown i n  f i g u r e  16,  i s  
based on the  conversion fac to r s  shown i n  t a b l e  3. 

The sca le  a t  t h e  lower l e f t  corner of f igure  16 i s  applicable t o  a l l  
of t h e  c i r c l e s  on t h e  f i g u r e  and provides a b a s i s  f o r  comparison of t h e  various 
sources. Comparison of ac tua l  numerical values i s  provided by t a b l e  4. 



TABLE 3-FACTORS USED FOR THE CONVERSION OF FUEL UmITS TO Btu 

Energy source Conversion f a c t o r  
- -  - 

Petroleum and na tura l  gas l i qu id s  5 .6  mi l l ion  Btu/barrel 

Natural gas 1032 Btu/cubic foo t  

Coal 25 mil l ion  Btu/short ton 

Shale o i l  5.8 mi l l ion  Btu/barrel 

Uranium 
Total contained energy 60 t r i l l i o n  Btu/short ton U308 
Energy ava i lab le  with present  

technology 0.5 t r i l l i o n  Btu/short ton U 0 
3 8 

Geothermal 4.0 ~ t u / 1 0 0 0  gram ca lo r i e s  

TABLE  ESTIMATED POTENTIAL ENERGY CONTAINED I N  VARIOUS RESOURCES 

T r i l l i o n  Btu 
Cumulative 

pas t  Remaining Iden t i f i ed  Poten t ia l  
S ource production i den t i f i ed  recoverable undiscovered 

Coal 

Petroleum and 
na tura l  gas l i qu id s  

Natural gas 

O i l  sha le  

Geothermal 

Uranium 

Hydroelectric 

Negligible 12,320,000 oa 
( 3 , 3 6 0 , 0 0 0 ) ~  

Undetermined 60,000 10,000 

Undetermined 22,500 12,500 

Undetermined 492,14 lg 224, 270h 

14,660, oooC 
( 118, goo, ooo)d 

Source: Theobald e t  a l . ,  1972. 
a None cur ren t ly  economically recoverable. 

Containing 30 o r  more gal lons of o i l  per  ton. 
Based on extension of known resources. 
Undiscovered and unappraised. 
With present  technology. 
Estimated t o t a l  contained energy, assuming technology ava i lab le  t o  u t i l i z e  it. 
Based on t o t a l  estimated megawatt po t en t i a l  x load f a c t o r  x energy 

f a c t o r  x 50 years.  
Based on planned capaci ty by 1990 x average energy input x 50 years.  



I n  f igure  1 6 ~ ,  est imates of cumulative production through 1970, of 
i d e n t i f i e d  resources,  and of t h e  recoverable quant i ty  of each f u e l  a r e  shown, 
A l a r g e  p o t e n t i a l  resource base i s  a l s o  indicated  f o r  each, A s  has been pre- 
v iously  pointed o u t ,  some of t h e  estimated poten%ial  base may not e x i s t  O r ,  

i f  i n  f a c t  it does e x i s t ,  may never be discovered o r  i d e n t i f i e d  by tech- 
niques now ava i l ab le ,  and p a r t  of t h e  resource t h a t  i s  u l t ima te ly  discovered* 
w i l l  be unrecoverable because of inadequate technology o r  t h e  presence of eco- 
nomic c ~ n d i t i o n s  t h a t  a&e i t s  recovery impractical ,  Despite t h e  f a c t  t h a t  
t h e  l a r g e s t  and most favorable est imates ( those  by the  U. S. Geological Sur- 
vey. See t a b l e s  1 and 2 )  have been used, t h e  indicated p o t e n t i a l  f o r  o i l  and 
na tu ra l  gas i s  f a r  lower than t h a t  f o r  coa l  o r  o i l  shale  ( f i g .  1 6 ~ ) .  

Of t h e  i d e n t i f i e d  deposits  of o i l ,  gas ,  and coal  shown i n  f igure  1 6 ~ ,  
a s i g n i f i c a n t  por t ion  df each i s  i n  the  economically recoverable category. Des- 
p i t e  t h e  l a r g e  s i z e  of i d e n t i f i e d  o i l  shale  depos i t s ,  none has g e t  been proved 
economically recoverable. 

Comparison of t h e  amounts of energy p o t e n t i a l l y  recoverable from hy- 
d roe lec t r i c  and so la r  power ( f i g .  1613) with those  from f o s s i l  f u e l  sources i s  
d i f f i c u l t  because of t h e  renewable o r  continuing nature of' t hese  yesources. 
They involve a flow r a t h e r  than a stock of energy, The t o t a l  amount of so la r  
energy reaching t h e  e a r t h ' s  surface each year i s  enormous and fa r  exceeds t h a t  
p o t e n t i a l l y  ava i l ab le  from a l l  o ther  sources, However, because t h e  amount of 
energy from t h i s  source t h a t  u l t imate ly  may be harnessed i s  completely undeter- 
minable a t  t h i s  t ime,  no attempt i s  made here t o  diagram it f o r  comparison with 
o ther  sources, Problems and p o t e n t i a l  connected with i t s  use w i l l  be discussed 
l a t  e r e  

For converting hydroelec t r ic  power capacity t o  energy p o t e n t i a l  f o r  
inc lus ion i n  f i g u r e  1 6 ~ ,  a power output extending over a 50-year average plant  
l i f e ,  a t  t h e  present  average load f a c t o r ,  was assumed, The r a t e  of r e se rvo i r  
s i l t a t i o n  or  p lan t  obsolescence may reduce o r  extend t h e  l i f e  of any individual  
p l a n t ,  but t h e  assumption of a 50-year average l i f e  should provide some measure 
of t h e  r e l a t i v e  magnitude of t h e  energy t h i s  source can be expected t o  provide. 

The amount of i d e n t i f i e d  p o t e n t i a l  shown f o r  hydroelec t r ic  power i n  
f i g u r e  1 6 ~  i s  based on t h e  estimated t o t a l  p o t e n t i a l  f o r  hydroelec t r ic  power 
i n  t h e  United S t a t e s  (u.s. Bur, Census, 1971. p .  503). The est imate of recov- 
erable  energy was based on t h e  combined capac i t i e s  of -present hydroelec t r ic  
p lan t s  and those  planned fo r  operat ion by 1990 (FPC , 1971, p. 1-1-17) . 

The amount of uranium estimated t o  be economically recoverable ( f i g .  
1 6 ~ )  i s  t h a t  i d e n t i f i e d  i n  conventional deposi ts .  The p o t e n t i a l  resources 
shown i n  t h e  f igure  include t h e  estin'lated p o t e n t i a l  f o r  both undiscovered re-  
sources i n  conventional deposits  and t h e  estimated p o t e n t i a l  contained i n  ura- 
nium-bearing phosphate rock, The p o t e n t i a l  energy t h a t  would be recoverable 
from t h e  estimated resources was calcula ted  on t h e  b a s i s  of present  technology, 
Improvements i n  technology could g r e a t l y  increase  t h e  amount of energy t h a t  ul- 
t imate ly  could be recovered, 

Although geothermal anomalies have been i d e n t i f i e d  i n  a number of 
a reas ,  the re  i s  a s  yet  no way of determining how much of t h e  geothermal poten- 
t i a l  may ul t imate ly  be rea l i zed .  



@ Post product ion,  
th rough  1970. 

0 E s t i m a t e d  e c o n o m i c a l l y  
recovero ble reserves.  

Remoining ident i f ied  
deposits in  explored 
a reas ,  exc luding 
recoverab le .  

@ Est imated  but  u n p r o v e d  
0 quant i t i es  potentially 

existing in  unexp lored  
oreos. Intensity o f  
p a t t e r n  ind ica tes  re la t i ve  
re l iab i l i ty  a n d  degree of 
conf idence  o f  resource 
e s t i m o t e s  or po ten t ia l  
fo r  p roduct ion .  

CRUDE OIL and 
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G E O T H E R M A L  

Fig.  1 6 ~  (oppos i t e )  and 16B (above) - 
Sources of energy considered t o  
have g r ea t e s t  po t en t i a l .  Area 
of c i r c l e  i s  proport ional  t o  c a l -  
culated energy content of the  to -  
t a l  resource base. Resource base 
est imates  a r e  from Theobald e t  a l .  
(1972) .  Conversion t o  Btu i s  based 
on f ac to r s  shown i n  t ab l e  3 .  

S O L A R  
E N E R G Y  

( see text discussion) 

H Y D R O P O W E R  

/ E n e r g y  a v a i l a b l e  w i th  p r e s e n t  
r e o c t o r  t e c h n o l o g y  



ACHIEVING POTENTIAL ENERGY LEVELS 

The United S t a t e s  can continue t o  meet a major share of i t s  f u t u r e  en- 
ergy requirements by accelera t ing research and development of t h e  various a l t e r -  
na t ive  sources of energy. I n  addi t ion  t o  in tens i f i ed  explorat ion f o r  domestic 
na tu ra l  gas and petroleum suppl ies ,  work i s  needed on g a s i f i c a t i o n  and l iquefac- 
t i o n  of coa l ,  t h e  ex t rac t ion  and processing of shale o i l ,  t h e  development of 
processes and equipment f o r  con t ro l l ing  t h e  undesirable combustion products of 
coa l ,  t h e  perfec t ion of t h e  breeder and fus ion reac to r s ,  and t h e  u t i lTza t ion  of 
s o l a r ,  geothermal, t i d a l ,  and other  unconventional types of energy wherever pos- 
s i b l e  and t o  t h e  f u l l e s t  f e a s i b l e  extent .  

The immediate and f u l l  use of each of t h e  a l t e r n a t i v e  sources of energy 
i s  cur ren t ly  being prevented i n  some degree by problems, ex i s t ing  e i t h e r  s ing ly  
o r  i n  combination, t h a t  involve t h e  resource i t s e l f  o r  technology, economics, or  
t h e  environment. 

Petroleum and Natural Gas 

E a r l i e r  sec t ions  of t h i s  repor t  have described how t h e  production of 
l i q u i d  f u e l s  and na tu ra l  gas has r i s e n  s t e a d i l y  through recent  decades t o  l eve l s  
where remaining proved reserves  can no longer sus ta in  a continued growth. I n  
f a c t ,  i f  increases i n  producible reserves a r e  not added without delay,  produc- 
t i o n  of both petroleum and na tu ra l  gas w i l l  soon begin t o  decline r a t h e r  than re-  
sume t h e  former upward t rend.  

Geologic da ta  ind ica te  t h a t  rocks favorable t o  t h e  occurrence of l a r g e  
deposi ts  of o i l  l i e  beneath as  yet  unexplored land and offshore areas  of t h e  
United S ta tes .  However, u n t i l  they a r e  a c t u a l l y  discovered and developed through 
d r i l l i n g ,  such deposi ts  remain only p o t e n t i a l  supplies and cannot help  t o  a l l e v i -  
a t e  our immediate shortages. Recent increases i n  p r i ces  f o r  both o i l  and gas 
should s t imula te  t h e  r a t e  of explorat ion and, hopefully,  of new discover ies ,  But 
new discoveries do not automatical ly make l a r g e  producible suppl ies  immediately 
available.  After an i n i t i a l  discovery, a period of 4 t o  7 years i s  normally re-  
quired before t h e  p o t e n t i a l  of a new t e r r i t o r y  can be developed and brought i n t o  
f u l l  production. For t h i s  reason, even though t h e r e  should be an immediate in- 
crease i n  t h e  r a t e  of d r i l l i n g  t h e r e  w i l l  be a time l a g  before producing capacity 
can be s i g n i f i c a n t l y  increased. 

A f u r t h e r  problem i s  r e l a t e d  t o  establishment of a reserve-to-produc- 
t i o n  r a t i o  t h a t  w i l l  maintain increased productive capab i l i ty .  Once t h e  l i m i t  
of p roduc ib i l i ty  has been reached, a r e l a t i v e l y  s t a b l e  l e v e l  of production can 
be maintained only i f  t h e  amount of reserves  withdrawn each year i s  replaced by 
an equal amount of new reserves.  To increase production and maintain t h a t  new 
higher l e v e l  of production i n d e f i n i t e l y ,  however, requires  addit ions t o  reserves 
t h a t  a re  severa l  times t h e  amount of t h e  increase i n  withdrawal ( f i g .  17). 

For example, when operat ions a r e  a t  f u l l  capacity,  t h e  withdrawal of 
one u n i t  of na tu ra l  gas from t h e  recoverable reserves  requires  t h e  replacement 
of an equivalent u n i t  i n  t h e  recoverable reserves  category. However, because 
only about 80 percent of t h e  discovered gas can be recovered, t h e  discovery or  
i d e n t i f i c a t i o n  of 1% u n i t s  of gas i n  place are  required t o  provide t h e  s ing le  
replacement u n i t .  
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Fig.  17 - Reserves of na tura l  gas and crude o i l  vs. productive capaci ty.  
Numbers a r e  un i t s  required t o  provide one u n i t  of productive 
capaci ty.  After i n i t i a l  discovery, 4 t o  7 years a r e  normally 
required t o  reach f u l l  production. 

I f ,  on t h e  o ther  hand, it i s  assumed t h a t  an increase  of one u n i t  of 
annual output i s  required and t h a t  t h i s  increased l e v e l  of production i s  t o  be 
maintained i n d e f i n i t e l y ,  not one but  approximately 11 u n i t s  of new recoverable 
reserves must be added, and t h a t  would require  t h e  discovery o r  i d e n t i f i c a t i o n  
of about 1 4  u n i t s .  

I n  o i l  production, where an R/P r a t i o  of about e ight  i s  required ,  t h e  
addi t ion  of e ight  u n i t s  af  recoverable reserves would be needed t o  maintain t h e  
one-unit increase  i n  production ( f i g  . 17) . However, because present  technology 
recovers only 35 t o  40 percent of t h e  o i l ,  i d e n t i f i c a t i o n  of about 20 t o  24 u n i t s  
of o i l  i n  t h e  ground would be required t o  sus ta in  production a t  a higher than 
present  l eve l .  

I f  economic means were t o  become ava i l ab le  f o r  recovering o i l  t h a t  i s  
cu r ren t ly  i d e n t i f i e d  but  not recoverable,  t h e  e f f e c t  would be an immediate l a r g e  
increase i n  proved reserves  and a complete s h i f t  i n  t h e  re la t ionsh ips  shown i n  
f igure  17. This could come about through new technology o r  a s u f f i c i e n t l y  b i g  
p r i ce  increase t o  make some present  t e r t i a r y  recovery methods economic. 

The foregoing examples, while they admittedly a r e  g r e a t l y  oversimpli- 
f i e d ,  i l l u s t r a t e  one aspect  of t h e  energy dilemma confronting t h e  United S ta tes .  
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Adequacy o f  Resource  Base 

Natural  Gas 

Discoveries of recoverable na tu ra l  gas ( inc luding those  of t h e  Alas- 
kan North s lope)  through 1972 were estimated a t  702 t r i l l i o n  cubic f e e t  ( ~ h e o -  
bald e t  a l . ,  1972, p. 16 ;  Am. Gas Assoc. e t  a l . ,  1973, p. 120).  Cumulative 
production through t h a t  year amounted t o  436 t r i l l i o n  cubic f e e t ,  leaving an 
estimated recoverable reserve  of 266 t r i l l i o n  cubic f e e t  a t  t h e  end of 1972, 

Projec t ions  (Dupree and West, 1972, p .  17) ind ica te  an increase  i n  t h e  
use of na tu ra l  gas from t h e  1972 l e v e l  of 22.9 t r i l l i o n  cubic f e e t  t o  about 26.2 
t r i l l i o n  i n  1980, 27.5 i n  1985, and 33.0 t r i l l i o n  i n  t h e  year 2000. These pro- 
jec t ions  assume add i t iona l  gas w i l l  become avai lable  t o  meet t h e  an t i c ipa ted  de- 
mand. To provide such l e v e l s  of production would requ i re ,  beginning i n  1973, 
cumulative new addi t ions  t o  recoverable reserves amounting t o  369 t r i l l i o n  cubic 
f e e t  by 1985 and t o  881 t r i l l i o n  cubic f e e t  by 2000. 

Combining these  new addit ions with t h e  436 t r i l l i o n  cubic f e e t  pro- 
duced p r i o r  t o  1973, t h e  t o t a l  cumulative discovery requirements f o r  production 
and supporting reserves  would be about 800 t r i l l i o n  cubic f e e t  by 1985 and 1300 
t r i l l i o n  cubic f e e t  by 2000. Most of t h e  est imates of o r i g i n a l  gas i n  place 
shown i n  t a b l e  2 ind ica te  t h a t ,  even with only 80 percent recovery, s u f f i c i e n t  
n a t u r a l  gas may e x i s t  t o  meet t h e  demand t o  t h e  year 2000. But existence merely 
provides t h e  po ten t i a l .  To serve t h e  na t ion ' s  growing energy needs, n a t u r a l  gas 
must, f i r s t ,  be found a t  a r a t e  t o  match t h e  growth i n  need, and, second, be pro- 
duced a t  a cost  low enough t o  make i t s  production economically f e a s i b l e .  

Crude O i l  and Natura l  Gas L i q u i d s  

Cumulative production of petroleum and na tu ra l  gas l i q u i d s  through 
1972 i s  estimated t o  have been about 114 b i l l i . on  b a r r e l s  ( ~ h e o b a l d  e t  a l . ,  1972, 
p. 13;  Am. Gas Assoc. e t  a l . ,  1973, p. 24, 122). Estimates of t h e  amounts of 
l i q u i d  f u e l  o r i g i n a l l y  i n  place i n  t h e  ground vary widely ( t a b l e  1) , as do t h e  
est imates of t h e  amounts t h a t  w i l l  u l t ima te ly  be recoverable,  which range from 
231 b i l l i o n  b a r r e l s  t o  617 b i l l i o n  b a r r e l s  ( ~ h e o b a l d  e t  a l . ,  1972, p. 1 3 ) .  Af- 
t e r  deduction of t h e  pre-1973 production of 114 b i l l i o n  b a r r e l s ,  t h e  estimated 
remaining q u a n t i t i e s  would range from 117 b i l l i o n  t o  503 b i l l i o n ,  of which 43 
b i l l i o n  b a r r e l s  i s  cu r ren t ly  c l a s s i f i e d  as proved reserves ,  

Projec t ions  of U. S. consumption of l i q u i d  f u e l s  ind ica te  an increase  
from t h e  6 b i l l i o n  b a r r e l s  per year i n  1972 t o  9.1 b i l l i o n  b a r r e l s  i n  1985 and 
t o  1 3  b i l l i o n  b a r r e l s  i n  2000 ( ~ u ~ r e e  and West, 1972, p. 17) .  To meet such de- 
mands, cumulative production beginning i n  1973 would t o t a l  95 b i l l i o n  b a r r e l s  
by 1985 and 260 b i l l i o n  b a r r e l s  by 2000. Under t h e  l e a s t  opt imis t ic  est imates 
of t h e  p o t e n t i a l l y  recoverable reserves ,  a severe decl ine  from even t h e  present  
l e v e l  of domestic production would occur long before t h e  end of t h e  century. 
The most opt imis t ic  est imate of p o t e n t i a l l y  recoverable l i q u i d s  i s  243 b i l l i o n  
b a r r e l s  more than t h e  t o t a l  cumulative consumption indicated.  It i s  a l s o  more 
than 60 t imes t h e  1972 production. 



Whatever t h e  ac tua l  quan t i t i e s  of na tu ra l  gas and petroleum l i q u i d s  
e x i s t i n g  beneath United S t a t e s  t e r r i t o r y ,  a l a r g e  p o t e n t i a l  does remain, and 
t h e  immediate problem of t h e  a v a i l a b i l i t y  of domestic o i l  l i e s  not i n  lack of 
resource base but  i n  o ther  f a c t o r s .  

Accessibility of Poten t ia l  Petroleum and Natural Gas 

Some of t h e  most promising areas  included i n  the  est imates of poten- 
t i a l l y  ex i s t ing  deposi ts  of petroleum and n a t u r a l  gas i n  t h e  United S ta tes  a r e  
not now, o r  have not been i n  the  p a s t ,  access ib le  f o r  explorat ion and d r i l l i n g .  
Among t h e  most s ign i f i can t  of these  areas is t h e  Outer Continental Shelf (OCS) ,  
which i s  under Federal control  and avai lable  f o r  explorat ion only by l e a s e  from 
t h e  Federal Government. Leasing began i n  1953, and by 1972 approximately 4.3 
mi l l ion  acres  were under l e a s e  f o r  mineral explorat ion and production (u .  S. 
Geol. Survey, 1972, p. 1 5 ) .  Additional areas  w i l l  become avai lable  f o r  explora- 
t i o n  through l e a s e  s a l e s  held from time t o  time by t h e  Federal Government, I n  
recent  years such s a l e s  have been held with increasing frequency, 

I n  1972 about 12 percent of t h e  U,  S. o i l  and na tu ra l  gas l i q u i d s  pro- 
duction and about 13 percent of n a t u r a l  gas production came from t h e  OCS areas  
(u. S. Geol. Survey, 1972, p. 75).  Most of t h e  OCS production t o  date has been 
i n  t h e  Gulf of Mexico, of f  t h e  coas ts  of Louisiana and Texas. The gain i n  an- 
nual production of l i q u i d  f u e l  from t h e  OCS from 1968 t o  1972 was approximately 
equal t o  t h e  gain i n  t o t a l  U. S o  output during t h a t  period. From t h i s  it may 
be in fe r red  t h a t  without t h e  OCS contr ibut ion growth i n  t o t a l  output would have 
leveled  o f f  4 years ago. A leveling-off of OCS production i n  1972 i s  a f u r t h e r  
ind ica t ion  of t h e  need t o  make new offshore areas avai lable  f o r  explora t ion,  i f  
t h e  na t iona l  output of o i l  and gas i s  t o  be maintained. However, delays have 
been encountered i n  opening up these  areas ,  

A l e a s e  s a l e  involving OCS t r a c t s  i n  t h e  Gulf of Mexico was delayed by 
l e g a l  a c t i o n  from December 1971 u n t i l  September 1972 u n t i l  environmental impact 
statements s a t i s f a c t o r y  t o  t h e  court  could be provided. Leasing i n  t h e  Califor-  
n i a  offshore a rea  has been ha l t ed  s ince  t h e  blowout t h a t  occurred i n  t h e  Santa 
Barbara Channel on January 28, 1969. Production from some of t h e  ex i s t ing  wel ls  
i n  t h e  a r e a  of t h e  blowout a l s o  has been ha l t ed ,  On t h e  eas te rn  seaboard, s t rong 
opposition has been voiced t o  exploratory d r i l l i n g  off  t h e  coast  because of f e a r  
of poss ib le  environmental e f f e c t s  of d r i l l i n g  and production a c t i v i t i e s .  A s  a 
r e s u l t ,  t h a t  a rea  i s  cu r ren t ly  being withheld from leas ing ,  

Access t o  some already proved reserves has been r e s t r i c t e d .  Producible 
reserves of gas amounting t o  26 t r i l l i o n  cubic f e e t  (approximately 1 0  percent of 
our t o t a l  known reserves)  and 10 b i l l i o n  b a r r e l s  of o i l  (about 23 percent of t h e  
known recoverable l i q u i d  f u e l  suppl ies)  have been i d e n t i f i e d  i n  t h e  Prudhoe Bay 
a rea  on t h e  North Slope of Alaska but  a r e  cur ren t ly  unavailable because of a 
lack of t r anspor t  f a c i l i t i e s ,  Construction of t h e  planned trans-Alaska p ipe l ine  
has been delayed by environmental l i t i g a t i o n ,  The Alaskan crude o i l  reserves  
thus  af fec ted  a r e  exceeded only by t h e  reserves  of Texas (12.14 b i l l i o n  b a r r e l s )  
and a r e  g rea te r  than t h e  combined proved crude o i l  reserves  of 28 of t h e  30 s t a t e s  



(o ther  than Alaska) producing o i l  i n  1972. Only Texas and Louisiana have g rea te r  
n a t u r a l  gas reserves  than those cur ren t ly  shut-in i n  Alaska, These unavailable 
Alaskan gas reserves  a r e  equal t o  t h e  combined proved reserves  of 27 of t h e  33 
s takes  (o ther  than ~ l a s k a )  t h a t  produced gas i n  1972. 

Other much smaller i d e n t i f i e d  and producible o i l  depos i t s ,  such a s  
those  held i n  naval petroleum reserves  f o r  na t iona l  defense purposes, a l s o  a r e  
unavailable f o r  production, 

Physical , Technologic, Economic , and Time Factors 

, Wen i f ,  a s  t h e  est imates of t h e  ex i s t ing  resource base ind ica te ,  suf- 
f i c i e n t  o i l  and gas resources should e x i s t  i n  t h i s  country t o  meet t h e  needs of 
t h e  United S t a t e s  f o r  a l l  o r  most of t h e  years remaining of t h e  Twentieth Cen- 
t u r y  and perhaps beyond, i n t e r r e l a t e d  problems remain t o  be overcome before t h e  
p o t e n t i a l  c a n b e  rea l i zed .  Overcoming each of these  d i f f i c u l t i e s  w i l l  r equ i re  
time. 

Merely t o  maintain 1972 l e v e l s  of production, t h e  r a t e  of new addi t ions  
t o  recoverable reserves  of na tu ra l  gas must exceed by about 27 percent t h e  aver- 
age of annual addi t ions  from 1956 through 1970 i n  t h e  lower 48 s t a t e s ,  and annual 
addi t ions  t o  reserves  of crude o i l  and na tu ra l  gas l i q u i d s  must be 20 percent 
above t h e  1956-1970 average. To provide f o r  growth i n  demand f o r  these  f u e l s ,  
s t i l l  g rea te r  increases  i n  t h e  r a t e  of new discover ies  must be achieved. I n  re -  
cent  years t h e  amount of o i l  and gas found per foot  of hole d r i l l e d  has decreased 
s i g n i f i c a n t l y  ( ~ a t l .  Petroleum Council, 1971, p. 38).  A s  a r e s u l t ,  achieving an 
increase  i n  t h e  r a t e  of new discoveries i s  l i k e l y  t o  requ i re  a higher r a t e  of 
d r i l l i n g  than would have, been necessary i n  t h e  past  when success r a t i o s  were 
higher and when more of t h e  o i l  and gas discovered came from shallower deposi ts .  

The ef fec t iveness  of any extensive e f f o r t  designed t o  bring about a 
major increase  i n  t h e  r a t e  of discovery and production of o i l  and gas i n  t h e  
United S t a t e s  could be g r e a t l y  enhanced by expanded research and improved tech- 
nology. Increased geologic research,  more precise  t o o l s  f o r  explora t ion,  i m -  
proved recovery techniques,  and g rea te r  speed and lower cos t  of d r i l l i n g  prob- 
ably  would contr ibute  most t o  expansion of production capacity.  None of these  
f i e l d s  has been neglected-indeed, a l l  have received much a t t e n t i o n ,  and prog- 
r e s s  has been made. Further improvement, however, could have s i g n i f i c a n t  im- 
pact  . 

I n  t h e  pas t  two decades l a r g e  quan t i t i e s  of previously nonrecoverable 
o i l  have been produced through secondary recovery and pressure maintenance pro- 
cedures. Additional quan t i t i e s  w i l l  be gained through t e r t i a r y  recovery proce- 
dures cur ren t ly  being appl ied ,  primari ly on an experimental and research b a s i s ,  
Research on s t imula t ion of production of na tu ra l  gas from " t i g h t w  geologic for-  
mations by f rac tu r ing  t h e  rock with atomic explosives t o  permit t h e  f r e e r  flow 
and increased recovery of gas i s  being studied.  

The percentage of o i l  being recovered from any given deposit has been 
increas ing gradually,  Estimated cumulative recovery e f f i c iency  rose  from 25.21 
percent of t o t a l  o i l  discovered through 1955 t o  30.28 percent i n  1969~ and it i s  
expected t o  reach 37.03 percent i n  1984 (Nat l .  Petroleum Council, 1971, p. 34). 



I n  geophysical explorat ion much progress has been made i n  t h e  iden t i -  
f i c a t i o n  of geologic s t ruc tu res  favorable t o  t h e  accwrxulation of o i l  and gas. 
However, whether o r  not o i l  o r  n a t u r a l  gas deposi ts  a c t u a l l y  e x i s t  can be deter -  
mined only by d r i l l i n g ,  A s  t h e  major s t r u c t u r e s  a r e  discovered and t e s t e d ,  t h e  
search must increas ingly  t u r n  t o  more sub t l e  s t r u c t u r a l  f e a t u r e s ,  s t r a t i g r a p h i c  
t r a p s ,  and other geologic fea tu res  t h a t  may escape detec t ion by techniques now 
ava i l ab le ,  Deposits occurring i n  such f eatwres a r e  , i n  genera l ,  l i k e l y  t o  be 
l e s s  p r o l i f i c  producers than previously found f i e l d s  i n  more favorable struc%ures.  
Successful r e semch  on b e t t e r  techniques t o  i d e n t i f y  these  areas  w i l l  increase  
chances of discovering t h e  reserves  needed i n  t h e  fu tu re .  

Assuming t h a t  adequate incent ive  e x i s t s  t o  encourage an i n t e n s i f i e d  
explorat ion e f f o r t ,  t h e r e  i s  s t i l l  a physical  l i m i t  Lo t h e  amount of explora- 
t i o n  t h a t  can be accomplished within a given period of time. The l i m i t  i s  de- 
termined l a r g e l y  by t h e  nugzber of d r i l l i n g  r i g s  t h a t  a r e  ava i l ab le  and t h e  r a t e  
a t  which t h e  d r i l l i n g  can be done. Considerable progress has been made i n  in-  
creasing d r i l l i n g  speed and lowering d r i l l i n g  cos t s ,  These and f u r t h e r  improve- 
ments can not only speed up t h e  r a t e  of explorat ion and development of s i t e s  bu t  
a l s o  make economic some of t h e  s i t e s  t h a t  previously d id  not warrant such devel- 
opment. 

The balance between c o s t s  f o r  explora t ion,  development, and production 
on t h e  one hand and p r i c e s  of t h e  o i l  o r  gas on t h e  o ther  influences not only t h e  
decis ion as  t o  whether explorat ion should be undertaken but  a l s o  t h e  decis ion a s  
t o  whether a deposit  can be economically produced a f t e r  it i s  discovered. Al- 
though more explorat ion can be an t i c ipa ted  a s  p r i ces  increase  and t h e  prospects  
f o r  an adequate r e t u r n  on investment improve, t h e r e  i s ,  never theless ,  a l i m i t  t o  
t h e  r a t e  a t  which production can be expanded a f t e r  new discover ies  a r e  made. 
Even under t h e  most favorable condi t ions ,  t h e  a v a i l a b i l i t y  of c a p i t a l  and equip- 
ment a r e  l imi ted .  There i s  a l s o  a l i m i t  t o  t h e  r a t e  a t  which plans f o r  new of f -  
shore l e a s e  s a l e s  can be made and c a r r i e d  out  and t o  t h e  r a t e  a t  which c a p i t a l  
can be accumulated by indust ry  f o r  p a r t i c i p a t i o n  i n  these  s a l e s .  

I f  add i t iona l  domestical ly produced o i l  i s  t o  help  meet t h e  increas-  
ing  demand f o r  petroleum products, r a t h e r  than merely replace  p a r t  of  t h e  crude 
o i l  now being imported, then add i t iona l  r e f i n e r y  capaci ty  a l s o  w i l l  be needed. 
This ,  too ,  w i l l  r equ i re  time and l a r g e  c a p i t a l  investments. 

It appears t h a t  domestic o i l  and gas resources and production poten- 
t i a l  a r e  s u c h t h a t ,  with favorable economic condi t ions ,  t h e  output of o i l  and 
gas can be increased and t h e  domestic s i t u a t i o n  improved. However, i n  l i g h t  of 
t h e  t a s k s  involved, t h e  magnitude of t h e  e f f o r t r e q u i r e d ,  and t h e  l a g  t imes t h a t  
can be reduced t o  only a l imi ted  degree, it seems u n r e a l i s t i c  t o  a n t i c i p a t e  any 
very s i g n i f i c a n t  change i n  t h e  domestic o i l  and gas supply s i t u a t i o n  by 1980 o r  
any major improvement before 1985. 

Coal 

Domestic deposi ts  of coa l  o r i g i n a l l y  i n  place i n  t h e  United S t a t e s  
t h a t  have thus  f a r  been i d e n t i f i e d  by explorat ion and mapping have been estima- 
t e d  t o  contain almost 1600bi l l ion  tons of coa l  of various grades,  th icknesses ,  
and depths. Areas not ye t  explored and mapped a r e  estimated t o  contain add i t iona l  
coal  amounting t o  more than 1600 b i l l i o n  tons  ( ~ h e o b a l d  et a l . ,  1972, p. 3) .  



TABLE 5-ESTIMATED TOTAL TONNAGES OF REMAINING COAL RESOURCES 
BY TYPE AND REGION, JANUARY 1967 

Region 

Percent 
Total  i den t i f i ed  Anthraci te  

resources and semi- Sub- 

( b i l l i o n  t ons )  an th r ac i t e  Bituminous bituminous Lign i te  
- - - -  

Appalachian 270.57 4.6 95 04 - - -- 
I n t e r i o r  278.41 0.2 97-2 - - 2.6 

Northern Rocky Mts. 315.76 -- 2.2 34.5 63 - 3  

Southern Rocky Mts . , West 
Coast,  and Alaska 695.12 - - 40.3 59.6 0.1 

19559.86 

Source: Compiled from Ave r i t t ,  1969, p. 12. 

TABLE 6-ESTIMATED SULF'UR CONTENT OF REMAINING COAL RESOURCES 
OF THE UNITED STATES* 

Region 

Percentage of depos i t s  i n  each s u l f u r  range 

Su1fur ranges : -  0 . 7 o r 1 . e ~ ~  0 . 8 -  1.0 1 . 1 -  1.5 > 1 . 5  

BITUMINOUS COAL 

Appalachian 
I n t e r i o r  
Northern Rocky Mts. 
Southern RocQ Mts., West 

Coast, and Alaska 

SUBBITUMINOUS 

80 percent  i n  Rocky 
Mts. ; remainder i n  
Alaska 

LIGNITE 

96 percent i n  
N .  Dakota and Montana 

ANTHRACITE 

93 percent i n  
Pennsylvania 96.5 0.6 -- 2 . 9  

* Modified from Federal Power Commission, 1971, p. 1-4-9. 



By t h e  end of 1970 about 36 b i l l i o n  tons of coa l  had been mined and 
consumed; assuming an average estimated mining recovery of 50 percent ,  an ap- 
proximately equal amount of coa l  has been rendered nonrecoverable i n  t h e  proc- 
e ss  of pas t  mining. Of t h e  remaining i d e n t i f i e d  c o a l ,  about 390 b i l l i o n  tons  
a r e  considered minable with current  technology, Of those ,  an estimated 200 
b i l l i o n  tons  a r e  bel ieved t o  be recoverable a t  cos t s  approximating those  pre- 
v a i l i n g  today, whereas t h e  remainder w i l l  involve higher cos t s .  The estimated 
390 b i l l i o n  tons  i s  almost 11 times t h e  36 b i l l i o n  tons  a l ready produced and 
approximately 650 times t h e  1972 production. In  energy content ,  it i s  equiv- 
a l e n t  t o  more than 1600 b i l l i o n  b a r r e l s  of o i l ,  o r  9000 t r i l l i o n  cubic f e e t  of 
n a t u r a l  gas. If t h e  coal  were a c t u a l l y  processed i n t o  l i q u i d  or  gaseous form, 
however, t h e  energy of t h e  new m e l s  would be only about 80 percent of t h e  
i n i t i a l  energy of t h e  coal  used, because energy would be l o s t  during conversion. 

Adequacy of Resource Base 

Although t h e  i d e n t i f i e d  and minable coal  deposits  represent  t o t a l  re-  
sources many times current  annual requirements, these  deposi ts  a r e  not uniform 
i n  s i z e ,  th ickness ,  minabi l i ty  , chemical make-up, heat  content ,  and geographic 
d i s t r i b u t i o n .  Rarely a r e  a l l  these  c h a r a c t e r i s t i c s  a t  t h e i r  most des i rable  
l e v e l  i n  a s ing le  deposi t ;  more o f t en  t h e r e  i s  a combination of des i rab le  and 
undesirable. A s  a r e s u l t ,  even though t h e  t o t a l  resources of coa l  a r e  huge, 
those  depos i t s  t h a t  a r e  ab le  t o  meet c e r t a i n  spec i f i ca t ions  tend t o  be l imi ted  
i n  both quant i ty  and qual i ty .  For example, t h e  bituminous coal  deposi ts  ly ing  
near t h e  juncture of Kentucky, Virginia ,  and West Virginia have an almost unique 
combination of coking c h a r a c t e r i s t i c s ,  low-sulfur and low-ash contents ,  and de- 
s i r a b l e  l e v e l s  of v o l a t i l e  matter t h a t  make them highly valued as  coking coa l  
throughout t h e  world. But, because of t h e i r  low-sulfur and low-ash contents  and 
t h e i r  high heat  content ,  these  coals  ( espec ia l ly  t h e  higher v o l a t i l e  types)  a r e  
a l s o  now being sought f o r  power generat ion and other  uses a t  a time when mines 
i n  other areas  t h a t  a r e  producing higher s u l f u r  coa l  a r e  being shut down because 
t h e i r  coa l  cannot meet a i r -qua l i ty  standards. 

Figure 18 shows t h e  loca t ion  of coa l  depos i t s ,  by type ,  throughout 
t h e  United S t a t e s ,  and f igure  19 gives t h e  t y p i c a l  chemical make-up and average 
heat  contents  of t h e  various grades of coal .  

Table 5 shows t h e  estimated t o t a l  resources of coa l  i n  four  regions 
of t h e  nat ion and t h e  percentages represented by each grade. Bituminous coa l s ,  
which have high heat contents  ( f i g .  1 9 ) ,  predominate i n  t h e  eas te rn  p a r t  of t h e  
nat ion,  while subbituminous coa l s  and l i g n i t e s ,  which have lower heat  va lues ,  
predominate i n  t h e  western p a r t .  Table 6 g ives  estimated percentages of t h e  
t o t a l  coa l  resources i n  each region t h a t  f a l l  wi th in  various ranges of sulflur 
content.  No separa te  d a t a  on t h e  s u l f u r  contents  of those  coals  c l a s s i f i e d  a s  
economically recoverable have been t abu la ted ,  and we can only assume t h a t  t h e  
su l fu r  contents  of these  coals  would have a d i s t r i b u t i o n  s imi la r  t o  those  given 
i n  t a b l e  6. It i s  apparent from t h e  t a b l e  t h a t  l a r g e r  q u a n t i t i e s  of low-sulfur 
coa l  e x i s t  i n  t h e  western a reas ,  but  most of those  coals  a l s o  have a low-Btu 
content.  

If t h e  percentage of s u l f u r  i n  a coa l  i s  t o  be used a s  a c r i t e r i o n  of 
i t s  s u i t a b i l i t y ,  t h e  ava i l ab le  reserves acceptable f o r  use a r e  g r e a t l y  reduced. 



Regulations have l imi ted  t o  1 percent or l e s s ,  by weight, t h e  s u l f u r  content 
of coa l  burned i n  a number of major metropolitan areas,  While l a r g e  q u a n t i t i e s  
of western coal  can meet t h i s  l i m i t ,  e s s e n t i d l y  none of t h e  coa l  i n  t h e  In te-  
r i o r  Coal Provinces and only an estimated 31.6 percent of t h e  coal  of t h e  Ap- 
palachian region can meet t h i s  standard, 

The western coa l  deposi ts  have long been pointed t o  a s  a source of 
almost unlimited quan t i t i e s  of low-sulfur coal .  However, much of even t h a t  
coa l  cannot meet r ecen t ly  es tabl ished a i r -qua l i ty  standards based on s u l f u r  di-  
oxide (502) emissions per mi l l ion  Btu of heat  input. Federal Environmental Pro- 
t e c t i o n  Agency regula t ions  appl icable  t o  a l l  major new fuel-burning plants  (con- 
s t ruc ted  o r  modified a f t e r  August 1971) l i m i t  SO2 emission t o  1.2 pounds of SO2 
per mi l l ion  Btu of input .  Primary a i r -qua l i ty  standards aimed a t  protec t ion of 
public h e a l t h  have been es tabl ished across t h e  nat ion,  'but t h e  s t a t e s  a r e  now 
faced with a Federal requirement t h a t  secondary a i r -qua l i ty  standards,  f o r  t h e  
protec t ion of property,  be placed i n  e f f e c t  by June 30, 1975. President  Nixon 
i n  h i s  Energy Message of Apri l  18, 1973, i n  e f f e c t  warned t h e  s t a t e s  agains t  
t h e  premature and widespread app l i ca t ion  of unnecessari ly s t r ingen t  secondary 
standards because of -the l ack  of adequate low-sulfur f u e l  supplies and su l fu r  
con t ro l  technology t o  meet such standards (Science , 1973) . 

I f  a l l  t h e  su l fu r  contained i n  t h e  c o a l  i s  assumed t o  pass i n t o  t h e  
combustion gases,  an assumption t h a t  may not be absolute ly  t r u e  but  i s  essen- 
t i a l l y  so, almost no coa l  containing 1 percent su l fu r  could, i n  i t s  n a t u r a l  
s t a t e ,  meet t h e  1.2-pound emission standard. A heat  value of 16,666 Btu per 
pound would be  required before coa l  with as much as  1 percent s u l f u r  could be 

Fig. 18 - Coal fields of the conterminous United States (from Averitt, 1 9 6 9 ) .  
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Fig. 19 - Variations in the chemical content of United States coal on an 
ash-free basis (from Averitt, 1969, p. 1-61. 

burned. An average bituminous coal  of 12,000 Btu per pound could have no more 
than 0.72 percent s u l f u r ,  and a l i g n i t e  with a heat  value of 7000 Btu per pound 
would be l imi ted  t o  a 0.42 percent su l fu r  content.  Even with treatment by stan- 
dard coal  cleaning processes e s s e n t i a l l y  none of t h e  coa l  i n  t h e  I n t e r i o r  Prov- 
inces ,  an area  t h a t  cu r ren t ly  provides about 25 percent of t h e  n a t i o n ' s  coa l  out- 
pu t ,  can be considered a f u e l  resource f o r  newly constructed u t i l i t y  p l a n t s ,  and 
a major p a r t  of t h e  Appalachian deposi ts  would a l s o  be unacceptable. 

What por t ion  of t h e  low-sulfur coa l  of t h e  West could meet t h e  standards 
f o r  new p l a n t s  on t h e 1 . 2  pounds of SO2 per mi l l ion  Btu b a s i s ,  o r  could be made 
acceptable through benef ic ia t ion ,  has not yet  been determined. Some ins igh t  may 
be gained by examination of t h e  data  assembled i n  a study made of p o t e n t i a l  s i t e s  
f o r  major e l e c t r i c  power i n s t a l l a t i o n s  i n  t h e  Northern Great P la ins  a r e a  ( ~ o r t h  
Central Power Study, 1971, p. 35). Forty-two p o t e n t i a l  s i t e s  were i d e n t i f i e d ,  
f o r  40 of which t h e  ranges of su l fu r  content and heat content and t h e  estimated 
tonnages of recoverable coal  reserves  were given. The 40 s i t e s  contained an es- 
timated 44.7 b i l l i o n  tons of coa l ,  but i n  16 of them, with 25 percent of t h e  ton- 
nage, t h e  coal  was ca lcula ted  t o  exceed t h e  1 .2  s u l f u r  dioxide l i m i t ,  even when 
t h e  highest  heat  content and lowest su l fu r  content were used, I f  averages of t h e  
reported s u l f u r  contents  and Btu values a r e  used, t h e  coa l s  a t  28 s i t e s ,  contain- 
ing 74 percent of t h e  reserve  tonnage, exceed t h e  1.2-pound per mi l l ion  Btu sul -  
fur l i m i t .  It i s  l i k e l y  t h a t  t h e  coal  from some of t h e  s i t e s  could be upgraded 
s u f f i c i e n t l y  by cleaning t o  meet t h e  standard,  bu t  much of it i s  so  f a r  above t h e  
l i m i t  t h a t  current  standard cleaning processes a r e  l i k e l y  t o  be inadequate, 



I n  most of t h e  s t a t e s  eas t  of t h e  Mississippi  River, ownership of 
coal  deposi ts  i s  i n  p r iva te  hands, and purchase or  l e a s e  of coal  f o r  mining i s  
negotiated d i r e c t l y  between buyer and s e l l e r .  However, i n  t h e  West much of t h e  
coa l  i s  located  on Federal lands and leased t o  appl icants  under provisions of 
Federal s t a t u t e s ,  New leas ing  of coal  lands i s  cu r ren t ly  being r e s t r i c t e d  t o  
operators needing add i t iona l  acreage f o r  continuation of ex i s t ing  operat ions o r  
reserves  f o r  production planned f o r  t h e  near f u t u r e   inin in^ Record, 1973a, p. 2 ) .  

Environmental Problems in Production 

Coal, both i n  i t s  na tu ra l  form and i n  t h e  gaseous and l i q u i d  forms 
t h a t  a r e  expected t o  become ava i l ab le  i n  t h e  f u t u r e ,  i s  capable of supplying 
much of t h e  na t ion ' s  fu tu re  energy needs. But important environmental prob- 
lems associa ted  with i t s  production must f i r s t  be solved. 

Major environmental problems associated with coal  mining a r e  t h e  ef-  
f e c t s  of s t r i p  mining, subsidence, and ac id  mine water, Considerable research 
i s  being done on each of these  problems, but  much more i s  needed. Propos- 
a l s  have been made t o  ban surface mining completely, While such ac t ion  would 
undeniably el iminate environmental impact i n  new a reas ,  it would a l s o  el iminate 
mi l l ions  of tons  of production annually (approximately 50 percent of a l l  coal  
mined), much of which goes i n t o  e l e c t r i c  power generat ion,  a t  a time when no 
other  source of f u e l  i s  ava i l ab le ,  Further research i s  needed t o  improve meth- 
ods of s t a b i l i z i n g  s p o i l  banks a f t e r  t h e  coal  has been removed, of con t ro l l ing  
sediment run-off from t h e  disturbed land i n t o  adjacent waters ,  and of reestab- 
l i s h i n g  vegeta t ion on t h e  mined-out land.  Some t e r r a i n s  requ i re  more complex 
procedures and e f f o r t s  f o r  con t ro l  than o the rs ;  f o r  example, s p o i l  banks l e f t  
by contour mining i n  mountainous t e r r a i n  a r e  more d i f f i c u l t  t o  s t a b i l i z e  and 
con t ro l  than  those  formed during a r e a l  s t r i p  mining i n  country t h a t  i s  r e l a -  
t i v e l y  f l a t ,  and t h e  reestablishment of vegeta t ion i n  t h e  a r i d  regions of t h e  
West i s  proving t o  be much more d i f f i c u l t  than i s  t r u e  f o r  areas t h a t  have 
g rea te r  r a i n f a l l .  

Surface subsidence above underground mines i s  l i k e l y  t o  become an in-  
creas ingly  severe problem with t h e  passage of time because it of ten  occurs long 
a f t e r  production has ceased and t h e  mine has been abandoned, The l ike l ihood  of 
severe subsidence increases with t h e  thickness of t h e  coal  seams and with mod- 
e r a t e  r a t h e r  than g rea te r  depths. Pumping f i l l  ma te r i a l  i n t o  t h e  abandoned mine 
workings t o  support t h e  overlying s t r a t a  appears t o  o f f e r  some promise i n  con- 
t r o l l i n g  subsidence, Leaving l a r g e r  support p i l l a r s  when coal  i s  removed i s  an- 
other so lu t ion ,  but it has t h e  disadvantage of abandoning l a r g e  amounts of coal .  
The more complete removal of t h e  coa l ,  with planned and control led  surface  sub- 
sidence,  has had considerable success i n  o ther  countr ies ,  

Util i zatf on Problems and Possi b1 e Solutions 

The g rea tes t  t h r e a t  t o  t h e  continued use  of coal  a s  an energy source 
has stemmed from concern over t h e  environmental e f f e c t s  of t h e  emission of par- 
t i c u l a t e  matter  and su l fu r  dioxide during coal  combustion. P a r t i c u l a t e  matter 
emissions can be l a r g e l y  control led  by t h e  use of cur ren t ly  ava i l ab le  e lec t ro-  
s t a t i c  p r e c i p i t a t o r s ,  The con t ro l  of s u l f u r  dioxide emissions, however, i s  a 
much more complex problem. 



Most of t h e  means t h a t  hold t h e  g rea tes t  long-term promise f o r  fu tu re  
con$rol of s u l f u r  dioxide a r e  not y e t  we l l  enough developed t o  o f f e r  so lu t ions  
t o  t h e  problem i n  t h e  near f u t ~ e .  Among t h e  poss ib le  so lu t ions  cur ren t ly  under 
inves t iga t ion  a r e  ( 1 )  use of low-sulfur c o a l ,  ( 2 )  flue-gas desu l fu r iza t ion ,  ( 3 )  
coal  cleaning,  ( 4 )  c o a l  r e f i n i n g ,  and ( 5 )  coal  conversion. 

U s e  of Low-Sul fur  C o a l  

The a v a i l a b i l i t y  of and l i m i t  a t  ions  on low-sulfur c o a l  resources were 
discussed e a r l i e r .  Fuel r e s t r i c t i o n s  imposed on e x i s t i n g  power p l a n t s  located  
i n  areas  where new a i r -qua l i ty  standards have a l ready been imposed have l e d  t o  
an increased demand f o r  low-sulfur coa l  from t h e  West and from eas te rn  low-sul- 
f u r  coal  regions.  Demand by u t i l i t y  p lan t s  and other  coa l  consumers f o r  c o a l  
t h a t  formerly was used pr imar i ly  f o r  coking and was considered too  expensive f o r  
u t i l i t y  use  has pushed p r ices  f o r  these  coa l s ,  f .o.b,  t h e  mine, t o  l e v e l s  twice 
those  of a few years ago, Because most midwestern coals  cannot meet t h e  current  
s u l f u r  s tandards,  about 7 mi l l ion  tons  of Wyoming coa l  per yea r ,  hauled approx- 
imately 1200 miles from mine t o  u t i l i t y  p l a n t s ,  i s  being burned i n  t h e  Chicago 
area.  Although coal  p r i c e s  a t  t h e  mine tend t o  be r e l a t i v e l y  low i n  t h e  Western 
s t a t e s ,  t h e  g rea te r  t r anspor ta t ion  cos t s  r e s u l t  i n  del ivered f u e l  cos t s  a t  mid- 
western u t i l i t y  p l a n t s  t h a t  a r e  twice those  of coa l  ava i l ab le  near t h e  p lants .  
Announcements have been made of plans t o  ship  Wyoming coa l  t o  eas te rn  Texas, Ok- 
lahoma, Kansas, and other  equal ly  d i s t a n t  places because s u i t a b l e  a l t e r n a t i v e  
f u e l s  a r e  not ava i l ab le  l o c a l l y .  

I r o n i c a l l y ,  t h e  i n a b i l i t y  of a l a r g e  share of our most abundant f u e l  
t o  meet t h e  standards t h a t  have been s e t  has tended t o  i n t e n s i f y  some of our 
other energy problems. For example, t h e  amount of r a i l r o a d  d i e s e l  f u e l  required 
t o  haul t h e  7 mi l l ion  tons of coa l  from Wyoming t o  Chicago i s  about 750,000 bar- 
r e l s  per year ,  equivalent t o  about 3 t o  5 percent of t h e  heat  value of t h e  coa l  
being transported.  But t h i s  one operat ion has increased t h e  annual U. S. con- 
sumption of r a i l r o a d  d i e s e l  f u e l  by 0.87 percent  a t  t h e  very time when near ly  
a l l  t h e  increases  i n  petroleum supply a r e  coming from fore igh  sources, The o the r  
long dis tance  shipments of c o a l  from t h e  Rocky Mountains t o  t h e  Southwest and 
Midwest t h a t  have been announced w i l l  f u r t h e r  i n t e n s i f y  t h e  problem. 

Because of t h e  t r anspor ta t ion  c o s t s  involved i n  t h e  use  of western 
coa l s ,  u t i l i t i e s  f a r t h e r  e a s t  t h a t  have been unable t o  obta in  low-sulfur coa l  
from nearer  sources a r e  reported t o  be considering other  a l t e r n a t i v e s .  Plans 
have been reported t o  import low-sulfur coal  from Poland f o r  use  by eas te rn  
power p lan t s .  Shipping c o s t s  a r e  projected t o  be only $4.00 t o  $4.50 per ton- 
f a r  l e s s  than  shipping western coal  by r a i l  t o  t h e  same point  ( ~ k i l l i n ~ s  Mining 
Rev., 1973). 

F lue-Gas  Desul f u r i  z a t i o n  

With standards based on su l fu r  dioxide emissions per mi l l ion  Btu, 
r a t h e r  than on t h e  s u l f u r  content of t h e  m e 1  i t s e l f ,  t h e  use of higher s u l f u r  
coal  could be continued o r  even increased i f  a technological ly  and economically 
f e a s i b l e  process can be devised fo r  removal of s u l f u r  oxides from t h e  combustion 
gases. 



Numerous conf l i c t ing  statements have been issued regarding t h e  avai l -  
a b i l i t y  o r  nonava i l ab i l i ty  of proved techniques and equipment f o r  removal of sul- 
f u r  gases. Consequently, t h e  public i s  highly confused about t h e  r e a l i t y  of t h e  
s i t u a t i o n ,  Some manufacturers adver t i se  widely t h a t  they  have proved equipment 
ava i l ab le ,  Some e l e c t r i c  u t i l i t i e s  have spent l a r g e  sums f o r  research and f o r  
i n s t a l l a t i o n s  of d e s u l f i r i z a t i o n  devices ,  only t o  d iscard  them l a t e r  because 
they f a i l e d  t o  perform adequately, 

A committee of t h e  National Academy of Engineering ( N A E ) ,  a f t e r  a com- 
prehensive study of t h e  processes and equipment ava i l ab le ,  reported i n  1970, 
"...contrary t o  widely held  b e l i e f ,  commercially proven technology f o r  con t ro l  
of sul fur  oxides from combustion processes does not e x i s t f v  (Nat l .  Acad. Engi- 
neering-Natl. Research Council, 1970, p. 3 ) .  Three years a f t e r  t h e  NAE/NRC 
r e p o r t ,  g rea t  uncer ta in ty  s t i l l  appears t o  remain a s  t o  whether a workable tech- 
nique has a c t u a l l y  been proved, 

I n  t h e  decision of Apri l  19 ,  1973, t h e  Court of Common Pleas of Law- 
rence County, Pennsylvania,maled t h a t  t h e  Pennsylvania Power Company could not 
be punished f o r  not complying with s t a t e  s u l f u r  emission standards because l ack  
of commercially ava i l ab le  sulfur-removal equipment made compliance impossible, 
The court  s t a t e d  ( ~ a t l .  Coal Assoc., 1973a): 

... the  present  s t a t e  of technology r e l a t i v e  t o  con t ro l  of SO2 emis- 

s i on  by the  use of devices o r  processes f o r  removal from f l u e  gases 
remains t heo re t i c a l . .  . . 

No device i s  commercially ava i l ab l e  today, a s  d i s t inguished  from 
technique o r  theory,  with an adequate degree of r e l i a b i l i t y  t o  solve 
the  problems of SO2 removal. 

Inves t igat ing teams have recen t ly  inspected i n s t a l l a t i o n s  i n  Japan and 
repor t  successful  s u l f u r  con t ro l  operat ions have been achieved under t h e  condi- 
t i o n s  and regula t ions  e x i s t i n g  t h e r e ,  Questions have been r a i s e d  a s  t o  whether 
these  devices a r e  appl icable  under t h e  condit ions ex i s t ing  i n  t h e  United S t a t e s  
and whether t h e  r e s u l t i n g  waste mater ia ls  from t h e  process could be disposed of 
i n  an economic and acceptable manner under t h e  environmental regula t ions  t h a t  
a r e  i n  e f f e c t  i n  t h e  United S t a t e s  ( ~ u n d b e r g ,  1973). 

A r ecen t  study made by t h e  B a t t e l l e  Memorial I n s t i t u t e  indica ted  t h a t  
it i s  un l ike ly  t h a t  most U, S, coal-burning u t i l i t y  p l a n t s  can depend on s u l f u r  
dioxide removal technology t o  meet t h e  proposed 1975 deadlines f o r  compliance 
with s u l f u r  emission regu la t ions ,  It f u r t h e r  s t a t e d  t h a t  a demonstrated l e v e l  
of  e f f i c i e n t  s u l f i r  dioxide recovery with 90 percent r e l i a b i l i t y  during a f u l l  
year of operat ion on any fu l l - s i zed ,  coal - f i red  u n i t  probably w i l l  not occur i n  
t h e  United S t a t e s  before 1975 ( o i l  and Gas Jour. ,  1 9 7 3 ~ ) .  

An interagency c o r n i t t e e  wi th in  t h e  Federal Government es tab l i shed  t o  
assess  t h e  p o t e n t i a l  f o r  su l fu r  oxide removal systems f o r  steam e l e c t r i c  power 
p l a n t s  has expressed t h e  b e l i e f  t h a t ,  with an add i t iona l  18 months of operat ing 
experience, t h e  engineering b a r r i e r s  t o  successful ly  applying stack-gas cleaning 
devices should be overcome, The study group, known a s  t h e  Sulfur  Oxide Control 
Technology Assessment Panel ( SOCTAP) , included personnel from t h e  Environmental 
Protec t ion Agency, t h e  Off i c e  of Science and Technology, t h e  Department of Com- 
merce, and t h e  Federal Power Commission (SOCTAP, 1973, p. 2). 



The majori ty of t h e  panel members fo recas t  t h a t  by t h e  end of 1975 
about 10,000 megawatts of generating capacity should be equipped with s u l f u r  
scrubbing systems, and by t h e  end of 1977 t h e  capacity so equipped should have 
increased t o  between 48,000 and 80,000 megawatts. They estimated t h a t  by 1980 
75 percent of t h e  coal-f ired generat ing capacity should be equipped, which would 
allow t h e  use of 400 mil l ion  tons of high-sulfur coal  annually. The Federal 
Power Commission t a s k  force members and other  reviewers were more pess imis t ic .  

Obviously, despi te  continuing e f f o r t s  f o r  severa l  years ,  t h e r e  i s  
s t i l l  no complete agreement on the  a v a i l a b i l i t y  of proved techniques. Even 
when a device i s  perfected,  it w i l l  t ake  years t o  i n s t a l l  it i n  a l l  p lan t s  
t h a t  now burn high-sulfur coal.  Flue-gas desu l fu r iza t ion ,  t h e r e f o r e ,  o f f e r s  
no immediate solut ion t o  t h e  su l fu r  dioxide problem, 

C o a l  C l e a n i n g  

Sulfur occurs i n  coal  a s  p a r t i c l e s  of i ron  s u l f i d e  ( p y r i t e )  and as  or- 
ganic su l fu r  in t imate ly  t i e d  up with t h e  chemical s t r u c t u r e  of t h e  coa l  i t s e l f .  
Cleaning by g rav i ty  techniques u t i l i z e s  t h e  d i f ference  i n  t h e  spec i f i c  g r a v i t i e s  
of t h e  p y r i t e  and t h e  coa l  t o  separa te  t h e  two, Another process f o r  cleaning 
coa l  i s  f r o t h  f l o t a t i o n .  Both methods have been used f o r  many years with vary- 
ing  degrees of success. Successful separat ion depends on t h e  i n i t i a l  f ree ing of 
t h e  d i s c r e t e  p a r t i c l e s  of p y r i t e  from t h e  coal .  If t h e  p a r t i c l e s  a r e  f i n e l y  d is -  
seminated throughout t h e  coa l ,  conventional cleaning methods have l imi ted  suc- 
cess i n  reducing su l fu r  l e v e l s .  Typical ly,  about hal f  t h e  s u l f u r  i n  t h e  coal  i s  
i n  t h e  form of p y r i t e ,  half  of which might be removed by normal cleaning proce- 
dures. However, t h i s  means t h a t  75 percent of t h e  t o t a l  s u l f u r  content i s  s t i l l  
l e f t  i n  t h e  coal  unless other means of removal a r e  employed. 

Tes ts  on 322 samples of coal  ( ~ e u r b r o u c k ,  1972) from various mines 
showed t h a t  t h e  su l fu r  d i s t r i b u t i o n  i n  these  coals  va r ies  widely between regions 
and even between coals  within a given region,  as does t h e  p o t e n t i a l  f o r  removing 
t h e  su l fu r  by a combination of crushing and cleaning t h e  coal .  I n  l e s s  than 30 
percent of t h e  samples could t h e  su l fu r  content be reduced t o  1 percent ,  and most 
of those samples were i n i t i a l l y  low i n  su l fu r .  Although s i g n i f i c a n t  reductions 
i n  t o t a l  su l fu r  i n  coals  from t h e  Midwest could be achieved, t h e  s u l f u r  content 
i n  r e l a t i v e l y  few of them could be reduced t o  a 1 percent l e v e l  because t h e  per- 
centages of organic s u l f u r  and remaining p y r i t i c  su l fu r  would s t i l l  be too high 
( ~ e u r b r o u c k ,  1972, p. 18). 

- C o a l  R e f i n i n g  

Because of t h e  l i m i t a t i o n s  of reducing t h e  s u l f u r  i n  coal  by physical  
means, e spec ia l ly  i n  those  coals  with a high organic s u l f u r  content ,  chemical 
processes f o r  "cleaningf9 coal  a r e  under inves t igat ion.  One such process,  sol-  
vent  r e f i n i n g ,  has progressed t o  t h e  point  where a p i l o t  p lant  i s  now under con- 
s t r u c t i o n  i n  Washington s t a t e .  I n  solvent  r e f i n i n g ,  pulverized coal  i s  dissolved 
i n  a coal-derived solvent ,  and most of t h e  su l fu r  and other  impur i t ies  a re  re-  
moved by f i l t e r i n g .  The remaining solvent-refined product can be burned as  a 
l i q u i d  or  cooled t o  form a s o l i d  f u e l  t h a t  has a heat  content of about 16,000 Btu 
per pound. The process i s  reported t o  be capable of removing a l l  of t h e  p y r i t i c  
sulfur and more than 60 percent of t h e  organic su l fu r .  I n  small-scale experi- 
ments, a Kentucky coa l  containing 3.6 percent su l fu r  yielded a re f ined  product 



containing only 0.7 percent s u l f u r  ( ~ t k i n s o n ,  1973). A product with a heat  
value of 16,000 Btu per pound t h a t  contains only 0.7 percent s u l f u r  would form 
only about 0.9 pound of su l fu r  dioxide per mi l l ion  Btu during combustion and 
would e a s i l y  meet t h e  a i r  po l lu t ion  control  standards, By-products of solvent  
r e f i n i n g  include l i g h t  l i q u i d s  and su l ru r .  The cos t  of t h e  solvent-refined coal  
has been estimated by t h e  developers of t h e  process a t  about 60 cents  per m i l -  
l i o n  Btu, When t h e  p i l o t  p lan t  now under construction has been operated long 
enough t o  prove t h e  technologic and economic f e a s i b i l i t y  of t h e  process,  sol- 
vent  r e f i n i n g  may permit t h e  continued and expanded use of high-sulfur coal  by 
converting it t o  a f u e l  t h a t  can meet environmental standards. Other chemical 
methods of s u l f u r  removal from coal  a l s o  a r e  being studied.  

Coal Conversion 

Another way of enabling high-sulf'ur coals  t o  help  meet t h e  energy 
needs i n  areas  where t h e i r  use  i s  now banned o r  being c u r t a i l e d  i s  t h e  conver- 
s ion of t h e  coals  t o  low-sulfur o r  sulf'ur-free l i q u i d  f u e l  o r  gas. 

Gas manufactured from coal  was used i n  many metropolitan areas  long 
before n a t u r a l  gas became avai lable  t o  them, but  such gas had a low heat  con- 
t e n t .  With t h e  increase i n  a v a i l a b i l i t y  of na tu ra l  gas ,  which has a high heat 
content (about 1000 Btu per cubic f o o t )  , t h e  manufacture of low-Btu gas made 
from coal  was discontinued i n  most locat ions .  Liquid f u e l ,  t o o 3  has been pro- 
duced from coa l ;  i n  f a c t ,  much of Germany's l i q u i d  f u e l  supply during World War 
I1 ( ~ e e d ,  1948, p. 36) w a s  derived f r o m t h i s  source. 

Research on coal  conversion has been under way i n  t h e  United S t a t e s  
f o r  many years. As e a r l y  as  t h e  1940s an extensive research program had a l -  
ready been s t a r t e d  by t h e  Federal Government ( ~ i e l d n e r  e t  a l .  , 1944) , and by 
t h e  l a t e  1940s extensive research on coal  hydrogenation and gas synthes is  was 
under way a t  demonstration p lan t s  i n  Louisiana, Missouri, A pamphlet, issued 
a t  t h e  time of t h e  dedicat ion of t h e  demonstration p l a n t s ,  c a r r i e d  t h e  follow- 
ing  statements (u.s. Bur. Mines, 1949, p. 24): 

I n  t he  Coal-to-Oil Demonstration P lan ts  of the  Bureau of Mines, 
cooperating c lose ly  with industry,  engineers and s c i e n t i s t s  a r e  pre- 
paring today f o r  tomorrowls e r a  of syn the t ic  l i q u i d  f u e l s ,  an e r a  t h a t  
w i l l  dawn much sooner than once was an t ic ipa ted  .... 

The u l t imate  necess i ty  f o r  producting syn the t ic  f u e l s  i s  well-un- 
derstood. . . the  only quest ion i s  "When?" If we l e a r n  by experience, the  
answer i s  "Now" t o  those who r e c a l l  the  desperat ion under which the  
synthet ic-rubber  industry was developed during World War II,... 

Results  of t h i s  research indicated t h a t  conversion was t echn ica l ly  f e a s i b l e  but  
not economically competitive a t  t h a t  time, The p lan t s  were closed i n  June 1953 
(u. S. B u r .  Mines, 1956, p. 162). 

I n  t h e  e a r l y  1960s t h e r e  was a resurgence of i n t e r e s t  i n  coal  conver- 
s ion ,  and a number of research p ro jec t s  were undertaken or  expanded. This re-  
search has continued, and severa l  processes a re  under study,  some of which have 
reached t h e  p i lo t -p lant  s tage ,  Descriptions and discussions of these  processes 
have appeared f requent ly  i n  magazines and other  publicat ions i n  recent  years 



( o f f i c e  of Coal Research, 1973, p. 19-36; U. S, B u r .  Mines, 1972b, p. 33-34; 
Chem. Eng. Progress,  1973 ; O i l  and Gas Jour . , 1967a; O i l  and Gas Jour.  , 196713 ; 
Business Week, 1968; Layng and Kellwig, 1969; Linden, 1966). 

To provide a t r i l l i o n  cubic f e e t  of synthet ic  gas per year ,  l e s s  than 
5 percent of t h e  1972 annual consamption of n a t u r a l  gas i n  t h e  United S t a t e s ,  
would requ i re  t h e  output of 11 p l a n t s  with a capacity of 250 mil l ion  cubic f e e t  
per  day, Allowing f o r  maintenance and other  down-time, 12 p lan t s  would l i k e l y  
be required t o  assure such a supply, The estimated investment required  fox 12 
such p lan t s  would be about 3 b i l l i o n  d o l l a r s ,  with perhaps another one-half b i l -  
l i o n  d o l l a r s  or  more f o r  mines t o  supply t h e  approximately 75 mi l l ion  tons  of  
coal  per year required t o  feed t h e  p lan t s ,  Such coal  production would be equiv- 
a len t  t o  t h e  combined output of t h e  18 l a r g e s t  mines operat ing i n  t h e  United 
S ta tes  i n  1972 ( Coal Age, 1973). Their output , i f  from underground mines, would 
require  from 12,000 t o  20,000 miners, depending on seam thickness and mining 
conditions. 

During a 20-year p lan t  l i f e ,  each g a s i f i c a t i o n  p lan t  would require  
more than 125 mil l ion  tons of coal ,  Assuming 50 percent recovery f o r  under- 
ground mining, a deposit containing a t o t a l  of 250 mi l l ion  tons of coal  i n  t h e  
ground would be required t o  provide t h e  needed 125 mil l ion  tons ;  s t r i p  mining, 
with about 80 percent recovery, would require  about 160 mi l l ion  tons  of coal  i n  
t h e  ground. To provide 125 mil l ion  tons of coal  by underground mining (with 50 
percent recovery) would require  about 35,000 acres  of coa l  i f  t h e  coal  seam av- 
eraged 4 f e e t  th ick .  I n  6-foot coal  t h e  required acreage would be reduced t o  
about 23,000 acres  ( ~ i s s e r ,  1968, p. 20). If  surface mining were used, t h e  acre- 
ages would be reduced by about 37.5 percent ,  

The water requirements f o r  coal  g a s i f i c a t i o n  p l a n t s  a r e  enormous. For 
once-through cooling,  about 1 b i l l i o n  gallons would be required  every 24 hours 
t o  supply t h e  needs of a p lant  producing 250 mi l l ion  cubic f e e t  of gas per day 
(NAE/NRC, 1972, p. 50). Oddly enough, very l i t t l e  mention of water require-  
ments has been included i n  most published descr ip t ions  of t h e  various gas i f i ca -  
t i o n  processes,  desp i t e  t h e  l a r g e  amounts of water needed and t h e  f a c t  t h a t  t h e  
l a r g e  deposi ts  of Western coal-a prime source of coal  f o r  gasification-com- 
monly l i e  i n  areas  where water supplies a r e  l imi ted ,  A s i g n i f i c a n t  por t ion  of 
t h e  required water i s  consumed i n  t h e  processes. 

Most e f f o r t s  a t  coa l  g a s i f i c a t i o n  are  aimed a t  producing gas of pipe- 
l i n e  q u a l i t y t h a t  i s  composed pr imar i ly  of methane and has a heat  value of about 
1000 Btu per cubic f o o t ,  However, power generating i n s t a l l a t i o n s  and c e r t a i n  
o ther  consumers can use a lower Btu, low-sulfur gas manufactured by other  proc- 
esses.  Low-Btu gas ,  sometimes re fe r red  t o  as  "power gas," has a heat  value of 
about 150 Btu per cubic f o o t ,  Such gas must be used a t  o r  near t h e  point  of 
production, because of t h e  high cos t  per u n i t  of energy t h a t  i s  involved i n  i t s  
transmission f o r  any appreciable d is tance ,  

The processes f o r  production of low-Btu gas ,  cons i s t ing  pr imar i ly  of 
p a r t i a l  combustion of coal  with a i r  and s t e m ,  a r e  much simpler than those  f o r  
gas of p ipel ine  qua l i ty ,  The r e s u l t i n g  gas i s  made up l a r g e l y  of hydrogen, car-  
bon monoxide, and nitrogen,  with smaller amounts of carbon dioxide and methane, 
Because of i t s  low heat  va lue ,  l a r g e  quan t i t i e s  of t h e  gas would be needed t o  
provide t h e  energy required by e l e c t r i c  power generat ing u n i t s ,  The e f f i c iency  
of using low-Btu gas would be increased s i g n i f i c a n t l y  by using it i n  a combined 



cycle  i n  which t h e  hot gas i s  f i r s t  used t o  d r ive  a gas turbine  and then ex- 
hausted through a b o i l e r  t o  produce steam ( ~ e t z ,  1973, p. 5 4 ) .  

One of t h e  processes f o r  making low-Btu gas t h a t  i s  cur ren t ly  receiv-  
ing  considerable a t t e n t i o n  i s  t h e  Lurgi process. This method uses p a r t i a l  coa l  
combustion with oxygen and steam t o  produce a gas with approximately 21 percent 
carbon monoxide, 28 percent  carbon dioxide,  40 percent hydrogen, 10 percent meth- 
ane, and 1 percent o ther  gases. After t h e  carbon dioxide has been removed, t h e  
gas has a heat  value of about 450 Btu per cubic foot  (NAF/NRC, 1972, p. 25-26) . 
With proper adjustment of combustion u n i t s ,  such gas might be blended i n  l imi ted  
percentages with high-Btu na tu ra l  gas t o  produce a f u e l  with a r e l a t i v e l y  s l i g h t  
reduction i n  t h e  heat  content of t h e  mixture, Lurgi g a s i f i c a t i o n  p lan t s  a r e  
cur ren t ly  opera t ing i n  severa l  fore ign countries.  Considerable p u b l i c i t y  has 
been given t o  plans t o  construct  Lurgi g a s i f i c a t i o n  p l a n t s  i n  northwestern New 
Mexico, but  none has a s  ye t  been b u i l t .  

I n  addi t ion  t o  proposed development of separa te  g a s i f i c a t i o n  or  l ique- 
f a c t i o n  processes and p l a n t s ,  t h e  development of l a r g e  coal  processing complexes 
i n  which mul t ip le  coal-based products would be produced j o i n t l y  has been sugges- 
t e d ,  I n  such p lan t s  each t o n  of coal  might provide one b a r r e l  of o i l ,  about one- 
four th  of a t o n  of solvent-refined c o a l ,  4000 cubic f e e t  of high-Btu gas ,  a small 
quant i ty  of by-product chemicals, and almost 350 kilowatt  hours of e l e c t r i c i t y  
(u. S o  Dept. I n t e r i o r ,  1972, p. 3 ) .  

Despite t h e  many research e f f o r t s ,  none of t h e  l iquefac t ion  processes 
i s  a s  y e t  beyond t h e  p i lo t -p lant  s t age ,  nor have any of t h e  processes f o r  mak- 
ing  high-Btu gas of p ipe l ine  q u a l i t y  advanced beyond pi lo t -p lant  research.  The 
economic production of gas and l i q u i d  f u e l  from coal  on a l a r g e  sca le  would not 
only serve t o  make g rea te r  use of coal-the nat ion 's  l a r g e s t  f o s s i l  f u e l  re-  
source-but a l s o  would supplement t h e  decl in ing domestic suppl ies  of n a t u r a l  gas 
and crude petroleum, 

I n  1972 a panel. of t h e  Committee on A i r  Qua l i ty  Management of t h e  Na- 
t i o n a l  Academy of Engineering-National Research Council examined severa l  proc- 
esses  designed f o r  production of gas of p ipe l ine  qua l i ty  (NAE/NRC, 1972) and 
weighed t h e i r  advantages and disadvantages, s tages  of development, and problems 
remaining t o  be solved, The four processes considered most advanced were selec-  
t e d ,  and programs were out l ined t o  develop these  processes up t o  t h e  point  a t  
which demonstration p l a n t s  would be needed %o f u r t h e r  evaluate t h e  processes. 
The panel defined a demonstration plant  a s  ". . .a s ing le  processing t r a i n  of com- 
mercial  s i z e  with t h e  necessary p u r i f i c a t i o n ,  methanation, and other  f a c i l i t i e s  
t o  produce pipel ine-qual i ty  synthet ic  gas. The plant  should operate s a t i s f a c t o r -  
i l y  f o r  one year" (NAE/NRC, 1972, p. 7 ) .  

The panel ' s  schedule and estimated cost  f o r  a developmental program on 
coal  g a s i f i c a t i o n  i s  shown i n  t a b l e  7. A thorough study and evaluation of t h e  
processes on a p i l o t  sca le  w i l l  determine whether any one i s  outstanding o r  
whether a coxbination of p a r t s  of severa l  processes should be used. 

The proposed schedule, i f  adhered t o ,  would provide, by t h e  end of 
1975, t h e  d a t a  on which a decis ion can be based a s  t o  whether a demonstration 
plant  would be j u s t i f i e d  (NAE/NRC, 1972, p. 4 1 ) .  The f i n a l  design and construc- 
t i o n  would t ake  perhaps 2 t o  4 years ,  a f t e r  which t h e  recommended 1 year of s a t -  
i s f a c t o r y  operat ion would follow. Obviously, t h e  opt imis t ic  predic t ions  of a 
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TABLE 7-PROPOSED SCHEDULE AND ESTIMATED COSTS.FOR DEVELOPMENTAL 
PROGRAM ON COAL GASIFICATION+ 

(mi l l ions  of d o l l a r s )  

Institute of Gas Technology 
Hy-Gas processes: 

1. Steam- oxygen 

2. Electrothermal* 

3. Steam-iron* 
I Cons true t ion Operation 
I I 

Bureau of Mines 

Synthane process 

Bi-Gas process 

Acceptor process 

Decision 0 
Decision 0 
Decision 0 
Decision 0 
Selection 6 

'~asic research and I I 1 I I 

TOTAL 

development 

* Processes not considered promising by panel. 
t As proposed by ad hoc Panel on Evaluation of Coal-Gasification Technology. 
Source: NAE/NRC, 1972, p. 42. 

v i a b l e  coa l  g a s i f i c a t i o n  indust ry  capable of providing s i g n i f i c a n t  q u a n t i t i e s  
of pipeline-quali ty gas before 1980 appear very unl ikely .  Not before t h e  e a r l y  
1980s can t h e  f i r s t  commercial g a s i f i c a t i o n  of coa l  be expected, and t h e  devel- 
opment of a l a r g e  g a s i f i c a t i o n  c a p a b i l i t y  w i l l  r equ i re  even more time. 

. 2  I 2 I 2 I 2 
Continuing activity 

I I I 

Hydroelectric Power 

8 

The bes t  hydroelectr ic  s i t e s ,  from t h e  standpoint of p o t e n t i a l  r e se r -  
v o i r  s i z e  and geographic loca t ion  i n  r e l a t i o n  t o  present  and projec ted  power de- 
mands, have already been developed. Recent proposals f o r  development of addi- 
t i o n a l  s i t e s  have, almost without exception, encountered res i s t ance  because of 
t h e  al leged detr imental  impact on t h e  environment t h a t  could occur. 

Conventional hydroelec t r ic  p lan t s  under construction and those  pro- 
posed f o r  completion by 1980 w i l l  provide 16,000 megawatts of add i t iona l  hydro- 



TABLE 8-FORECAST OF U o S o  NUCLEAR POWER CAPACITY, 1971-1988 

Gigawatts t 
F is cal High Most likely Low 

year Additions Cumulated Additions Cumulated Additions Cumulated 

t 1 gigawatt 3 1000 megawatts = 1,000,000 kilowatts. 
Source: U.S. Atomic Energy Commission, 1971b, p. 5. 

TABLE 9-PROJECTIONS OF THE GROWTH IN NUCLEAR 
GENERATING CAPACITY, 1962-1972  

Projected year-end capacity 

( A )  Year (thousand megawatts ) 
of project ion 1970 1975 1980 1985 

Actual year-end capacity 

(thousand megawatts ) 

1969 1970 1971 1972 

Sources : 1962-1970 data: U.S. Atomic Energy Commis- 

sion, 1971a, p. 8; 1971-1972 data: Mining Record, 

1973b, P *  2. 



e l e c t r i c  capaci ty ,  an increase  of 30.8 percent above t h a t  of 1970. By 1990 t h e  
ant ic ipated  increase  w i l l  be 30,000 megawatts of add i t iona l  capacity,  57.7 per- 
cent  above t h e  1970 l e v e l .  Such increases w i l l  represent  only 4.6 percent of t h e  
t o t a l  prod ected e l e c t r i c  power capacity ( a l l  types of p lan t s  ) increases  through 
1980 and 3.0 percent of those through 1990 (Federal  Power Comm., 1971, p. 1-1-17). 

Nuclear Energy 

Nuclear energy a t  present  appears t o  o f fe r  t h e  bes t  promise f o r  ade- 
quate supplies of energy f o r  t h e  long-term fu tu re .  The U,S .  Atomic Energy Com- 
mission (1971b, p. 5 )  projected t h e  p a t t e r n  of growth through 1988 shown i n  
t a b l e  8. The d i f f i c u l t y  i n  accura te ly  projec t ing t h e  growth of nuclear energy 
i s  shown by t h e  e a r l i e r  projec t ions  of t h e  l e v e l  of capacity t h a t  might be an- 
t i c i p a t e d  up t o  1985 ( t a b l e  9 ) .  

During t h e  middle t o  l a t e  1 9 6 0 s ~  t h e  growth of t h e  nuclear power in- 
dus t ry  exceeded e a r l i e r  expectat ions,  and projec t ions  were revised upward. By 
t h e  e a r l y  1 9 7 0 ~ ~  however, construction began t o  l a g  and est imates were revised 
downward. A t  t h e  end of 1972, t h e  1971 est imate fo r  1980 capacity was revised 
downward from 151,000 megawatts t o  132,000 megawatts, a reduction of about 12.6 
percent .  The projec t ion f o r  1985 was lowered t o  280,000 megawatts from an ear- 
l i e r  projec t ion of 306,000 megawatts, a reduction of about 8.5 percent .  The 
projec t ion f o r  year 2000 i s  1,200,000 megawatts  i in in^ Record, 197313). The 
downward revis ions  were t h e  r e s u l t  of numerous delays caused by public opposi- 
t i o n  based on concern about p lant  s a f e t y  and p o t e n t i a l  environmental e f f e c t s  
and by delays i n  construction and f a b r i c a t i o n  of p lan t s  and u n i t s .  

The magnitude of t h e  projected developments i n  nuclear power can be 
appreciated when one considers t h a t  t h e  35,900 megawatts projected f o r  construc- 
t i o n  i n  1985 ( t a b l e  8 )  i s  t h e  equivalent of placing one major new 1000-megawatt 
nuclear generat ing u n i t  i n t o  operat ion every 10 days f o r  a year.  The projec ted  
increase from 280,000 megawatts i n  1985 ( t a b l e  9 ~ )  t o  1,200,000 megawatts i n  
2000 w i l l  r equ i re  placing t h e  equivalent of one new 1000-megawatt un i t  i n t o  ser -  
v ice  every 6 days f o r  15 years. 

A d e q u a c y  o f  R e s o u r c e  Base 

Iden t i f i ed  uranium resources i n  conventional deposi ts ,  recoverable a t  
$8.00 per pound of uranium oxide ( ~ ~ 0 ~ )  , a r e  estimated a t  250,000 shor t  tons .  
I d e n t i f i e d  submarginal resources t h a t  a r e  recoverable a t  up t o  $15.00 per pound 
a r e  estimated a t  200,000 tons.  P o t e n t i a l  undiscovered resources i n  known ura- 
nium d i s t r i c t s ,  which a r e  recoverable a t  between $8.00 and $15.00 per pound, 
a r e  estimated a t  twice those  already i d e n t i f i e d  ( ~ h e o b a l d  e t  a l . ,  1972, p. 23). 
Other undiscovered uranium resources are  thought l i k e l y  t o  be found i n  d i s t r i c t s  
not now i d e n t i f i e d  a s  uranium d i s t r i c t s ,  Additional q u a n t i t i e s  of uranium t h a t  
a r e  present  i n  phosphate rock may become economically recoverable as by-product 
mate r i a l  from phosphate mining and processing operat ions i f  and when uranium 
pr ices  reach a s u f f i c i e n t l y  high l e v e l ,  

I f  breeder r eac to r s  can be developed and put  i n t o  operat ion i n  sig-  
n i f i c a n t  numbers by t h e  l a s t  ha l f  of t h e  1 9 8 0 ~ ~  uranium f i e 1  supplies should 



be  adequate f o r  fu tu re  needs. Should an opera t ive ,  economic breeder r eac to r  
f a i f  t o  mate r i a l i ze  by t h a t  time, however, severe problems may a r i s e  from a 
s c a r c i t y  of low-cost supplies ( ~ l e c t r i c a l  World, 1970, p. 27) . Cumulative 
U.S. requirements f o r  uranium oxide from 1971 through 1985 have been projec- 
t e d  a t  450,000 tons ,  with 59,300 tons  needed during 1985 alone ( ~ a t l .  Petro- 
leum Council, 1971, p. 147). Before 1990, t o t a l  cumulative requirements w i l l  
exceed t h e  current  est imate of our low-cost uranium resources.  

Added t o  t h e  long-term concern over adequate uranium suppl ies  i s  t h e  
more immediate problem of whether t h e  uranium-enrichment capacity w i l l  be ade- 
quate t o  convert t h e  n a t u r a l  uranium i n t o  f u e l  a t  a r a t e  s u f f i c i e n t  t o  meet 
t h e  growing demand. According t o  one predic t ion,  t h r e e  times t h e  current  ca- 
paci ty  w i l l  be needed by 1985 t o  meet demands   hem. Marketing Reporter,  1972, 
p. 7 ) .  Only when t h e  breeder r eac to r  has become a r e a l i t y  and i s  i n  f u l l - s c a l e  
operat ion w i l l  t h e  concern f o r  adequate suppl ies  of f u e l  t o  support continued 
growth of t h e  nuclear indust ry  be a l layed.  

E n v i r o n m e n t  a1 P r o b l e m s  

Permanent d isposal  of t h e  radioact ive  waste t h a t  w i l l  be produced i n  
ever-increasing q u a n t i t i e s  a s  nuclear power production expands a l s o  i s  a prob- 
lem, and no s a t i s f a c t o r y  so lu t ion  has y e t  been found, Proposals made thus  f a r  
have encountered s t rong opposition. 

I n  addi t ion  t o  t h e  physical  and technological  problems normal t o  a 
developing indust ry ,  nuclear energy production has a l s o  had t o  contend with pub- 
l i c  concern aroused by f e a r  of hea l th  hazards and of damage t o  t h e  environment. 
Widespread debate over s a f e t y  standards and p o t e n t i a l  environmental damage has 
l e d  t o  numerous delays ,  and some of t h e  questions s t i l l  remain t o  be  resolved 
( ~ i l l e t t e ,  l972a,b ,c ,d,e)  . 

F u t u r e  R o l e  i n  T o t a l  E n e r g y  P i c t u r e  

Nuclear power i s  expected t o  provide t h e  equivalent of 11,750 tril- 
l i o n  Btu of energy t o  t h e  U.S. economy i n  1985 and 49,230 t r i l l i o n  i n  2000. 
This i s  equivalent t o  10.1 percent of t h e  projected t o t a l  consumption of t o t a l  
gross energy inputs  of 116,630 t r i l l i o n  Btu f o r  1985 and 25.7 percent of  t h e  
191,900 t r i l l i o n  Btu t o t a l  projected f o r  2000 (Dupree and West, 1972, p.  21) . 
Total  U. S. energy consumption i n  1972 was estimated a t  72,091 t r i l l i o n  Btu 
(u.s. Bur. Mines, 1973a, p. 1 ) .  

The 11,750 t r i l l i o n  Btu of nuclear energy projected f o r  1985 i s  equiv- 
a l e n t  t o  2.1 b i l l i o n  b a r r e l s  of o i l ,  1 1 , 4  t r i l l i o n  cubic f e e t  of n a t u r a l  gas,  
o r  470 mi l l ion  tons  of coal .  The 49,230 t r i l l i o n  Btu f o r  2000 i s  equivalent  t o  
8.8 b i l l i o n  b a r r e l s  of o i l ,  47.7 t r i l l i o n  cubic f e e t  of na tu ra l  gas ,  or  1969 
mi l l ion  tons  of coal.  ( s e e  t a b l e  3 f o r  conversion fac to r s . )  I f  t h e  projec- 
t i o n s  f o r  t o t a l  energy consumption a r e  approximately c o r r e c t ,  a s h o r t f a l l  of 
even 10 percent i n  nuclear output would r e s u l t  i n  huge increases i n  t h e  need 
f o r  other forms of energy, 



Geothermal Energy 

Geothermal energy has been proposed a s  a "...cheap, c lean,  access ib le  
f u e l  t h a t  can be e a s i l y  harnessed t o  generate v a s t  q u a n t i t i e s  of e l e c t r i c i t y "  
( ~ u s i n e s  s Week, 1973, p. 74).  Preliminary information ava i l ab le  a t  t h i s  time 
ind ica tes  t h a t  a l a r g e  p o t e n t i a l  does indeed e x i s t .  About 1.8 mi l l ion  acres  
i n  t h e  United S t a t e s  have been designated a s  known geothermal resource a reas ,  
and another 95.7 mi l l ion  acres  a r e  considered t o  have p o t e n t i a l  f o r  providing 
geothermal energy ( ~ h a s t e e n ,  1972, p. 101). 

About 90 percent of t h e  known p o t e n t i a l  f o r  geothermal energy i n  t h e  
United S t a t e s  l i e s  i n  1 3  western s t a t e s  and Alaska, much of it on Federal lands 
where it has ,  thus  f a r ,  been inaccess ib le  f o r  development ( ~ h a s t e e n ,  1972, p. 
101). The competitive auctioning of l e a s e s  f o r  t r a c t s  of Federal l ands ,  per- 
mit ted 'under t h e  Geothermal Steam Act of 1970, i s  expected t o  make some of these  
areas  ava i l ab le ,  perhaps i n  1973. 

Despite t h e  widespread and opt imis t ic  p u b l i c i t y  given t h i s  p o t e n t i a l  
source of energy, t h e  technological  and other  problems t h a t  remain t o  be solved 
probably w i l l  r e t a r d  i t s  extensive use  i n  t h e  near fu tu re .  

The geothermal wells  a t  The Geysers north of San Francisco i n  Cali- 
fo rn ia  produce noncorrosive dry  steam, which i s  i d e a l  f o r  use i n  low-pressure 
tu rb ines  such as  a r e  used a t  t h a t  s i t e .  However, most o ther  geothermal f i e l d s  
discovered thus  far wi th in  t h e  United S ta tes  produce mineral-laden ho t  b r ines  
t h a t  a r e  extremely corrosive t o  pipes and equipment. I n  addi t ion  t o  a corro- 
s ion  problem, hot  br ines  present  a p o t e n t i a l  d isposal  problem, f o r  they can 
p o l l u t e  t h e  ground and surface waters i f  they a r e  not handled ca re fu l ly .  Ex- 
perimental u n i t s  now uqder development hopefully w i l l  prove capable of dealing 
with t h e  corrosion,  d i sposa l ,  and associated problems presented by these  b r ines  
(Business Week, 1973, p. 75) .  

Geothermal energy may be used e i t h e r  d i r e c t l y  a s  a source of space 
heat  o r  t o  generate e l e c t r i c i t y .  Geothermal steam has been used t o  heat homes 
i n  Iceland s ince  1925  c ear, 1970, p. 56). For space heating t h e  energy must 
be used a t  or  very near t h e  source. E l e c t r i c i t y  from geothermal energy must 
be generated a t  o r  near t h e  source but  can be transmitted by high-voltage l i n e s  
t o  more d i s t a n t  loca t ions  f o r  u l t ima te  use.  

To be economically competitive, geothermal energy delivered t o  a 
given market must be l e s s  expensive than energy obtainable from other  sources,  
including f o s s i l  f u e l s  t h a t  may be r e a d i l y  t ranspor ted  t o  almost any point  
where they a r e  needed. Geothermal energy can be expected t o  play i t s  great-  
e s t  r o l e  i n  a reas  where concentrat ions of population and indus t ry  occur i n  
c lose  proximity t o  geothermal f i e l d s ,  and/or where ex i s t ing  transmission l i n e s  
pass near the  geothermal f i e l d .  

It has been estimated t h a t  i n  l e s s  than 20 years geothermal energy 
w i l l  meet 5 percent of Ca l i fo rn ia ' s  t o t a l  power requirements. This means an 
output of between 6 and 9 mi l l ion  ki lowat ts  ( ~ i l s o n ,  1973, p. 70).  Tota l  geo- 
thermal capacity i n  Cal i fornia  i s  expected t o  be approximately 3000 megawatts 



by 1981, about 1986 from The Geysers and 1010 from t h e  Imperial Valley and other  
areas.  

Geothermal energy may u l t ima te ly  play an important r o l e  i n  helping 
t o  meet l o c a l  and regional  energy needs, However, no very s i g n i f i c a n t  contr i -  
bution towards so lu t ion  of t h e  over-al l  energy problem can be an t i c ipa ted  from 
t h i s  source, even i n  t h e  West, f o r  more than a decade a t  b e s t .  

O i l  Shale 

The amount of o i l  shale  estimated t o  e x i s t  i n  t h e  United S t a t e s  i s  
enormous ( f i g .  1 6 ) .  Not a l l  of t h i s  sha le ,  however, i s  a s  r i c h  as  t h e  t h i c k  
shales  of Utah, Colorado, and Wyoming, which contain 30 gallons o r  more of o i l  
per  ton ,  The estimated shale resources a l s o  include th inner  beds i n  t h e  Middle 
West, Southwest, and elsewhere t h a t  contain no more than 10 gallons per ton.  
Although these  lower grade shales  might some day provide a source of l i q u i d  f u e l  
and thus must be considered p a r t  of t h e  t o t a l  resource base,  t h e  a c t u a l  economic 
development and use of such low-grade resources l i e s  f a r  i n  t h e  fu tu re .  A t  t o -  
day's  o i l  p r i ces  even t h e  high-grade deposi ts  cannot produce o i l  a t  competitive 
p r i c e s ,  but  it has been estimated t h a t  if o i l  p r i ces  increase t o  4 t o  5 d o l l a r s  
per b a r r e l ,  80 b i l l i o n  b a r r e l s  of o i l  might be economically recoverable from 
shales containing 30 gal lons  or  more per ton ,  

By f a r  t h e  bulk of t h e  r i c h  o i l  shales of t h e  West i s  on Federal lands ,  
and access t o  a t  l e a s t  some of these  deposi ts  w i l l  be necessary before a s igni f -  
i can t  o i l  shale  indust ry  can develop. I n  Ju ly  1971, a f t e r  a 41-~ear period i n  
which no o i l  sha le  lands were l eased ,  t h e  Department of t h e  I n t e r i o r  announced 
i t s  in ten t ion  of offer ing s i x  t r a c t s  f o r  competitive bidding i n  December 1972. 
The s i x  t r a c t s ,  representing t e s t  ( o r  prototype) l e a s e s ,  were t o  be se lec ted  from 
s i t e s  nominated by in te res ted  firms ( o i l  and Gas Jour . ,  1971). Nominations of 
23 s i t e s  were received,  and s i x  of them were t o  be se lec ted  f o r  bidding a f t e r  
environmental impact s tudies  and examinations were completed and evaluated ex in- 
ing  Record, 1972). 

I n  June 1973, t h e  s o l i c i t a t i o n  of b ids  on t h e  s i x  s i t e s ,  o r i g i n a l l y  
scheduled f o r  December 1972, was s t i l l  awaiting completion of environmental im-  
pact  statements. The statements were being expanded t o  meet object ions by var-  
ious groups who had held  t h a t  t h e  i n i t i a l  statements were inadequate ( ~ i n i n g  
Record, 1 9 7 3 ~ ) .  

Considerable research has been done on t h e  r e t o r t i n g  of shale  t o  pro- 
duce l i q u i d  f u e l ,  and demonstration p l a n t s  with capac i t i e s  ranging from 150 
t o  1000 tons  of shale  per day have been constructed and operated ( ~ i n n e e n  and 
Cook, 1972, p. 4-5). When commercial p lan t s  a r e  b u i l t ,  they a r e  expected t o  
process approximately 125,000 tons  of shale and produce 100,000 b a r r e l s  of o i l  
per  day. Such an i n s t a l l a t i o n  would cos t  an estimated $524 mil l ion  t o  $578 
mi l l ion  ( o i l  Daily, 1972) . 

I n  addi t ion  t o  t h e  problems of sca l ing  up from demonstration p lan t s  
t o  p lan t s  of full commercial s i z e ,  o ther  ser ious  problems, such a s  t h e  s a t i s -  
f ac to ry  d isposal  of t h e  spent shale  and t h e  acqu i s i t ion  of the  necessary l a r g e  
amounts of water,  must be d e a l t  with. Water supply w i l l  be a p a r t i c u l a r  prob- 
lem because t h e  most promising shale deposits  a r e  i n  water-deficient  areas .  



A s  t h e  volume of t h e  spent shale  w i l l  be about 30 percent g rea te r  than t h a t  of 
t h e  o i l  shale o r i g i n a l l y  mined, not a l l  of it can be returned t o  t h e  mine or  
excavation. The excess must be disposed of i n  near-by canyons o r  be p i l e d  on 
t h e  surface.  Such disposal  of l a r g e  volumes of waste presents  f u r t h e r  problems, 
f o r  some of it i s  of very f i n e  p a r t i c l e  s i z e  and must be prevented from blowing. 
Disposal must a l s o  be planned t o  prevent t h e  leaching of mineral s a l t s  from t h e  
shale  waste i n t o  t h e  adjacent surface waters  old, 1972). 

For each b a r r e l  of o i l  produced, an estimated 1.2 t o  2 b a r r e l s  of 
water w i l l  be consumed and an add i t iona l  0-8  t o  0.9 b a r r e l  of water would prob- 
ably be needed i n  waste disposal .  Therefore, t o  produce 100,000 bau'rels of syn- 
t h e t i c  o i l  per day from shale t h e  use of 15,000 acre-feet  of water per year would 
be required ,  and 6000 and 9500 acre-feet  of it would be consumed i n  t h e  proc- 
essing  a old, 1972, p. 6 )  . 

Proposals have been made f o r  t h e  in - s i tu  r e t o r t i n g  of o i l  shale  under- 
ground. Should technology f o r  such operat ions be developed, t h e  problem of waste 
d i sposa l ,  and perhaps t o  some degree t h e  water-supply problem, might be  a l l e v i -  
a t  ed . 

Even i f  operat ions should begin soon on t h e  s i x  experimental l e a s e  
t r a c t s ,  t h e  development of any l a r g e  capaci ty  f o r  producing o i l  from shale  
within t h e  next 10 t o  12 years appears un l ike ly  ( O i l  and Gas Jour. ,  1972). 

Solar  Energy 

Numerous authors have pointed out  i n  recent  years  t h a t  an enormous 
amount of energy reaches t h e  e a r t h ' s  surface and i s  p o t e n t i a l l y  ava i l ab le  f o r  
use if man could economically harness it fo r  h i s  purposes. 

According t o  Hubbert, so la r  energy i s  in tercepted by t h e  ea r th  a t  a 
mean r a t e  of 17.2 x 1016 wat t s ,  or  about a mi l l ion  times t h e  t o t a l  i n s t a l l e d  
e l e c t r i c  generat ing capacity i n  t h e  United S t a t e s  i n  1959 ( ~ u b b e r t ,  1962, p. 3- 
4,  95) . Even with t h e  l a r g e  growth i n  generat ing capaci ty  during t h e  l a s t  1 3  
years ,  t h e  amount of p o t e n t i a l  s o l a r  energy s t i l l  remains about 380,000 times 
t h e  t o t a l  i n s t a l l e d  capacity i n  1972. 

Other authors est imate t h a t  t h e  amount of energy t h a t  s t r i k e s  only 
0.5 percent of t h e  land area  of t h e  United S t a t e s  i s  more than  w i l l  be re-  
quired i n  t h e  whole country i n  t h e  year 2000 (~anrmond, 1972, p. 1088) , a de- 
mand estimated by Dupree and West (1972, p. 17)  a t  almost 192,000 t r i l l i o n  
Btu. 

While t h e  amount of energy a r r i v i n g  a t  t h e  e a r t h ' s  surface i s  huge, 
it i s  d i f fused ,  va r i ab le  i n  i t s  r a t e  of a r r i v a l ,  and highly i n t e r m i t t e n t ,  
These c h a r a c t e r i s t i c s  make it d i f f i c u l t  t o  c o l l e c t  and concentrate i n  l a r g e  
usable q u a n t i t i e s ,  a s  wel l  a s  d i f f i c u l t  t o  s t o r e  and control .  

Solar energy can be made usable by two bas ic  means: ( 1 )  t h e  concen- 
t r a t i o n  of s o l a r  r ays  t o  provide h e a t ,  and ( 2 )  t h e  use of photovoltaic materi- 
a l s  t h a t  generate an e l e c t r i c a l  p o t e n t i a l  when l i g h t  shines on them. Photovol- 
t a i c  c e l l s  have been used t o  power s a t e l l i t e s ,  but a t  a cos t  estimated a t  about 
$2 mi l l ion  per k i lowat t .  To generate l a r g e  amounts of power would requ i re  



gathering t h e  s o l a r  energy from wide a reas ,  It has been estimated t h a t  a 1- 
mile square photovoltaic u n i t  located  i n  t h e  Southwest where t h e  sun shines 
an average of 70 percent of t h e  day would generate a t  l e a s t  210 mil l ion  k i lo -  
watt  hours per square mile per year (~homsen,  1972). Converted t o  a 24-hour 
equivalent ,  t h i s  i s  24 megawatts ( 24,000 ki lowat ts  ) . 

Studies ind ica te  t h a t  t o  c o l l e c t  and t r a n s f e r  hea t  from s o l a r  energy 
t o  a c e n t r a l  power s t a t i o n  of 1000-megawatt capacity would requ i re  a co l l ec t ing  
a rea  of about 30 square kilometers (Hammond, 1972, p. 1 0 8 9 ) ~  or 11.58 square 
miles,  U,S. generat ing capaci ty  i n  power p lan t s  of a l l  types i s  cu r ren t ly  grow- 
ing a t  about 25,000 megawatts per year.  

Solar  energy systems a r e  considered des i rab le  environmentally because 
they do not involve a i r  po l lu t ion  or r a d i o a c t i v i t y  hazards. However, t h e  d is -  
rupt ion of t h e  normal evaporative and other e f f e c t s  of t h e  sun's rays  over l a r g e  
a reas  could have e f f e c t s  on t h e  ecology of those areas  t h a t  a r e  l a r g e l y  unknown 
a t  t h i s  time, The areas  involved could undergo undeterminable but  s i g n i f i c a n t  
c l imat ic  changes. 

Although large-scale use of s o l a r  power w i l l  r equ i re  much add i t iona l  
research,  s o l a r  energy has a l ready been used t o  a l imi ted  degree f o r  space heat- 
ing ,  A panel  from t h e  National Science Foundation-National Aeronautics and 
Space Administration noted t h a t  t h e  cos t  of so la r  heating i s  cu r ren t ly  competi- 
t i v e  with t h e  cos t  of heating by f o s s i l  f u e l s  i n  some p a r t s  of  t h e  country and 
could supply a s  much a s  80 percent of t h e i r  heating needs. Despite t h e  prob- 
lems which must be solved f i r s t ,  t h e  panel be l i eves  t h a t  by t h e  year 2020 s o l a r  
energy could provide 35 percent of heating and cooling i n  bu i ld ings ,  and could 
replace  30 percent of t h e  na t ion ' s  gaseous f u e l  needs, 10 percent of i t s  l i q u i d  
f u e l  needs, and 20 percent of i t s  e l e c t r i c a l  needs ( H m o n d ,  1973). 

To make s o l a r  heat ing equipment commercially ava i l ab le ,  a 100-million- 
d o l l a r  research and development program, spread over a 10-year period has been 
proposed. The t o t a l  so la r  energy prograxi proposed by t h e  panel would cost  an 
estimated 3.5 b i l l i o n  d o l l a r s  (~ammond, 1973). 

Like o ther  l a r g e  p o t e n t i a l  sources,  s o l a r  energy o f f e r s  promise of 
meeting some of our f u t u r e  requirements r a t h e r  than sa t i s fy ing  any s i g n i f i c a n t  
por t ion  of our immediate needs, 

CONCLUSIONS 

The United S t a t e s  i n  1973 i s  confronted with an energy problem of 
major proportions. The domestic capacity t o  produce f u e l s  and energy i s  in-  
capable of meeting t h e  needs, and t h e  nation i s  being forced t o  t u r n  t o  fo r -  
eign sources t o  an increasing degree, Such dependence can br ing with it ser-  
ious implicat ions and p o t e n t i a l  consequences. 

The present  s i t u a t i o n  does not r e s u l t  from an a c t u a l  exhaustion of 
United S t a t e s  resources and energy p o t e n t i a l ,  However, t o  increase  t h e  avai l -  
a b i l i t y  of  resources and t o  develop t h e  p o t e n t i a l  t h a t  e x i s t s  w i l l  r equ i re  an 
increase  i n  t h e  r a t e  of discovery of new reserves ,  major technological  progress,  



l a r g e  c a p i t a l  investments, and years  of time t o  develop and implement badly 
needed new p o l i c i e s  and programs. 

The people of t h e  United S t a t e s ,  a s  a r e s u l t  of continuous tech- 
nological  accomplishments i n  t h e  p a s t ,  have developed a s t rong b e l i e f  t h a t  
technology can overcome a l l  obs tac les .  The hazards of placing unquestioning 
f a i t h  i n  t h e  a b i l i t y  of technology t o  provide immediate solut ions  were pointed 
out  succinct ly  by D r .  P h i l i p  H. Abelson (1969) : 

Great achievements o f ten  ca r ry  with them the  seeds of f u tu r e  
f a i l u r e s .  Repeated success breeds overconfidence and unwillingness t o  
p e r s i s t  i n  the  hard measures t h a t  l e d  t o  excellence. Prolonged enjoy- 
ment of excel lence br ings indifference and even contempt f o r  it. Ex- 
amples of these tendencies of human nature  can be seen i n  the  cur ren t  
a t t i t u d e s  toward science and technology. 

When people witness accomplishments such a s  those of Apollo 8 and 
Apollo 9 ,  they a r e  impressed with the  power of American technology. 
They a r e  inc l ined  t o  say ,  " I f  we can do t h a t ,  we can do anything." 
They a r e  a l s o  inc l ined  t o  bel ieve t h a t  we can do everything-that,  
g iven the  goal and the  morsy, technology can be bent t o  the  accom- 
plishment of any and a l l  t asks .  This i s  not  t r u e .  Technology cannot 
rescue soc i e ty  from unlimited folly-a long-continued populat ion ex- 
plosion,  f o r  example. 

Overconfidence i n  our technology leads t o  o ther  f a u l t y  judgments. 
As Lee Dubridge has r e cen t l y  pointed out ,  we have become so  accustomed 
t o  the  almost magical c a p a b i l i t i e s  of technology t h a t  we expect in- 
stantaneous so lu t ions  t o  a l l  problems, no matter  how complicated. This 
demand i s  unreasonable,  even when the  problems a r e  purely technica l .  
When complex s o c i a l ,  p o l i t i c a l ,  and e t h i c a l  considerat ions a r e  addi- 
t i o n a l  important f a c t o r s ,  rosy expectat ions a r e  jus t  p l a i n  f oo l i sh .  

D r .  Abelsonls words descr ibe  with considerable accuracy what appears t o  be t h e  
major b a s i s  f o r  t h e  seeming l ack  of concern t h a t  has accompanied t h e  develop- 
ment of t h e  present  energy dilemma i n  t h e  United S t a t e s  during t h e  pas t  few 
years.  

Unfortunately, some of those engaged i n  var ious  research e f f o r t s  de- 
signed t o  ease t h e  dilemma have contributed t o  t h e  overconfidence. To gain  sup- 
por t  f o r  t h e i r  research e f f o r t s ,  some evidence or  promise of success must be  pre- 
sented t o  ind ica te  t h a t  t h e  research w i l l  be worth while. Those who a r e  working 
t o  solve some p a r t i c u l a r  aspect of t h e  energy problem have sometimes presented 
over-optimistic assessments of t h e i r  p a r t i c u l a r  p ro jec t .  Numerous a r t i c l e s  i n  
both t h e  s c i e n t i f i c  and popular press  have op t imis t i ca l ly  asse r t ed  t h a t  processes 
f o r  coal  g a s i f i c a t i o n  and l iquefac t ion ,  o i l  shale  development, t h e  breeder r e a c t o r ,  
and t h e  technology f o r  widely u t i l i z i n g  geothermal and so la r  power or  other un- 
conventional sources of energy were on t h e  verge of perfec t ion.  Having repeat-  
edly received such assurances,  l a r g e  segments of t h e  public were caught by sur- 
p r i s e  and d i s b e l i e f  when t h e  seriousness of t h e  energy s i t u a t i o n  became gener- 
a l l y  apparent.  

We have, from experience, learned t o  doubt those  who would have us 
bel ieve  t h a t  "the wolf i s  here" and t h a t  t h e r e  i s  no so lu t ion  t o  our problems. 
Perhaps, we should d isplay  equal scepticism t o  those who t o o  soon would say 
"Santa i s  here.'' 



The United S ta tes  energy s i t u a t i o n  can be g r e a t l y  improved, but  not 
overnight o r  by magic, It w i l l  t ake  much coordinated e f f o r t ,  technologic re-  
search,  c a p i t a l  investment, public cooperation, and, above a l l ,  time. 
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