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PRE FACE 

On January 2 0 , 1 9 7 0 , the Nat i ona l Pe t r o l eum Counc i l , an offi 
c i a l ly e s t ab l i shed indus t ry adv i s o ry board t o  the S ecre tary o f  the 
Int er ior , was asked to und ertake a compr ehens ive s tudy o f  the 
Nat i on ' s  ene rgy out look . Th i s  request  came from the As s i s t ant 
Secret ary -Mineral Re s our c e s , Department o f  the Inter i o r , who a s ked 
the Counc i l  to proj ect the energy ou t l o ok in the We s t ern Hem i sphere 
int o the future as near to the end of the c entury a s  feas ib l e , with 
particular r e ference to the evaluat ion of future t r ends and the ir 
imp l icat ions for the Un i t ed S t a t e s . 

In  respon s e  t o  this  r equ e s t , the Na t i ona l Pe t r o l eum C ounc i l ' s  
Commi ttee  on U . S .  Ene rgy Out l o ok was e s t ab l i shed , with a coordinat 
ing s ub c ommi t t e e , four s upport ing sub commit t e e s  for o i l , gas , o ther 
energy forms and government pol icy , and 14 task group s . An organ i 
zat ion chart app e ars as App endix B .  I n  Ju ly 1 9 7 1 , the C ounc i l  
is sued an int erim report ent i t l ed u.s. Energy Out lo o k :  An Initia l 
App rai s a l  1 9 ?1-1 9 8 5  wh i ch , a l ong with a s s o c iated  t a s k  gr oup r ep o rt s , 
provided the gr oundwork for sub s equent inve s t i gat i on o f  the U . S .  
energy s i tuat i on . 

C ont inu ing inve st igat i on by the Comm i t t e e  and c omponent sub 
commi t t e e s  and task  groups r e su l t ed in the pub l icat i on in D e c emb er 
1 9 7 2  o f  the NPC ' s  summary repo rt , U . S . En e rgy Out l o o k ,  as we l l  a s  
an exp anded fu l l  report o f  t h e  Commi t t e e . Indiv i dual t a s k  g r oup 
repor t s  have b e en prepar ed to include me thodo l ogy , dat a , i l lu s tra 
t i ons and computer program descript ions for the part icul ar ar e a  
stud ied by the t a s k  group . Thi s  report i s  o n e  o f  t en such de t a i l ed 
s tud ie s .  Other fue l  task  group reports  are ava i l ab l e  a s  l i s t e d  on 
the order form inc luded at the back of thi s vo lume . 

The find ings and r ecommendat ions o f  t h i s  report r ep r e s ent the 
best  j udgment o f  the expert s from the energy indus t r i e s . Howeve r ,  
it should b e  noted that the po l i t ical , econom i c , s o c ia l  and t e ch
no l o g i cal fac tors  b e ar ing upon the long - t e rm U . S .  energy ou t l o o k  
ar e subj ect t o  sub s t ant ial  change w i t h  the p a s s age o f  t ime . Thus 
future deve lopment s wi l l  undoub t edly provide add i t ional ins ight s 
and amend the conc lus ions t o  some degr e e . 
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FOREWORD 

Thi s  report  wa s pr epared by the New Energy Fo rms Task Group 
unde r the d i rect ion o f  the Other Ene rgy Re sour c e s  Subcomm i t tee o f  
the Na tional Pe tro l eum Counci l ' s Committee  on U . S .  Energy Out l o o k . 

The purp o s e  o f  the report i s  to d i s cu s s  the contr ibut ion tha t 
can b e  ma de to the Nation ' s  energy requir ements by ( 1 )  energy 
resourc e s  wh ich are proj ected  to provide re l a t ively  l i t t l e  usab l e  
energy dur ing the 1 9 7 1 - 1 9 8 5  period  a s  comp ared  with  the maj o r  re 
sourc e s - - o i l  and gas , coal , nuc l e ar energy , o i l  sha l e  and tar s ands , 
( 2 )  proce s s e s  which can increase  the eff i c i ency o f  fos s i l - fuel  
ene rgy ut i l i zat ion for the  gener at ion o f  e l ec tr i c p ower and ( 3 )  
a l ternat i ve o r  unc onvent ional energy forms . 

The Task Group inve s t igated hydropowe r - - a  p r imary energy re 
sourc e ,  the ful l po tential  o f  wh ich i s  l ar g e l y  deve lop e d - - and g eo 
thermal energy , which i s  genera l l y undeve l oped a t  p r e s ent but wi l l  
make a l arger though r e l atively ins i gn i f i cant cont r ibu t ion by 1 9 8 5 .  
Ut i l i zat ion o f  o t her p r imary ene rgy re sources  inve s t i g ate d - 
agricul ture , s o l ar ,  t idal and munic ipal tra s h - - a re  s t i l l  in the 
re s earch and deve lopmen t s tage . 

S ince the e ffect ive supp ly of energy can b e  increased  by im 
proving effic i ency in energy convers ion to e l e c t r i c i ty , the Task 
Group inve s t igated the po tent ial  fo r advanced conve r s i on sys tems - 
comb ined cyc l e  (gas  turb ine - s team turb ine ) , magne t ohydr o dynamics  
(MHD) , fue l  c e l l s  and thermionic e l e c t r i c  power generat i o n . 

As an a l ternat ive t o  coal  convers ion to o i l  o r  convent ional  
p ip e l ine gas (me thane ) ,  the  Task  Group inve s t i gated convers ion to  
me thano l (me thyl a l coho l )  o r  hydrogen and c ompared  the  eco nomi c s  
o f  the s e  usab l e  forms with p e tr o l eum produc t s . 

Cons idering t he t ime and inve s tmen t s  requ ir e d  for deve lopment 
and the h i s to ry of ut i l i z a t ion of new energy r e s our c e s  in the 
Uni t ed S t a te s , the Task Group s e e s  l i t t l e  po s s ib i l i ty tha t  new 
forms no t al ready in an advanc ed s t ate o f  deve l opme nt w i l l  have a 
s i gnif icant impact  on ene rgy supp ly in this  c en tury . 
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Chap ter  One 

ENERGY RE SOURCE S ,  CONVERS I ON AND ALTERNAT IVE FORMS 

BACKGROUND 

The Nat ional P e tro leum Counc i l ' s rep o r t  on U . S .  Ene r gy Out look , 
publi shed Decemb e r  1 9 7 2 , concluded that i t  i s  unlike ly tha t the 
growth in ene rgy c on sump t i on in the Uni t e d  S t a t e s  w i ll depart s i g 
nificant ly from an ave rage o f  a 4 . 2 - p e r c en t - p e r - ye a r  r a t e  dur i ng 
the 1 9 7 1 - 1 9 8 5 p e r i o d . A rang e o f  3 . 4  to 4 . 4  p e rc ent emb r a c e s  the 
probable chang e s  tha t might take p lac e .  Any of the s e  ener gy demand 
c a s e s  r epre s ent much mo re  than the supply wh ich w i ll be  ava i lable 
from U . S .  ind i genous r e s ourc e s . 

F igure 1 i llus trate s the high , low and int e rme d i a t e  demand 
proje c t i ons fo r 1 9 8 5 ,  as we ll as the four s upply c a s e s . Mo s t  o f  
the differenc e s  b e tween the s upp ly c a s e s  a r e  i n  the p r o je c t e d  do 
me s t ic o i l and gas  s upply .  O i l  and gas  ava i lab i li ty w i ll b e  greatly 
affec ted by the f i nd ing rate  ( r e s e rve s p e r  uni t  o f  dr i lling ) and by 
the rate o f  exp lo rat i o n  (dr i lling ) wh ich , in turn , i s  s t rong ly in 
fluenc ed by the p o li t i cal  and economic c lima t e . 

Certain  p o li c i e s  and admini s t r a t ive judgme nt s ( e . g . , early 
r e s o lution o f  env i ronmental i s sue s )  wo uld improve the p r o s pe c t s  o f  
attaining a high r a t e  o f  growth for  a ll p r inc ipal fue l suppli e s  
( i . e . , o i l  and gas , coal  and nuc le ar ) . Thi s  would a ls o  a c c e lerate  o i l  
shale development ,  mov ing an imp o r tant re s our c e  into the s upp ly 
p i cture . 

The high e nd o f  the c a lculated  supp ly range ( C a s e  I )  a s sumes 
a reve r s a l  in  recent trends in dr i lli ng a c t iv i ty ( p r i o r  t o  1 9 7 1 )  
and an expans ion  equal to that ach i eved i n  the p o s t - Wo r ld Wa r I I  
decade couple d  with a high f inding rate . C a s e  I would b e  d i f f i cult 
to attain  becau s e  i t  requ i r e s  a v i go rous e f fo r t  fo s t e r e d  by e a r ly 
r e s o lu t ion o f  controvers i e s  ab out env i ronmental i s su e s , r e ady 
avai lab i li ty o f  government land for ene r gy r e s ource  d ev e lopment , 
adequa t e  ec onomic inc entives and a highe r d eg r e e  o f  s uc c e s s  in  lo 
cat ing currently und i s covered r e s ources  than has b e en the c a s e  in 
the pas t decade . The low end o f  the range o f  s up p ly ava i lab i li ty 
(Case  IV) pro je c t s  a c ont inua t i on o f  the h i s t o r i c a l  downwa rd t r end 
in dr i lling a c t iv i ty with a low f inding ra t e .  C a s e  IV repre s e nt s  
a lik e ly out come i f  d i spu t e s  over envi ronment a l  i s s u e s  cont inue 
to constrain the g rowth in  output of a ll fue ls , if gove rnme nt 
poli c i e s  prove to be inhib i t ing and if o i l and gas e xp lo ratory 
succ e s s  do e s  no t improve ove r r e c ent r e sult s . Ca s e s  I I  and I I I  
are int ermediate  c a s e s  repr e s ent ing a me d i um g rowth r a t e  in  dr i lling 
ac t iv i ty w i th Ca s e  I I  pro je c t ing the high f i nd ing r a t e  and C a s e  I I I  
the low f inding r a t e . The Na t i ona l P e tro l eum Counc i l ' s repo r t , 
U . S .  Energy Ou t l o o k :  An Ini tia l Apprai s a l, pub li s h e d  in  1 9 7 1 , whi ch 
a s sume d a cont inua t i on o f  ex i s t ing cond i t ions , p r o je c t e d  o i l produc 
t ion rates  i n  1 9 8 5  t o  be approxima t e ly tha t  o f  C a s e  I I I  and gas  
produc t i o n  ra t e s  to  b e  approxima t e ly tha t  o f  Cas e I V . 
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S ince the g rowth p o t ent ial  o f  p r imary hydropowe r i s  very 
l imi ted by ava i l ab l e s i t e s , only one growth c a s e  was cons i d e re d . 
The four c a s e s  p r e s ented for geo thermal ene r gy r e f l e c t  wide var ia 
t ions in  p o s s ib l e  exp l o ra t i o n  and dr i l l ing suc c e s s . C a s e  I I I  i s  
ident i c a l  t o  that pub l i shed in the I n i t ial  Appr a i s a l  whi c h  wa s 
bas ed o n  ex i s t ing t rends in the Cal i fo rn i a  geys e r s  area . 

F i gur e 1 s hows the r e l a t ive ly sma l l  contr ibut i o n  that hydro 
and ge o t herma l p owe r wi l l  contr ibute t o  the ene r gy s upply i n  1 9 8 5 . 
F i gure 2 s hows that a mo de s t  g rowth i s  exp e c t e d  dur ing the 1 5 - year 
pe r i o d  for  the two int e rme d i a t e  cas e s . 

Tab l e  1 s hows nume r i c a l ly in  terms o f  BTU ( Br i t i s h  the rma l 
un i t s )  supp ly/ demand b a l ance fo r Ca s e  I that hydropowe r i s  p r o 
je c t e d  t o  grow from 2 , 6 7 7  tr i l l i on BTU ' s in  1 9 7 0  t o  3 , 3 2 0  t r i l l i on 
BTU ' s in 1 9 8 5 .  S ince ene r gy consump t ion in the Uni t ed S t a t e s  i s  pro 
je c t ed to  nearly doub l e  dur ing this  p e r io d , the hydropower pe rc en t 
age contr ibut ion w i l l  decrease  from about 4 perc ent t o  l e s s  than 3 
percen t . Hydropower rep r e s ents  a form o f  p r imary e ne r gy , the ful l 
p o t e n t i a l  o f  wh i c h  ha s l argely b e en dev e l op e d . 

Tab l e  1 s hows tha t g e o thermal p ower , wh i c h  contr ibuted  only 7 
t r i l l ion BTU ' s in  1 9 7 0 , i s  proje c t e d  for C a s e  I t o  1 , 3 9 5  t r i l l i on 
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Domestic Supply 
Oil-All Sources 
Gas-All Sources 
Hydropower 
Geothermal 
Coal & Nuclear Utilized 

Total Domestic Supply 
Imported Supply to Balance 

Oil Including Liquids for Gasification 
Gas (Excluding Gas from Liquids) 

Total Imported Supply 

Total Domestic Consumption 

0\ I Memo: Coal Supply 
Nuclear Supply 
Total Coal & Nuclear Available 

Memo: Oil Supply 
Domestic Conventional 
Syncrude from Shale 
Syncrude from Coal 
Imports (Including Liquids for Gasification) 
Total Oil 
Oil Imports to Balance-MMB/D 

Memo: Gas Supply 
Domestic Natural Gas 
Gas from Nuclear Stimulation 
Syngas from Coal 
Imports-Pipeline 
Imports of LNG 
Total Gas (Excluding Gas from Liquids) 
Gas lmports-TCF/yr 

Less than 0.5 percent. 

T ABLE 1 
PROJECTED ENERGY BALANCE FOR UNITED STATES-CASE I 

Actual 
--

1970 

21,048 
22,388 

2,677 
7 

13,302 
59.422 

7,455 
950 

8,405 
67,827 
13,062 

240 
13,302 

21,048 
0 
0 

7,455 
28,503 

3.4 

22,388 
0 
0 

950 
0 

23,338 
0.9 

Trillion (10 12l BTU's/Year 

Projected 

1975 1980 

20,735 28,229 
24,513 27,464 

2,990 3,240 
120 78� 

18,649 26,708 
67,007 86,423 
15,274 12,258 

1,200 3,900 
16.474 16,158 
83,481 102,581 
16,650 21,200 

4,000 11,349 
20,650 32,549 

20,735 27,758 
0 296 
0 175 

15,274 12,258 
36,009 40,487 

7.2 5.8 

24,513 26,746 
0 206 
0 512 

1,000 1,600 
200 2,300 

25,713 31,364 
1.2 3.9 

1985 
34,656 
35,214 

3,320 
1,395 

36,910 
111,495 

7,547 
5,900 

13,447 
124,942 

27,100 
29,810 
56,910 

31,689 
1,478 
1,489 
7,547 

42,203 
3.6 

31,604 
1,341 
2,269 
2,700 
3,200 

41,114 
5.9 

Percent 

Actual Projected 
---

1970 1975 1980 1985 
31 25 27 28 
33 29 27 28 

4 4 3 3 
. . 1 1 

20 22 26 29 
88 80 84 89 
11 18 12 6 

1 2 4 5 
12 20 16 11 

100 100 100 100 
98 81 65 48 

2 19 35 52 
100 100 100 100 

74 58 69 74 
0 0 1 4 
0 0 . 4 

26 42 30 18 
100 100 100 100 

96 95 85 76 
0 0 1 3 
0 0 2 6 
4 4 5 7 
0 1 7 8 

100 100 100 100 



BTU ' s  in 1 9 8 5 ,  o r  about 1 p erc e nt o f  U . S .  con sump t ion . Geo thermal 
ene rgy is l argely undeve loped at  p r e s ent , but even w i th the pro 
jec ted 2 0 0 - fo l d  inc re as e ,  wh i c h  i s  extreme ly op t imi s t i c , the 1 9 8 5  
c ontr ibut ion wi l l  b e  r e l a t ive ly ins i gn i f i cant . 

I t  i s  very unl ike ly that the po tent i a l l y  ava i l ab l e  s o l a r ener gy 
wi l l  be exp l o i t e d s i gn i ficantly within the t ime frame o f  thi s s tudy . 

Po tential  energy re sources  from agr icu l ture , i f  ful ly deve l op e d , 
could be subs tant i al but do no t o f fer an e c onomi c a l  a l t erna t ive in 
the ne ar term . The po s s ib i l i t i e s for harne s s ing t idal  ene r gy in 
the Un i ted S tates  are extremely l imited . Mun i c ipal  tra sh i s  b e ing 
used as a pr imary bo i l er fue l  in a few l o c a t i ons . I f  the total  
U . S .  mun i c ipal  trash p o t en t i a l  we re ut i l i z ed , it  could supp ly about 
3 p e rcent of the fue l s  for e l e c t r i c i ty in 1 9 8 0 .  

The comb ined - cy c l e  p ro c e s s  fo r gener at ing e l ec t r i c  power i s  
the techno l o g i c a l  innovat ion mo s t  l ikely t o  make a rea l imp a c t  on 
the effic i ency of fos s i l - fuel  u t i l i zat i on . I n  the o r de r o f  the ir  
po tent ial  imp o r tanc e by 1 9 8 5 ,  o ther proces s e s  l i ke l y  to boo s t  
e l e c t r i c powe r gener at ion from the s ame amount o f  fue l are : ( 1 )  
gas i f i c at ion o f  coal  for comb ined - cy c l e  and ( 2 )  fuel c e l l s . Magne to 
hydrodynam i c s  and thermionic  topp ing o f  fo s s i l - fu e l  power p l ant s ,  
i f  suc c e s s ful , are l i ke l y  to app ear after  1 9 8 5 . 

In  cons ider ing the i mpact o f  new pr ima ry ene r gy r e s ourc e s  on 
the energy supply mix , it  is  us e ful to cons ider the h i s to ry of re 
source exp l o i ta t ion in the Un i t ed S tat e s . As s hown in F i gure 3 ,  
this  c ountry has needed and developed a new s our c e  o f  energy every 
3 0  or 4 0  years . F i r s t ,  after  wood , wind and wa t e rwhe e l s , i t  was 
coal . Al though the u s e  o f  coal  b e gan around 1 7 8 0 , i t  was no t un -
t i l  1 8 7 0 ,  after  the deve lopment o f  s everal o f  the mo re mo dern energy 
consuming machine s such as s team eng ine s , l o como t ive s , c o t to n  g ins , 
powe r looms , l a thes and s te e l  mi l l s  that  c o a l  b e came impo rtant . 

Ga s came next in  1 8 1 6  and wa s the ba s i s  for the fl our i shing 
glas s indus t ry in  the 1 9 th c entury . But th i s , too , d i d  no t b e come 
impor tant unt i l  many years later  when , in the 1 93 0 ' s ,  it be came 
po s s i b l e  to p ip e  natural  gas l ong d i s tanc e s  to ma rke t .  This  
ac ce l erated a fter  Wo rld War I I .  

O i l  was d i s c overed in 1 8 5 9 , but i t  d i d  no t b e c ome an imp o r tant 
i t em of commerc e unt i l  1 9 0 1 when Sp indl e top made cheap o i l  ava i l ab le  
for  l o como t ives , and then in 1 9 1 9  when the s e l f - s t arte r was  in
vented and the  ma s s  produc t i o n  o f  internal - combus t i on eng ine s b e 
gan . 

The next new sourc e of  energy wa s hydro e l e c tr i c  power in 1 8 9 0 . 
Th i s  fo l l owed the inven t i on and devel opment o f  e l e c t r i c  power gen 
erators and the i r  c ommerc ial i za t i on with the bu i l d ing o f  t he f i rs t 
s t eam- e l ec t r i c  power p l ant in New York C i ty in  1 8 8 3 . 

After  that deve l opment , over ha l f  a c entury e l ap s e d  before  
ano ther new sourc e o f  energy - - nuc l ear f i s s i o n - -was d i s covere d . 
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This became commerc i a l  w i th the bui l di ng o f  the f i rs t p r o t o typ e 
pl ant in  Shipp ingpo r t , Pennsylvan i a , in 1 9 5 7 . 

Now , i f  hi s to ry i s  an ind i cator o f  the futur e , i t  i s  qu i t e  
reas onab l e  t o  exp e c t  that ano the r  energy r e s ource w i l l  b e g in to 
make i t s e l f  fe l t  b e fore  the year 2 0 0 0 , jus t  about 30  yea r s  f rom now . 
Thi s could b e  nuc l ear fus ion , s o l ar energy o r  po s s i b l y  ( al though 
unl i kely)  s ome o ther r e s ource no t ye t d i s c overed . Whe ther i t  i s  
nuc l e ar fus ion , s o l ar , deep geo the rmal , o r  wha teve r ,  a g r e a t  deal  
of  d i l i g ent re s e arch and many years of  dev e l opment w i l l  b e  r equired  
b e fore the Un i ted S ta t e s  can  enjoy the s e  p o tent i a l  re s our c e s .  
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SUMMARY AND CONC LU S I ONS 

ENE RGY RESOURCES 

Hydro e l ectric  Energy 

Good s i tes  for hydropower dam cons truc t i o n  in the Un i t e d  
S tates  have l argely b e en developed , and only s c attered  sma l l s i t e s  
rema in . Therefo r e , t h e  use  o f  hydrop ower wi l l  grow mor e  s l owly 
than use o f  o ther energy sourc e s , de c l in ing to a 3 - pe rc en t  share 
o f  nat ional energy r equ iremen ts  by 1 9 8 5 . 

Hyd ro e l ec tr i c  Ene rgy Supply 

I n  1 9 7 1 , conventiona l hydro e l e c t r i c  energy supp l i e d  approxi 
mat e ly 1 6  p erc ent - - 2 4 9  b i l l ion k i l owat t  hour s ( KWH) -- o f  the U.S . 
energy requiremen t s  fo r e l e c t r i c  power gener a t i on , o r  4 p e r c ent o f  
to ta l U . S .  energy produc t ion . This share i s  expec ted  t o  dec l ine 
to 3 perc ent in  1 9 8 5  because  few usab l e  s i t e s  rema in fo r s i gnif icant 
devel opment of hydro e l ec t r i c  energy in the Un i t ed Stat e s . Ener gy 
from hydroe l e c t r i c  s ourc e s  i s  p ro jec t e d  to grow only 1 . 6  percen t  
per  year in the p e r i o d  unt i l  1 9 8 5 ,  pr imar i ly through deve l opmen t 
o f  sma l l  s i tes  o f  l e s s  than 2 0 0  megawat ts (MW) cap ac i ty l o c a t ed 
in the we s t ern areas of the c ountry ( s e e  F i gure 4 ) . I f  thi s pro 
jec t ion proves rel iab l e ,  about 6 0  perc ent o f  the U . S .  po t ent ial 
conventional hydroe l e c tr i c  energy wil l have b e en harne s s e d by 1 9 8 5 ,  
with the unde ve l oped po tent ial cons i s t ing o f  widely  s c a t t e red  sma l l  
s i t e s  that may never b e  deve l op e d  becaus e  o f  economic reas o ns . The 
somewhat doubt ful econom i c  feas i b i l ity o f  sma l l  s i t e s ,  as we l l  a s  
the impact o f  envi ronmental regul at ions , may make even t h e  projec 
t i on o f  6 0  percent op t imi s t ic . 

Pump ed - s torage hydro e l ec t ric  p l ants  wil l f ind inc reas ing use  
by 1 9 8 5  a s  an  econom ical  way o f  s to r i ng energy (no t a s  a p r imary 
ene rgy sourc e ) . Nuc l ear powe r p l ants wi l l  s e rve as the pr imary 
ene rgy source and in o f f - peak hour s wi l l  pump wa t e r  into s to rage 
res ervo irs . S inc e they wi l l  b e  used for peak - l oad powe r g eneration , 
the pump ed - s torage p l ants w i l l  compete  wi th the gas tur b i ne genera 
tors wh ich a�e now l argely used  for that purpo s e . 

Geothermal Ene rgy 

Where unde rground water sourc es ar e in c l o s e  enough prox i mi ty 
to ho t port ions o f  the earth ' s  c rus t , the re sul t ing s te am can b e  
ut i l i z ed to drive convent ional s t eam turb ine gener a to rs . E f f o r t s  
are al so b e ing made t o  us e ho t geo the rmal wat e r  with  a h e a t  exc hange 
sys tem . However , even if geothermal energy source s  ( s t eam we l l s ,  
ho t wa ter)  are developed a t  a re l a t ively  op t imi s t i c r a t e , they 
probably wi l l  supp ly only 1 percent of U . S .  energy requir ements in 
19 8 5 .  Pro je c t ion o f  energy to be derived from geo thermal sour c e s  
i s  subject to great  uncertainty . 
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Cas e s  I through I I I  a s sume tha t  l arge  areas  w i l l  be ava i l a b l e  
for p ro sp ec t ing , inc luding the recen t ly op ened f e d e r a l  lands , to 
enc ourage exp l oration  in the next 4 - to 5 - year per io d . Cas e I I I  
i s  ident ical  t o  the I n i t ia l  Appraisal  e s t ima t e , and Case I V  i s  a 
5 0 - p e rc ent reduc t ion o f  Case  I I I . 

The succ e s s  r a t i o  in exp l o r at i on and dr i l l ing dur ing the next 
4 to 5 years wil l  have a vital  bear ing on future exp l o r a t i o n  and, 
accordingl y , t o t al ener gy from l o cal i zed geo the rma l r e s our c e s . No 
exp e r i enc e pre s ently exis t s  with r e spec t to the f ind ing r a t e  as a 
func t ion o f  total  area exp l o red or  the numbe r  o f  f e e t  dr i l l e d . 
Var ia t ions in the succ e s s  r a t io fo r dry - s team r e s ervo i r s , s imi lar  
to the Geys ers  area  in  no rthern Cal i fo rn i a ,  are r e f l e c t ed in  the 
curve s in F i gure 5 wh ich show energy proje c t ions  for geo thermal 
energy . The C a s e  I I I  curve , whi c h  shows 7 , 0 0 0  MW b e ing deve l op e d  
b y  1 9 8 5 ,  c ould b e  reduc ed as  much as 5 0  p e r c ent with p o o r  s uc c e s s  
in exp l orat ion and dr i l l ing i n  new areas . Thi s p o s s ib i l i t y  r e su l t s  
in the Cas e I V  pro je c t io n  o f  3 , 5 0 0  MW by 1 9 8 5. I f  t he s uc c e s s  ra t i o  
i s  part icularly good , incre a s e s  could b e  about 2 5  p e rc ent above the 
Ca s e  I I I  projec t ion . Thi s is shown in Ca s e  I I  which  indic a t e s  a 
l evel  o f  9 , 0 0 0  MW by 1 9 8 5 . The top curve ( C a s e  I )  a s s ume s tha t 
techno l o gy for ho t wa ter  sys t ems wil l b e  ava i lab l e  in  1 9 7 7 . 
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Parame ters  Affec t ing Geo the rmal Energy Supp ly 

By 1 9 8 5 ,  a l ev e l  o f  p roved r e c o v e rable heat r e s erv e s  could b e  
estab l i s hed , rang ing from 29 to 2 9 0  quadr i l l io n  BTU ' s  ( s e e  Tab l e  2 ) , 
provided that exi s t ing c ons t raints (as i dent i fi e d  in Tab l e  3 )  are 
re s o lved . 

The p o t ent i a l l y  more imp o r t ant geo the rma l targe t s  are deep 
sedimentary bas ins , c ratons and p l a t fo rms , and s ha l l ow ma gma c hambers . 
The ma in cons training fac tors , wh ich vary with the typ e o f  tar ge t , 
are ( 1 )  unc e r t a inty about the magnitudes o f  th e recov e rab l e  r e s erves  
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F i gure 5 .  Total  U . S .  Energy from G e o the rma l Sourc e s . 
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TABLE 2 

IN SITU HEAT RESOURCES* 

(Quadrillion BTU's) 

Geothermal Target 

Local ized Hydrothermal Systems, down to 2 Mi les Deep 
Localized Hydrothermal Systems ,  down to 6 M i les Deep 
High-Enthal py Waters, Sed i mentary Basins 
Magma Chambers, Within D epths of a Few M i l es 
Low-Enthalpy Waters, Sed i mentary Bas ins 
Cratonic and Platform Areas, down to 6 M i les 

Reserve Target for 1985 
5.6 
2.8 

1 1 9 
1 1 9 
635 

2,000 

Resource Base 

560 
2,800 

64,000 
1 20,000 - 400,000 

640,000 
20,000,000 

* For compariso n, heat of combustion of 1 barrel of oil is 5.8 million B TU's. The recoverable amounts of heat are one to two orders 

of magnitude lower than the in situ figures shown in this table. 

and r e s ourc e bas e s  and ( 2 )  insuffic i en t  o r  ab s en c e  o f  r e s earch and 
deve l opment on c e r t a i n  technical que s t ions . 

• L e a s e  C o s t s : At pres ent , l e a s e  c o s t s  and l andowner roya l t i e s  
a r e  b e l ow tho s e  cur rent ly p a i d  by t h e  p e t ro l eum indus t ry . 
However ,  succ e s s  in  deve lop ing g eo the rmal r e s ourc e s  wi l l  
s t imul a t e  comp e t i t ion f o r  l e a s e s  and w i l l  l i ke ly c au s e  the s e  
c o s t s  t o  increas e .  

• Exp l o rat ion Techno l o gy : At t he pr e s ent t ime the r e  i s  no 
exp l o ratory t o o l  for locat ing geo the rmal depo s i t s  such as 
the refl ec t ion s e i smo graph used  fo r l o c at ing o i l  and gas  
s t ruc tur e s . There  are s everal geophys i c a l  me tho ds b e ing 

TABLE 3 

CONSTRAINTS TO GEOTHERMAL RESOURCE DEVELOPMENT 

Geothermal Target Current Constraints Subsequent Constraints Outer Contingency 

Local ized Hydrothermal Systems Leasing, Exploration Smal l  Resou rce Base Air and Water 
down to 2 Mi les D eep Economics Pol l ution 

Local ized Hydrothermal Systems Economics Leasing, E xploration Air and Water 
down to 6 M i l es Deep Pol l ution 

High-Enthalpy Waters E xploration, Deep Economics Brine D i sposal and 
Sedimentary Basins Dri l l ing Uti l i zation 

Magma Chambers Within a Depth E xploration Economics Unknown 
of a Few M i l es R&D Magmas 

Low-Enthalpy Waters R&D, Power Exploration, Econom ics Brine D isposal and 
Sedimentary Basins Generation Uti l ization 

Cratanic and Platform Areas, R&D, Plowshare Economics Rad ioactive 
down to 6 Mi les Pol l ution 
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us ed , but w i t h  l im i t ed succ e s s . Pro gre s s  depends pr imar i ly 
on the ab i l ity to dr i l l  deep er exp l oratory ho l e s . 

• D e pl et i on A l lowanc e : E s t ima t e s  whi ch have b e en made for 
the development rate of g e o t hermal ener gy are ba s e d  o n  the 
as sump t io n  tha t the dep l e t i on a l l owance o f  2 2  p e rc e nt wi l l  
continue t o  b e  i n  e f fec t . I f  the dep l e t i on a l l owance were 
abo l i shed , the average c o s t  of  s te am w i l l  i nc re a s e  from 2 . 7 5 
to 3 . 1 0 m i l l s  p e r  KWH . Al though t h i s  wou l d  no t affe c t  power 
c o s t s  s i gn i f i cant l y ,  i t  wou ld d i s c ourag e  the deve l opment of 
s ome geo thermal areas . 

• Env i ronmental Impa c t : I t  i s  exp e c t ed tha t geo thermal 
energy deve l opment wi l l  have few env i ronment al  e f f ec t s . 
However , the t ime requ i r ed to dev e l op env i r o nment al  imp ac t  
s t atement s and hand l e  p o s s i b l e  l awsu i t s  and the thre a t  o f  
court injunc t ions would s i gni f i c an t l y  s l ow the p a c e  o f  geo 
thermal exp l o r a t ion and devel opmen t . 

• Produc t iv i ty :  I n  mo s t  o f  the future f i e l d s , condens e d  
s team and ho t wat e r  w i l l  have to b e  inje c t e d  into  the 
ground and , in  many c a s e s , d i r e c t l y  back into the r e s ervo ir . 
Al though thi s ha s b e en ac comp l ished exp er iment a l ly in  b o th 
dry - s t e am and ho t - water f i e lds , the e f f e c t s  on r e s e rvo i r  
pres sures and temp erature s a r e  no t y e t  known . I f  the 
produc t iv i ty of a f i e ld is adve r s e l y  affec t e d  by inje c t i o n , 
i t  may b e  o f fs e t  by increa sed l ongevi t y  of  produc t i on . 

Agr icul tural  Energy 

The e ffic i ency o f  U . S .  agr i cu l ture has advanc e d  s o  fas t tha t 
for s everal dec ade s c rop produc tion , exc ep t in  t ime s o f  inter
na t i onal confl i c t s , has  exc e e ded demand . Average farm produc t i o n  
ha s increased  about 8 0  p erc ent in  the l a s t three  decades , l a r g e l y  
owing to b e t ter  y i e l d ing s e eds and grea t l y  imp roved " know - how . "  
Thus , to me e t  our c rop s ' ne eds , we have p l anted  f ewer acre s and r e 
quired f ewer farme r s . 

Agr icul ture provides  the majo r  current s ource  o f  renewab l e  
energy . Fores t s , cul t ivated crops and p a s ture l and may b e  us e d  re 
pea tedly under proper ma nagement .  Agr i cul tura l produc t i on i s , how 
ever , sub je c t  to wea ther , d i seas e s  and o ther  na tural  cond i t ions 
whi ch canno t yet  b e  c omp l e te l y  c ontro l l ed . Neve r the l e s s , average 
produc t ion in exc e s s  of p r i o r ity requ i r ement s  fo r dome s t i c food , 
feed and f i b e r s  i s  b e l i eved pos s ib l e to 1 9 8 5  and b eyond . The pro 
duc t ion o f  cereal  grains and the ir  conver s i o n  throug h f erment a t i o n  
to usab l e  e thyl a l c o ho l  fue l ; the c o l l e c t i o n  and u s e  o f  such 
re s idues a s  s traws , co rncob s ,  hul l s  and s he l l s  for  fue l s ; the grow 
ing o f  c rops for fue l energy ; and the conv e r s i o n  o f  animal by 
produc t s into fuel s  are al l po s s ib i l i t i e s . 

Ag r i cu l tural fue l s wou l d  norma l ly b e  mo re exp ens ive than such 
trad i t i onal fue l s  a s  c o a l , gas , o i l  and wa t e rpower . I nc r e a s ing 
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U . S . needs  for  energy coul d ,  however ,  ma t e r i a l ly change the future 
ro l e  of agricu l ture as a sour c e  of indus tr i a l  energy . 

Of the approx ima t e l y  2 , 2 6 0  mil l ion acres  o f  U . S .  l and ava i l ab l e , 
about 2 5  p e r c en t  i s  c l a s s i f i e d  a s  fo res t and wo o d l and and about the 
s ame propo r t ion as l and suitab l e  for cul t ivation . Mo s t  o f  our woo d 
l and wi l l  probably b e  required t o  m e e t  the p r e d i c t ed demand s fo r the 
lumber , pulp and p ap er indus tr i e s , and thus �i l l  o ffer onl y  minor 
po s s ibil i t i e s  for contribut ing to add i t ional U . S .  i ndus t r i a l  ener gy 
suppli e s . On an average , only about 6 0  perc ent o f  the po tent i a l ly 
ava i l ab l e  cul t ivated l and i s  now farmed for c rop s . Y i e l d s  o f  c ereal  
gra ins on the s e  l ands have increas ed about 3 p e rcent annual l y  f o r  
the p a s t  decade . This  increa s e  has exc eeded t h e  U . S .  popu l a t io n  
growth , even though t h e  amount o f  cul t ivated  l a nd ha s dec reas e d . 
Thus , unused  a c r e s  cons t i tute  a poten t i a l  s ourc e o f  energy for the 
fo r e s eeab l e  futur e . 

A l o g i cal  s equence o f  energy conver s i ons i s  t o  u s e  thi s l and 
to p roduce cereal  grains , which are l argely  carbohydra t e , and then 
to conver t  the s e  grains  by fermentation into ethy l  a l c o ho l , which 
i s  a convenient combu s t i b l e  fue l  read i l y  usab l e  in  mo t o r s . I f  we 
assume that 1 00 mi l l ion acres  are used  to produce the grain fo r 
a l c oho l at  a y i e l d  o f  7 0  bushe l s  per acre , t h i s  woul d  b e  e quival ent 
to about 1 8  b i l l ion g a l l ons  o f  alcoho l , o r  on the order o f  2 0  p e r 
c ent b y  vo l ume ( 1 4  percen t  i n  BTU va lue)  o f  t h e  app rox imat e l y  9 0  
b i l l ion gal l ons  o f  mo t o T  fue l consumed in  the Uni t e d  S ta t e s  i n  1 9 7 1 . 
S ince e thyl a l coho l conta ins 6 5  percent o f  the ener gy content o f  
gas o l ine , o n  a ga l l o n  bas i s , the ac tua l ene r gy rep l a c emen t wou l d  
b e  1 4  percen t . 

The quan t i ty o f  c o l l ec t ib l e  agr icul tur a l  r e s i du e s  in  t he 
Uni ted S tates  amo un t s  to 1 9 6  m il l ion t ons  annual ly .  The heat 
e qu ival ent o f  th i s  amount woul d be on the o rder o f  3 , 000 t r i l l ion 
BTU ' s - - o r 3 percent o f  the l g8 o  U . S . demand . The s e  agr icul tural  
re s idues with all  the i r  po t ent i a l  energy coul d not  now comp e t e  
ec onomic a l l y  w i t h  such trad i t ional fue l s  a s  c o a l  o r  o i l . The 
growing o f  crop s s p e c i fi c a l ly as an energy source  i s  a p o s s ib i l i ty 
but i s  no t at t rac t ive . The produc t i o n  o f  synthe s i s  gas ( 5 00 BTU/ 
cub i c  foo t  carbon monoxide and hydrogen) from agricul tura l res idues  
o r  from c rop s g rown spec i f i c a l l y  for  energy is  a l s o  a p o s s ib i l Lty . 
Synthe t i c  l i quid o r  p ip e l ine gas  can b e  made from synthe s i s gas  w i th 
p ar t ly known t echno l o gy . Add i t ional re s earch and devel opment wo rk 
woul d  be requ ired  for the ga s i ficat ion of agricul tur a l  mat e r ia l . 

Al though the t o ta l  po t ent ial energy from agr i cul tural r e s i du e s  
i s  l arge , i t  i s  doub t ful that the s e  sour c e s  c a n  have a s i gnif i cant 
effect  o n  the U . S .  indus t r i a l  energy p i c ture by 1 9 8 5 . A great  deal  
mo re res earch and deve l opment (R&D)  than is  now unde rway woul d  be  
requ ired on s p ec i f i c  produc t i o n  of gra ins for  indu s t r i a l  a l cohol 
o r  spec i f i c  c ro p s  grown for high energy produc t iv i ty per ac re . 
Concurrent r e s earch woul d b e  requ ired on the comp l ex s o c i a l  and 
economi c e ffec t  of commi t t ing a large p e rc e ntage  o f  agr icul tural  
pro duc t ion to indu s t r i a l  a l co ho l  and the  re sul t ing t r emendous sup 
p l y  o f  p ro te in .  
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Solar Energy 

Ut i l i z a t ion o f  the sun ' s tr emendous energy i s  not  f ea s ib l e  by 
present techno l o gy b ecaus e o f  the very high cap i tal  co s t  o f  the de� 
vices  ava ilable  to conve r t  so lar energy to e l e c tr i c  energy . The 
large amount of area requ ired  to co l l e c t  s o l ar ener gy , and the c o s t  
o f  the co l l ec t ion , s torage and conver s io n  equipment , prevent the 
wide spread u s e  of s o l ar he ater s , s o l a r  ponds , s o l a r  evaporato r s , 
s o l ar desal inat or s , s o lar cooker s , s o l ar furnac e s , s o l ar c e l l s  and 
s o l ar hous e s : The heat s torage prob l em - - tha t  i s , making heat 
avai lab l e  a t  ni ght and on c loudy days - - i s  a great  comp l ic at ing fac 
tor . 

A ma j o r  R&D e ifo r t  w i l l  b e  required to l e arn how to ut i l i z e  
a broad s e c t ion o f  the s o lar spec trum rather t han j us t  the narrow 
band l imitat ions of pre s en t  techno logy if s o l ar ene r gy is t o  b e come 
a s i gn i f i cant ene rgy supp ly . L i t t l e  progr e s s  is exp e c t e d  in making 
such a techno l o g ic a l  breakthrough by 1 9 8 5 . 

T ida l Energy 

T idal ene r g-y wa s u s e d  b e fore 1 8 00 to op erate  a 5 0- ho r s ep owe r 
mi l l  at  Che l s ea , Ma s s achus e t t s , near B o s to n , and o t her mi l l s  on 
Passamaquo ddy Bay , Ma ine . Wide exp l o i t a t io n  of t i dal ene r gy i s  
l imited by the t idal range which var i e s  from 1 8  f e e t  a t  Eas tpo r t , 
Ma ine , on P a s s amaquoddy B ay , the Canadian border and in Cook  I nl e t , 
Al aska ; to 4 feet  south o f  Cape Cod and at  San D i e go ; 2 f e e t  a l ong 
the coa s t  of F l o r i da ; and l e s s  than 2 fe e t  in  the Gu l f  of Mexic o . 
Since ava i l ab l e  ene rgy from t ides  i s  a func t io n  o f  the square o f  
the t idal range , only s p e c i f i c  bays i n  Al a s ka and Ma ine have enough 
rang e to warrant s er ious cons iderat ion o f  t idal p ower ut i l i z a t i on 
in the Uni ted S tat e s . 

The po tent ial  t idal energy from the U . S .  part  o f  P a s s amaquoddy 
Bay i s  very l ow and could b e  cap ture d  only a s  a part  o f  a muc h  
larger p ro j e c t  in co l l aboration w i t h  Canada . C o o k  Inl e t  has a very 
l arge po tent ial but a l s o numerous comp l ic a t ing fac t o r s  which woul d  
make a pro j ec t  very c o s t l y . Some o f  the s e  a r e  deep wa t e r  a t  the 
mouth , h i gh s i l t  content , dr i f t  ice  and earthquake probab i l it i e s . 

Consider ing the smal l resource po ten t ial  and h i gh co s t  o f  
development , i t  i s  unl ike ly tha t t i dal energy wi l l  b e  ut i l i z ed i n  
the Un ited  S t a t e s  b y  1 9 8 5 . 

Muni c ipal Trash 

Some 2 00 m i l l ion tons o f  trash are co l l e c t e d  yearly by t owns 
and c i t ie s  in the Un i te d  Stat e s . S ince the energy conten t  i s  
about 8 mi l l ion BTU ' s  p e r  ton , this  repr e s en t s  a 1 , 6 00 t r i l l ion 
BTU ' s  p er year ene rgy resource , o r  in the  o rder of  1 - 1 / 2  p e rc en t  o f  
the U . S .  1 9 8 0  pro j e c t e d  con sump t ion . The mo s t  a tt ract ive way to 
use mun i c ipal trash is as b o i l e r  fuel for p owe r gener a t ion . Suc h 
an advanced des ign sys t em burns 4 00 tons o f  was t e  p e r  day to generate  
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15 megawat t s  o f  e l e c tr ic ity and 8 2 , 3 00 pounds p e r  hour s t e am .  I f  
a l l  mun i c ip a l  trash  we r e  thus uti l i z ed ,  i t  woul d  fue l 2 1 , 000 MW - -
o r  about 3 perc ent o f  the Federal Power Commi s s ion ' s  1 9 7 0  p r o j e c t ion 
fo r 1 9 8 0  i n s ta l l e d  capac i ty ,  p lus a sub s tant i a l  amo unt of s t e am for 
he a t ing . 

I t  wi l l  b e  impo s s ib l e , o f  cour s e , to burn a l l  U . S . c i ty and 
town trash under bo i l er s  for e l ectric  generat ion . As the cos t o f  
energy supp ly goe s up , t r a s h  fo r fue l  wi l l  b ec ome m o r e  a t t r ac t ive . 
However , s ince the p ap er cont ent o f  mun i c ip a l  was t e s  and t ra s h  
rep res ents  about 6 5  p e rcent o f  i ts heat ing value , when more paper 
products are s alvaged for recycl ing , the value o f  trash as fue l 
wi l l  go down . 

There  wi l l  probably b e  a trend toward mor e  c i t ie s  burning 
trash for b o i ler  fue l  as a means of disp os a l  that p ro duc e s  us e ful 
produc t s . The r e s ourc e b a s e  is too sma l l  t o  have a s i gnif i cant 
impact  on the U . S .  energy supp ly . 

ENERGY CONVERS I ON TO ELECTR I C  POWER 

Comb ined Cyc l e  

I n  order t o  affect  s i gni f i c an t ly the nat i onal aver age e f f i c i ency 
of e l e c t r i c  p owe r generat ion in 1 9 8 5 , new innovations wou ld have 
to be te chno l o g i ca l ly proved already . Thi s  is b e c au s e  ex i s t ing 
e l ec t r ic generat ing p l ants  have a l i f e  s pan of s everal  decade s , 
and new p l ants  have l ong cons t ruc t i on l ead t ime s . Only one s uc h  
t echno l ogical  innova t ion - - the gas turb ine and s t e am turb i ne com 
b ined- cyc l e  p l an t  ( B r ay ton - Rankine ) - - i s current ly ava i l ab l e . This 
p l ant ut i l i z e s  was t e  h e at from l arge gas turb ines  t o  gene r a t e  s t e am 
for convent i onal s t e am turb ine s . I ts advantage i s  tha t i t  g enerates  
more e l e c t r i c i ty from the s ame amount o f  fue l than does  a g as turbine 
powered  g en e rat ing uni t . T he b e s t  comb ined - cy c l e  p lant s tha t might 
b e  bui l t  in 1 9 8 5  are pro j ected  as us ing a lmo s t  30  perc ent l e s s  fue l 
per KWH gene r a t �d than convent i onal p l ants  b e ing bui l t  in 1 9 7 2 . 
Neverthe l e s s , due t o  t he l arge number o f  ex i s t ing p l ants , the 
nat ional " heat  r a t e "  ( BTU requir ements  per KWH g ener ated)  i s  pro 
j ec t ed t o  decl ine only 8 p ercent from 1 0 , 6 6 6  B TU ' s  p e r  KWH in 1 9 7 2  
t o  9 , 8 00 BTU ' s p e r  KWH in 1 9 8 5 ,  a s  s hown in F igure 6 .  Thi s e s t imat e  
i s  b a s e d  o n  pro j e c t ed new fo s s i l - fuel  convent ional s t e am p l ant 
ins t a l l a t i ons of 2 0 , 000 MW per year in 1 9 7 5  reduc ing t o  1 5 , 000 MW 
per year in 1 9 8 5 . Comb ined-cycl e p l an t  ins t a l l a t ions could po s s ib ly 
grow from z e r o  in  1 9 7 2  to 2 , 000 MW per  year in 1 9 7 5 , 8 , 000 MW per  
year  in 1 9 8 0 and 9 , 000 MW per  year  in  1 9 85 . 

Gas i ficat ion o f  coal  t o  l ow - BTU gas i s  not  l ike ly t o  b e  
economi cal  p r i o r  t o  1 9 8 5  for mo s t  exi s t ing s te am - e l ec t r i c  ut i l i t i e s  
and l arge  indus tr i al p l ants . However , when compared t o  the cos t o f  
s tack gas s c rubb ing proc e s s es o r  the burning o f  c l e an fos s i l  fue l s , 
gas i f icat ion o f  c o a l  for  us e in newly cons t ruc t e d  c omb in ed - cyc l e  
p lant s wi l l  probably b e  e conomical ly at tract ive during th i s  t ime 
peri o d .  
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F i gur e 6 .  E s t ima ted Trends for E ffic i ency o f  E l e c t r i c  P ower 
Generat i on from Fo s s i l  Fue l s -- 1 9 7 2 - 1 9 9 0 .  

Fue l C e l l s  

Fue l c e l l s  might find wide spread commerc i a l  app l i cat ion by 
1 9 8 5 .  However , fue l  c e l l s  with current t e chno l o gy are no more 
e ffic i en t  than o th er means of g enerat ing e l e c t r i c  powe r , and they 
are unl ike ly to have a maj o r  effect on t o t a l  energy r equir ement s . 
Fuel cel l s  s ave on transmi s s ion c o s t s  but incur t rans p o r t a t ion and 
handl ing co s t s by s h i f t ing the po int o f  e l e c t r i c i ty generation from 
central s tat i ons to the po int o f  consump t i on . Commer c i a l  t e s t ing 
of fue l c e l l s  s houl d be comp l e ted by 1 9 7 5 ,  but the ir b road app l ic a 
t i on wi l l  have to wa i t  unt i l  a techno l o g i ca l  br e ak through i s  made 
in the development of cheap catalys t s . A h i gh-t emp er a tur e coal 
fired fue l  c e l l  deve l opment showed promi s e  as a l ow c o s t p owe r 
generation sys tem but was dis cont inued b e c au s e  o f  the very short 
l i fe e l ec t ro lyt e .  Smal l natural gas  o r  me thano l - f i r e d  fue l c e l l 
total  energy sys t ems ( 1 2 . 5  KW) may b e  c omp e t i t ive with  int ernal 
combust ion eng ine - t o t al ene rgy sys t ems in  the futur e . 
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Total  Energy P l an t s  

T o t a l  energy p l an t s  ut i l i z e  hydrocarbon fue l s  t o  dr ive e l e c 
t r i c  g enerators  t o  mee t  e l e c trical  needs i n  a r e l a t ive ly s ma l l  area 
( sma l l  indus t r i a l  e s tabl i shment s , e tc . )  and ut i l i z e  heat rec overy 
to meet  the addi t i onal energy needs of the s ame are a . The p l ant 
has a h i gh sys tem fue l e ff i c i ency , but its e conom i c s  are favo rab l e  
only i n  areas  o f  l ow - fue l c o s t s . Economic analys i s  o f  a typ i c a l  
4 5 0- KW convent i onal t o t a l  energy p l ant s howed a n  output c o s t  o f  
1 5  mi l l s  p e r  KWH , as s uming a future gas c o st o f  $ 0 . 8 0  p e r  mi l l i on 
BTU , 3 0-p er c en t  e l e c t r i c a l  e ffi c i ency and 4 5 �p e rc ent was t e  heat  r e 
covery . Th i s  g enerat ing c o s t  compar e s  with a proj e c t ed cos t o f  5 
to 6 mi l l s  p e r  KWH for convent i onal coal - and nuc l ear - f i r e d  1 , 00 0  
MW p l ants . T o t a l  ene r gy p l ants  are n o t  exp e c t e d  t o  have a s i gn i f i 
cant imp a c t  o n  e l e c t r i cal p owe r generation dur ing the p er i o d  t o  1 9 8 5 . 

Magne tohydrodynam ics  

Magne tohydro dynamics  (MHD ) invo lves the  g ener a t i on o f  e l e c 
tricity from a moving s tream o f  hot ioni z ed gas , rather than from 
a moving me chanical  dynamo . MHD alone has qui t e  l ow e f f i c i ency 
and even in pro j e cted  advanc ed des i gns co ul d  b e  a t t ra c t ive only for 
p e aking in comp e t i t ion wi th s t and al one gas turb ine g ener a t or s . 
Long - rang e ,  coal - fired  comb ined - cycle  MHD - s t eam p l an t  could be the 
lowe s t  co s t  e l e c t r i c  g enerat ing sys t em ,  op e ra t ing wi th an over a l l  
effici ency as h i gh as 6 0  perc ent . Cons idering the d i ff i cul ty o f  
the techno l o g i ca l  prob l ems invo lved , the l evel  o f  current r e s e arch 
and inherent t ime lag from res earch t o  c ommerc i a l  app l i c a t i on , the 
MHD concept i s  unl ikely t o  have an effect on the total  U . S .  ener gy 
requirements dur ing the p e r i o d  to 1 9 8 5 . 

Thermionic D ev i c e s  

The rmionic  convers i on o f  h e a t  d i r e c t ly t o  e l e c t r i c i ty dep ends 
upon the emi s s i on of e l e c trons from me tal  s ur fac e s  at  very high 
t emp eratur e s . The e l e c trons are co l l e c t e d  on ano the r c l os e ly 
spaced metal  s ur face  at  l ower temperatur e . The r e s ul t ing output 
vo l tage of a s ing l e  un i t  is 0 . 7 to 1 . 0  vo l t s  D C . The rmionic  d ev i c e s  
may b e  used  w i th e i ther nuc l ear or fo s s i l - fue l e d  g enerat ing p lants 
fo r was t e  heat r ecovery . Larg e - s ca l e  app l icat i on o f  t he conc ept 
does not app e ar pra c t i ca l  with pr e s e nt techno l o gy . Advanced 
thermionic  t e chno l o gy app l i ed as a topp ing sys t em could inc r e a s e  
the e f f i c i ency o f  a fo s s i l - fue l e d  p l ant from 5 t o  1 0  p e r c ent and a 
nuc l ear g enerat ing p l ant as much as 1 5  p e rcen t . Due t o  the s evere 
heat cond i t i ons tha t the rm i onic  p l ants mus t w i t hs tand and the 
resultant mate r i a l s  prob l ems , prac t i cal app l i c a t i ons of this con
cep t are not  exp e c t e d  b e fo re 1 98 5  and wi l l  have no de t e c t ab l e  effect  
on pr imary e l e c t r i c a l  generat ion unt i l  1 9 9 0  o r  l a t e r . 

ALTERNAT IVE ENERGY FORMS 

Me thano l or Hydrogen From Coal  

As  an a l t ernat ive t o  the manufac tur e of  me thane rich  g as from 
coal as a s ub s t i tut e for natural gas , it is po s s ib l e  to manufac ture 
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methano l (me thy l alcoho l )  o r  hydro gen o r  the two u s ab le energy fo rms 
as co - products . C o s t  o f  coal -derived me thano l appears  t o  b e  in  the 
rang e o f  $ 1 . 50 to $ 2 . 00 per  m i l l ion B TU ' s ,  b as e d  on the us e o f  
modern t e chno lo gy . The s e  cos ts  at  the re finery gate  wi l l  b e  
compe t i t ive , s t r i ct ly on a h e a t  b as i s , with gas o l ine at c rude o i l  
cos ts  o f  $ 6  t o  $ 7  p e r  barr e l  i f  coal i s  avai l ab l e  a t  $ 0 . 3 0  per  
m i l l ion BTU ' s : Hydrogen and methano l costs  are nea r ly the  s ame per  
BTU by  exis t ing technology and are  about 30  p e r c ent more  than 
manufactured me thane . 

A techno l ogy for p ip e l ine transportation  o f  methano l o r  hydro 
gen do e s  not p r e s en t l y  e xi s t . Pro j ected  co s t s  for moving me t hano l 
by p ip e l ine is  about twi c e  the cos t p e r  BTU than tha t  o f  p e t ro l eum 
l iqu ids but a thi r d  l e s s  than pre s ent co s t s  for p ip e l ine t r anspor t a 
t i on o f  natural g a s  or un i t  train movement o f  b i tumi nous coal . 
Becaus e o f  low - he a t  value , hydrogen p i p e l ine movement i s  expected  
to  be three t imes that o f  me thano l per  BTU . 

The re are many t echn i c al prob l ems in the handl ing and us e o f  
bo th me thano l and hydro g en that wi l l  probab ly d e l ay wides pr e ad us e 
pas t 1 9 8 5 , even though the cos t per BTU may b e  attract iv e  at the 
ref inery gate . 

Hydrogen by Wat e r  E l e c t ro lys i s  

E l ectro lytic  hydrogen c anno t b e  made at  co s ts compa rab l e  t o  
that o f  synthe t i c  fue l s  from co a l  unl e s s  l ow co s t  e l e c t ri c  p ower i s  
ava i l ab l e . Based  o n  proj ected bus b ar rates  o f  9 to 1 1  mi l l s per 
KWH for the 19 7 5 - 1 9 9 0 p e r i o d , the co s t  to l arge  i ndus t r i a l  cus t omers 
would no t be l e s s  than 1 0  to 1 2  mi l l s  per KWH . Wi th the s e  power 
cos ts , e l ec tro lyt i c  hydro g en would b e  c l ea r ly unec onomic a s  a fue l , 
s ince the cost  o f  conve r t ed energy i t s e l f  would b e  $ 4  t o  $ 5  p e r  
mi l l ion BTU ' s .  E l ec tro lyt i c  hydrogen wi l l  not b e  comp e t i t iv e  with 
fue l s  made from coal  b e fore 1 98 5 . The future w i l l  dep end on b r e ak 
throughs which wou l d  sub s t ant i a l ly reduce the co s t  o f  e l e c t r i c  power . 
Such co s t  reductions are unl ikely in  the c a s e  o f  the b r e eder reacto r . 
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Chap t e r  Two 

HYDROE LECTR I C  ENE RGY 

SUMMARY 

Mo s t  o f  the u s ab l e  s i t e s  for s i gn i f i cant deve l opment o f  hydro 
electric  energy in the Uni t ed States  have a l r e ady b e en ut i l i z ed .  
Some growth wi l l  o ccur from 1 9 7 1  through 1 9 8 5  but w i l l  p r ob ab ly 
ave rage only about 1 . 6  percent annual ly . Thus , hydr o e l e c t r i c  en 
ergy w i l l  not maint a in i t s  s hare o f  e l e ct r i c  p ower gene r a t ion in 
th i s  p e r i od . 

Except for a few l arge new s i t e s  rang ing from 5 00 t o  2 , 5 00 
me gawa t t  (MW) c apac i t y , the p l anned deve l opments  for 1 9 7 1  thrpugh 
1 9 8 5  w i l l  include mo s t ly sma l l  s i t e s  o f  l e s s  t han 2 00-MW cap a c i ty . 
I f  the p l anned add i t ions occur dur ing the 1 5 - ye ar p e r io d , 3 1 6  b i l 
l ion KWH w i l l  b e  g ene rated by hydr o e l e c t r i c  me ans in 1 9 8 5 , comp ared  
with  249  b i l l ion in  1 9 7 0 .  I t  i s  e s t imated that hydro e l e ct r i c  
power wi l l  then contr ibute about 7 per cent o f  t h e  e l e ct r i c  ene r gy , 
comp ared with 1 6  percent in 1 9 7 1 . 

Mo s t  o f  the expans i on o f  hydr o e l e c t r i c  p owe r wi l l  oc cur 
the we s te rn ar eas  of the Uni ted - - St a t e s  about 8 4  p e rc ent o f  i t  
in PAD D i s tr i c t  I V  and V ( s ee Tab l e s  4 and 5 ) . An incr e a s e  o f  on 
ly 1 0  b i l l ion KWH c an b e  expected  t o  b e  contr ibuted b y  hydroe l e c 
t r i c  PAD D i s tricts  I ,  I I  and I I I . Thi s  amount o f  energy i s  approx 
imate l y  e qu ival ent to 2 , 000 MW capac ity o f  e ither  fo s s i l  o r  nucl e ar 
p l ant s . Thus , the avai l ab le hydroe l e c t r i c  energy w i l l  b are l y  
affe ct  requ irements f o r  coal , o i l , gas  and nuc l e ar powe r e as t  o f  
the Mis s i s s ipp i . 

An importan t  t rend has b e en occurring in r e cent ye ar s t oward 
the de s ign of hydro e l e c t r i c  p l an t s  for p e ak l o ad ope rat i on . In 
creas ed this  way , cap ac i ty can b e  bu i l t  into e x i s t ing s i t e s  and 
energy can b e  supp l i e d  in l arge r b l ocks , alb e it ove r a s ho r te r  
period o f  t ime . Of  cour s e , the t o t a l  amount o f  energy does  n o t  
s i gnific ant l y  ch ang e . As evi den ce of  this  t rend , a g o o d  many 

TAB LE 4 

CONVENTI ONA L HYDROE LECTRI C  POWER GENERAT I ON BY PAD D I STR ICT 
(Billions of KWH) 

PAD Districts 

I I I  I l l  IV v T otal 
-- --

1 970 44.2 30. 1  1 0.8 1 9. 0  1 44.9 249 

1 975 46.0 30.1 1 2.5 25.0 1 57.4 2 7 1  

1 980 48.5 29. 3 1 5.0 3 1 . 3  1 7 1 .9 296 

1 985 50.0 30.0 1 5. 5  38.0 1 82.5 3 1 6  
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TABLE 5 

ENERGY FROM HYDROE LECTR I C  SOURCES BY PAD DISTR I CT 
{Trillion B T U's) 

.PAD Districts 

I I  I l l  IV v T o tal 

1 970 475 324 1 1 6  204 1 ,558 2,677 

1 97 5  482 31 5 1 31 262 1 ,650 2,840 

1 980 497 300 1 54 321 1 ,7 6 1  3,033 

1 985 494 296 1 53 375 1 ,800 3, 1 1 8 

future hydro e le ct r i c  p l an t s  w i l l  ope rate at  annua l  average c ap ac 
i ty factors  o f  2 0  to 2 5  percent , and ave r age op e r a t ing fac t o r s  
f o r  newly ins t al l ed c ap ac i ty i n  the 1 9 7 1  through 1 9 8 5  p e r i o d  w i l l  
b e  ab out 3 3  p e rcen t . Th i s  contras ts  with the average  op e r a t ing 
fact o r  o f  about 5 5  percent for the Un ited  S t a t e s  in 1 9 7 0 .  The re  
i s  also  a t rend t oward rat ing the  cap ac i ty o f  new , undeve l o p e d  
s i t e s  at  a h ighe r l eve l than was fo rme r ly t h e  cus t om . Undeve loped 
cap ac i ty , the re fore , doe s not re l ate d i r e c t ly t o  undeve loped o r  
ava i l ab l e  energy . 

I f  p l anned exp ans ions occur , about 6 0  p e rc ent o f  the p o t en t i a l  
hydr o e l e c t r i c  energy in  the Un ited  S t a t e s  wi l l  b e  harne s s e d  b y  
1 9 8 5 . Ne ce s s ar i l y , the undeve loped poten t i al w i l l  b e  mo s t l y  w i de 
ly s cattered  smal l s i t e s  in the 50 to 1 50 MW r ange tha t may never 
b e  deve loped for e conomic  reas ons . Other fact o r s  may l im i t  the 
deve l opment of s ome new s i t e s . Some l aws have b e en p a s s e d  and 
more prop o s a l s  made at the federal level  to p r e s e rve r ivers  in  
the i r  natur al wi l d  s t ate . I n  add i t ion , the s t a t e s  are removing 
s i t e s  from the invent o ry of the total p o t en t i a l  by add i t ional l e g 
i s l at ive act ion . 

A deve lop ing t rend in the Un ited  States  i s  the u s e  o f  pump e d 
s torage hydr o e l e c t r i c  powe r . Pumped s torage i s  n o t  a p r i mary en 
ergy s ource and should not  b e  counted as such . However , ab out 
40 b i l l ion KWH are e xpected  t o  b e  generated w i t h  pumpe d  s t orage 
by 1 9 8 5 . Pumped s torage i s  mo s t  comp l ement ary t o  nuc l e ar energy 
and i s  exp e c t e d  t o  b e  mo s t ly confined t o  nuc l e ar p l ant s . I f  
pump ed s t o r age i s  u s e d  with co a l - fired p l ant s , the thermal e f f i c i en 
c y  o f  the ove ral l gene rat ing comp l ex i s  lowered  by a s l ight amoun t . 
We re i t  as s ume d , however ,  that mine -mouth coal  p l an t s  would b e  
used for 2 5  p ercent o f  the pump ed s t orage in  1 9 8 5 , only a n  add i 
t i onal 2 mi l l ion t ons o f  coal would b e  required for that year , 
hardly a s i gni f i c an t  amoun t . 

UNDEVELOPED HYDROELEC TR I C  POWER 

The t o tal hydro e l e c t r i c  ener gy poten t i al o f  the Un i t e d  S t a t e s  
(exclus ive o f  Al aska)  a s  o f  January 1 ,  1 9 7 1 , i s  e s t imat e d  t o  b e  
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ab out 530  b i l l ion KWH annually . Of this  t o t a l , 2 4 9  b i l l ion KWH 
we re b e ing generated annually  through fac i l i t i e s  already ins t a l l ed . 
The rema in ing 2 8 1  b i l l i on KWH repre s en t  the t o t a l  undeve loped  hy 
droelectric  energy in the Uni ted State s .  However , according t o  
the Federal Power C omm i s s ion (FPC ) , e conom i c s  and o ther  factors  
may prevent the  deve l opment o f  much o f  this  po tential . The re are 
a l imited numb e r  o f  remaining s i tes  s u i t ab l e  for e conom i c  deve l 
opment . 

Some idea o f  the prob l ems can b e  real i z e d  from the invent ory 
of undeve l oped hydr o e l e c t r i c  s i t e s  comp i l ed by the FPC in the i r  
1 9 6 8  rep or t . Exc lus i ve o f  Al aska , the t o t a l  undeve l oped c apac i ty 
in the Uni ted States  was 9 8 , 000 MW at 1 , 4 5 7  s eparate s i t e s . The 
average capac i ty of a s ing l e  s i te  would be ab out 6 7  MW .  However , 
some s i t e s  could t o l erate  a s i gnificantly  h i gher  cap ac i ty . Ex 
amp l e s  o f  the l at t er  would b e  the Midd l e  Snake in  I daho ( 2 , 5 00 MW) ; 
St . John , Maine ( 8 3 0 MW) ; and Devi l s  Jump , Ken tucky ( 5 00 MW) . 
The s e  larger s i t e s  are b e ing cons idered for deve l opmen t dur ing the 
1 9 8 0 through 1 9 9 0  p e r i o d . 

New pro j e c t  add i t ions p l anned thr ough 1 9 9 0  for var i ous Census 
Divis ions are s hown in Tab l e  6 .  Thi s  s ummary doe s  no t include ca 
pac ity addit i ons  t o  ex i s t ing fac i l i t i e s  o r  s i t e s  h av �ng a s i z e  l e s s  
than 100 MW. As shown , the ave rage cap ac i ty o f  the 4 1  new s i t e s  
would be 2 7 2 MW. Th i s  total  includes  t h e  l arge M i ddl e Snake fac i l 
ity at 2 , 5 00 MW, the Ben Frankl in s i te  at  8 4 8  MW and the S t . John 
s ite  in Maine at 8 30 MW . I f  the se p l ant s  are sub tr a c t e d  from the 
total , the rema ining 3 8  pro j e c t s  would have an ave r age cap ac i t y  
o f  1 8 3  MW. The s e  f i gure s  i l lus trate the fundamental prob l em o f  
undeve loped hydr o e l e c t r i c  capac i ty i n  the Un i t e d  S t a t e s . Very 
few l arge undeve loped s i t e s  remain , and p l anne d  deve l opment in the 
1 9 80  through 1 9 9 0  p e r i o d  wi l l  inc lude mo s t l y  sma l l  s i t e s  of l e s s  
than 200 MW. 

TABLE 6 

PLANNED NEW HYDROELECTR I C  FACI LITIES I N  1 978-1 990 

Total Average 
New Capacity Size 

Census Division Projects (MW) (MW) 

New England 
(St. John, Maine) 1 830 830 

Middle Atlantic 1 1 80 1 80 
South Atlantic 1 0  2,1 68 2 1 7  
East South Central 6 1 , 1 24 1 87 
West South Central 4 480 1 20 
Mountain 1 4  5,027 359 
Pacific 5 1 ,333 267 

Total 41 1 1 ,1 42 272 

Source: Federal Power Commission, Bureau of Power, April 1971. 

2 3  



I f  the p l anne d  add i t i ons  t o  hydr o e l e c t r i c  occur through 1 9 9 0 ,  
3 3 5  b i l l ion KWH w i l l  b e  generated annual ly through water powe r . 
Th i s  w i l l  then rep re s en t  ab out 6 5  percent o f  the t o t a l  po t en t i a l  
of hydr o e l e c t r i c  energy i n  the Un ited  States  ( exclus ive o f  Al aska) . 
The deve l oped cap ac i ty o f  hydr o e l e c t r i c  w i l l  b e  8 1 , 7 2 0 MW and w i l l  
rep r e s ent about 5 7  percen t  o f  the p o t en t i al c ap ac i t y . The undeve l 
oped po tent i a l  o f  6 4 , 000 MW and the unt appe d  ener gy o f  1 8 5  b i l l i on 
KWH wi l l  nece s s ar i l y  b e  widely s cattered hydrop ower tha t may n o t  
be deve l op e d  f o r  e conomic  reas ons . Th i s  i s  r e a l i z ab l e  a s  the 
p l anne d  addi t i onal  ins t a l l a t i on s  for 1 9 8 0 t o  1 9 9 0  w i l l  be in  the 
100 to 2 00-MW rang e . The maj o r i ty o f  any r emaining hydr o e l e c t r i c  
energy after 1 9 9 0  wi l l  b e  a t  sma l l  s i t e s  o n  t h e  o rder o f  4 0  t o  
1 5 0 MW. 

THE TREND TO PEAKI NG HYDROELECTR I C  PLANTS 

An importan t  trend in hydro e l e c t r i c  fac i l i t i e s  has b een deve l 
op ing in  recent years - - th e  des i gn o f  hydro e l e c t r i c  p l ant s wi th 
incre as ing emphas i s  on p e ak - l o ad operat ion . Wit h  tne current con 
s t ruc t i on o f  l arge fo s s i l - fue l uni t s  and nuc l e ar p l an t s  for  b as e 
load operat ion , there i s  an incre as ing ne ed for p l an t s  d e s i gned 
spe c i fical l y  for p e ak ing . Hydr o e l e c t r i c  p l an t s  have no therma l 
iner t i a  prob l ems and are cap ab l e  o f  f o l l owing l o ad change s extreme 
ly rap i dly . New hydr o e l e c t r i c  p l ants  ar e cons t ructed wi th l arger  
capac i ty generators  than would have b e en u s e d  a numb e r  o f  years 
ago . Al s o , e x i s t ing p l an t  cap ac i t i e s  are b e ing exp anded t o  pro 
v ide a p e aking capab i l ity for the sys tem . 

The t o tal amount o f  peak ing capacity wh i ch can b e  in s t a l l e d  a t  
a hydr o e l e c t r i c  s i t e  depends o n  a number o f  fac t or s . The rate  o f  
change o f  the r e s ervo i r  and t a i lwater l eve l s  mus t  usual l y  b e  care 
ful ly contro l l ed t o  p r o t e c t  var i ous water - o r iented inter e s t s . In  
the Pac i f i c - Nor thwe s t , many of  the  hydro -pro j e c t s  are purpo s e ly 
de s i gned and cons t ruc ted with prov i s i ons  for add i t ional cap ac i ty 
to b e  added l ater . Examp l e s  o f  the trend for prov i s i on o f  p e ak ing 
rathe r than b as e - l o ad power are  the  L ibby fac i l i t y  on the  Koo t enai  
River in  nor thern I daho and the Dworshak fac i l i t y  on  the  Snake 
River in cen tral I daho . The ul t imate  annual c ap ac i t y  fact o r  o f  
the s e  powe r p l an t s  w i l l  b e  ab out 2 0  p ercen t . 

Ano ther examp l e  o f  this  t rend ex i s t s  at  the Grand Coul e e 
Ch i e f  Jos eph comp l ex o n  the Columb i a  River . The ins t al l at i on o f  
s ix autho r i z ed 6 00- MW uni t s  a t  G rand Coul e e  wi l l  incr e a s e  t h e  c a 
pac i ty to 5 , 9 6 7  MW. C ons iderat ion i s  b e ing g iven for s ix mo r e  6 00-
MW un i t s  at  Grand Coul e e  increas ing the t o ta l  cap a c i t y  t o  9 , 4 7 0  
MW. The average annual cap a c i ty fac tor  a t  Grand C ou l e e  wou l d  then 
b e  ab out 2 5  percen t . 

Downr ive r at Ch i e f  Jos eph , capac ity i s  now about 1 , 02 4 MW. 
Plans are under way t o  ins t a l l  1 1  more un i t s  dur ing the 1 9 7 5  
through 1 9 7 7  p e r i o d , incre as ing the t o t al c apac i ty t o  2 , 06 9 MW. 
The annual ave rage c ap ac i t y  fac tor at  Chi e f  Jos eph woul d  then b e  
about 5 0  percen t . However , Chi e f  Joseph i s  i d e al l y  s u i t e d  for the 
in s t a l l at ion o f  add i t i onal p e ak ing un i t s . S tud i e s  are under way 

2 4  



whi ch cons ider rais ing the Chi e f  Jos eph p o o l  s o  that i t  c an accommo 
date the peaking r e l eas e s  from Grand Coul e e  as we l l  as provide ad
ditional generat ing uni t s . 

New re s e rvo irs  o r  addi t ions to res e rvo i r  c ap a c i t y  are o ften 
required downs tream from a p e aking hydro e l e c t r i c  proj e c t  t o  smo o th 
out the r e l e a s e  o f  p e ak ing water and main t a in s afe and acceptab l e  
condit ions  down s t r e am .  The Libby re - r e gul at i on dam on the Ko o tenai 
is  an examp l e  of this  r e qu irement . 

All hydr o e l e c t r i c  pro j e c t s  cannot  b e  c onver t e d  to p e ak ing 
fac i l it i e s  with 2 0 - t o  2 5 �percent annual op erat in g  fac tors , how 
ever . In  the intere s t  o f  navigat ion and o ther  wat e r  u s e s , the ul 
t imate annual c ap acity factor o f  s ome waterways canno t  p r ac t ical ly 
b e  less  than about 4 0  percen t . The maintenance  o f  accep t ab l e con 
dit ions for navigat i on and re cre at ional u s e  wou l d  p r e c lude cap ac ity 
factors b e l ow ab out 40 percent for s e c t i ons o f  the  C o l umb i a  �nd 
Snake Rive r , for examp l e . 

In the recent p as t , annual ope r a t ing fac t o r s  for hydr o e l e c t r i c  
fac i l it ie s  we re  h i gh . Tab l e  7 shows data wh ich were  calculated 
from the 1 9 7 1  FPC report  and are  the  op erat ing exp e r ience for 1 9 7 0 .  
Wa shington s t ate , where  about 30 percen t  o f  the energy was g ene r 
ated , had an operat ing fact or o f  ab out 6 8  per cent . O the r we s t e rn 
s t ates we re in the 6 2 - t o  6 6 - pe rcent r ange . The Tenne s s e e  Val 
l ey Authority ( TVA) dams , as  evidenced by the data for Al ab ama and 
Tenne s s e e , had operat ing fac tors from 3 5  to 4 6  p e r cent . Thus , the 

TABLE 7 

GENERATION AND OPER ATING FACTORS FOR SELECTED STATES 
(1970 Operating Data) 

Annual 
Generation Capacity Capacity 

State (Bill ion KWH )  (MW) Factor (%) 

New York 25.09 3,729 76.7 
Washington 69.38 1 1 ,599 68.3 
Montana 8.74 1 ,5 1 2  66.0 
Idaho 7.08 1 ,250 64.7 
Oregon 29.84 5,369 63.4 
Ca lifornia 37.90 6,954 62. 1  
South Dakota 6.54 1 ,384 54.0 
Tennessee 8.07 2,022 45.5 
Arizona 6. 1 4  1 ,929 36.3 
Alabama 7.61 2,508 34.7 
North Carol ina 4.36 1 ,835 27.2 
Georgia 2.46 1 ,056 26.6 
Remaining States 35.8 1 0,250 39.9 

Total 248.97 51 ,403 55.3 

Source: Federal Power Commission, Bureau of Power, April 1 97 1 .  
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TVA sys tem dam s  h ad already evo lved t o  an int e rme d i a t e  l o ad o r  
p e ak ing r o l e  i n  1 9 6 7 . 

The aver ag e  op e r at ing factor  for the Uni t e d  S t at e s  was 5 5 . 6  
percent in 1 9 6 7 . The 1 9 7 0  FPC Nati onal Power Survey s hows that 
the ave r age was s t i l l  5 5 . 3  percent in 1 9 7 0 . Howeve r , a s  s hown in 
Tab l e  8 ,  the ope rat ing factor wi l l  decre ase  s te ad i ly as new c ap ac 
ity i s  added in the p e r iod from 1 9 7 0  t o  1 9 9 0 . By 1 9 9 0 , the op e r 
at ing factor  w i l l b e  down t o  4 6 . 8  per cent . I t  can b e  s e en that 
the increment al add i t i on s  t o  cap ac i ty in  the 2 0 - y e ar p e r i o d  wi l l  
have an operatin g  factor o f  ab out 3 2  percen t . 

TABLE 8 

TR ENDS IN OPERATI NG FACTORS 

1 970 
1 980 
1 990 

I ncremental Addition; 
1 970 - 1 980 

I ncremental Addition ; 
1 98 0 - 1 990 

* Gigawatt = 1 b i l l ion watts. 

(Billion KWH) 

249 
296 
335 

47 

39 

ECONOM I C S  OF  HYDROELECTR I C  POWER 

Capacity 
(Gigawatt) * 

5 1 . 4 
68.0 
8 1 .7 

1 6.6 

1 3.7 

Annual 
Operating 

Factor 
(Percent) 

55.3 
49.7 
46.8 

32.3 

32.5 

Cons truc t i on co s t s  fo r hydro e l e c t r ic pr o j e ct s  are extremely 
var i ab le . C o s t s  depend on the s i ze and locat ion of the dam ; the 
head and amount of wat e r  b acked up ; the co s t  o f  l and ; and the 
co s t  of r e l o cat in g  fac i l it ie s  such as home s , r o ad s  and r a i l r oads . 
The Al l e gheny Re s e rvo i r  near Kin zua , Penn s y l avan i a , i s  an examp l e . 
Wh i l e  the dam and power faci l i t i e s  c o s t  ab out $ 1 5 mi l l i on , re l o 
cation o f  roads and ra i l ro ads and othe r prop e r ty adj us tments added 
ano the r $ 9 9 m i l l ion to the co s t .  The P l e a s an t  Va l l ey - Mountain 
She ep pro j e c t  on the Snake Rive r near the I d aho - Or e g on b orde r has  
b e en propo s e d  for a numbe r  o f  years . The fac i l i ty i s  e xp e c t e d  to 
co s t  $ 2 7 5  m i l l ion for 1 , 6 4 0  MW o f  power . The 1 9 7 1  FPC  Repo r t  
indicates  that the annual cap ac i t y  factor  o f  thi s  s i t e  would b e  
ab out 2 0  p er cent . Thus , the c o s t  o f  this  p e aking p ower woul d  b e  

� on the o rder o f  1 0  t o  1 2  mi l l s  p e r  KWH . The re  are l arge var i a t i ons  
in co s t s  for hydr o e l e c t r i c  fac i l i t i e s  but , on the  ave r ag e , c o s t s  
p e r  ins t al l e d  k i l owat t  are h igher than for thermal p l ant s . The 
operat ing co s t s  for hydro e l e ct r i c  fac i l i t i e s , however ,  are very l ow 
b e cau s e  there are no fue l  co s t s . 

Re s e rvo i r s  o f  wat e r  used  in conn e c t i on with  hydr o e l e ct r i c  
power have many us e s  includ ing f l o o d  contro l ,  cons e rvat ion , ir 
rigat i on , flow control  and r e creat ion . Future deve l opments m i ght 
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we l l  encompas s mul t ip l e  us e s  whereby the power generat i on aspects  
w i l l  cont inue to b e ar only  a part  o f  the  c ap it al burden . 

A re cent survey o f  var i ous reg ions o f  the country ind icated  
that hydro e l e c t r i c  power co s ts we re 2 . 4  m i l l s  p e r  KWH in the 
Pac i fic Nor thwe s t  and 8 . 4 mi l l s  in the Southwe s t . I n  the Midwe s t  
and Southe a s t  t he c o s t  ranges  from 4 . 3 4 mi l l s  t o  5 . 6 2  m i l l s . The 
Nor thwes t  rates  are low b e c ause  they repres ent h i gh l o ad factors  
made pos s ib l e  by favo rab l e  hydroe l e c t r i c  s it e s , whi l e  the  South 
we s t  power i s  p e ak ing p ower . 

The tr end t o  p e ak ing power for hydro e l e c t r i c  s it e s  s hould in 
cre as e  the co s t  o f  p ower , howeve r , as the c ap it a l  i t ems wh i ch are 
all ocated t o  powe r co s t s  wi l l  b e  used a smal l e r  frac t i on of the 
t ime . The nece s s i t y  fo r add i t ional generators  woul d  a l s o  add to 
the cap i t al burden . At Grand Coul ee , a third p owe r p l an t  is now 
be ing cons t ructed t o  accommodat e the addi t ional 1 2  ( 6 0 0  MW) g ene r 
ator s . A r e as onab l e  e s t imate i s  that the co s t  o f  p e ak in g  power 
in the Nor thwe s t  s houl d b e  at  l e as t doub l e  the current c o s t  or 
ab out 5 mi l l s  per  KWH . 

PUMPED STORAGE HYDROELECTR I C  ECONOM I C S  

A deve lop ing trend i n  e l ectr i c  generat i on i s  the u s e  o f  r e s 
ervo irs t o  s t ore water . Bas e - l o ad fo s s i l fue l p l an t s  and nuc l e ar 
p l ants  can b e  used  t o  s tore water for p e ak ing purp o s e s . I t  makes  
e conomic s ens e t o  operate  around the  c l o ck and t o  pump water at  
night  and on we ekends with b as e - l o ad p l ant s . The s tored  water 
can then b e  used  as convent ional hydr o e l e c t r i c  p ower when e l e c t r i 
cal demand p e aks  during dayl i gh t  hours on we e kdays . The revers ib l e 
pump - turb ine - generator p e rmits  water to b e  pump e d  uphi l l  and a l s o  
provides g eneration o f  e l e c t r i c  p ower w i th the s ame un i t  when the 
water fal l s . Becaus e of energy l o s s e s  in conve r s i o n  and fr i c t i o n  
3 KWH of energy mus t  b e  used to p l ace 2 KWH o f  w a t e r  in an upp e r  
res ervo i r . 

Str i c t ly s p e ak ing , pump ed s t orage fac i l i t i e s  do n o t  cons t i tute 
an energy s our ce . Howeve r , pump e d  s to rage is s ome t ime s included 
in d i s cus s ions o f  hydro e l ectric  energy . A r e cent FPC forecas t 
o f  r ap id exp ans i on in pump ed s to rage fac il i t i e s  in the Un i t e d  
States i s  i l lus trated in Tab l e  9 .  

The avai l ab i l ity o f  pumped s torage s i t e s  depends mo s t ly on 
topo graphy . A h ig h  h e ad mus t  e x i s t  b e twe en two r e s e rvo i r s  in the 
same are a . Mo s t  o f  the p l anned pumpe d  s torage fac i l i t i e s  are in 
the App alach i an Moun t a in are a  o f  the Caro l inas , Vir g in i a , We s t  
Virgin i a  and Kentucky . Addi t ional s it e s  are p l anne d  in Cal i fornia 
and the O z arks . The FPC has re cen t l y  indicated  that many p o tent i a l  
pumped s torage s i t e s  ex i s t  in the Northwe s t  w i t h  capac i t i e s  up 
to 1 0 , 0 0 0  MW . 

When a fos s i l fue l p l ant i s  u s e d  t o  pump water for pump e d  
s torage , a decreas e in e f f i c i ency occur s . F o r  examp l e , i f  the heat 
rate o f  the p l ant is 9 , 5 0 0  BTU ' s  per KWH in normal op erat i o n , the 
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TABLE 9 

PUMPED STORAGE HYDROELECTRIC I N  THE UNITED STATES 

Total 
Capacity 

(MW) 

1 970 3,600 

1 980 27,000 

1 990 71 ,000 

* Reported as 8, 38 and 94 in the I n itial Appraisa l .  

t Reported as  5 ,  25 and 63 in  the  I n itial Appraisal. 

Pumping 
Energy Requ ired 
(Bi llion KWH)* 

6 

36 

94 

TABLE 1 0  

PUMPING STORAGE PLANTS 
COST DATA 

No. of Total Cost 
Cost of Plant Cases (Thousand Dollars) 

1 .  Land and land rights 7* 1 0,742 
6t 1 0,651 

2. Reservoirs, dams and waterways 1 0* 1 60,605 
8t 1 58,661 

3. Structures and improvements 1 1 * 57,735 
8t 51 ,1 1 9  

4. Equipment costs 1 1 * 93,343 
8t 35,040 

5. Roads, rail roads and bridges 1 0* 2,070 
8t 2,863 

Cost per KW installed capacity (nameplate) 1 1 * 2.405 
8t 1 , 1 76 

Cost pumping energy 4t 

Annual operating factor (net generation 
divided by 8,760 hours times gen. 4* 
capacity) 2t 

* Average of total data, includi ng plants where pumped storage is combined with conventional faci l it ies. 

t Based on data for single purpose pumped storage plants. 

Source: Federal Power Commission, 1 3th Annual Supplement, 1 969 .. 

2 8  

Net 
Generation 

( Billion KWH)t 

4 

24 

63 

Average Cost 
( Dollars) 

1 ,535,000 
1 ,775,000 

1 6,061 ,000 
1 9,832,000 

5,249,000 
6,395,000 

8,940,000 
1 0,636,000 

307,000 
358,000 

2 1 9t 
1 47 

3.445 mi l ls/KW 

1 7% 



heat rate would increas e to about 1 1 , 0 0 0  i f  the p l ant we re us e d  to 
pump water fo r 3 0  percent o f  the t ime . Thus , the advent o f  pumped 
s torage for  fo s s i l  fue l  p l ants  would increase  the  amount of  p r i 
mary energy required for e l e ctr ical  generat ion . I f  pump e d  s t o rage 
is  accomp l i s hed with  nucl e ar p l ants , i t  has a re l at ive ly sma l l  
effect on the ove r a l l  uran ium r e qu irements .  I t  i s  for th i s  re as on 
that pumped s torage i s  a more log ical  c omp l emen t  o f  nuc l e ar p l ant s . 

Co s t  data on pumped s tor age p l an t s  i s  me ager . Tab l e  1 0  rep 
r e s ents data from the FPC ' s  1 3 th Annual Supplement i s sued in 1 9 6 7 . 
I t  s hows an aver age c o s t  per  KW in s t a l l e d  (namep l ate ) o f  $ 2 1 9 whe re 
pumped s torage was comb ined with convent i onal  fac i l i t ie s  and $ 1 4 7  
fo r s ingle  purp o s e  s t orage p l an t s . Co s t  o f  pump ing ene rgy , b as e d  
on only four p l ant s , w a s  3 . 4 4 5  mi l l s  per  KWH . 

Energy for pump e d  s t orage s hould only repre s ent ab out 3 p e r 
cent o f  the total  e l ec t r i cal generat ion by 1 9 9 0 . According ly , i t  
should have a minor e ffect  on total  energy r e quire d .  

STAT I ST I C S  OF HYDROELECTRI C ENERGY 

A detai led bre akdown of deve l oped and undeve l oped hydr oe l e c 
tric  power by s t ate  and Census D ivis ion i s  g iven in Tab l e  1 1 . 
The s e  s t at i s t ics  have b e en regrouped into Pe tro leum Admin i s t ra t i on 
Defense (PAD ) D i s tr i c t s  in Tab l e  1 2 . Thi s  s hows that the maj o r  
port ion o f  undeve loped hydro e l e c t r i c  power i s  i n  PAD D i s tr ic t s  
I V  and V .  

A b re akdown o f  the ins t al l ed cap ac ity , pr o j e c t s  under  con 
s truc t i on and prop o s e d  new add i t ions through 1 9 9 0  are summar i z ed 
in Tab l e  1 3 . A to tal  o f  about 5 2  g i gawa t t s  ( GW) out o f  the t o t a l  
8 2  GW in t h e  Uni t e d  States  in 1 9 9 0  wi l l  b e  in PAD D i s t r i c t s  I V  and 
v .  

The maximum hydro e l e c tric  po tent i a l  in the Un i t ed S t a t e s  fo r 
the var ious PAD D i s tr i cts  i s  de t a i l e d  in Tab l e  1 4 . The KWH factor 
has  b e en conve rted  t o  total  BTU p o tent i a l  us ing the conve r s ion 
factor o f  9 , 8 8 0  BTU ' s per KWH . Thi s  i s  the average heat  rate that 
the NPC predicts  for 1 9 8 5 . I n  additon , the hydroe l e c tr i c  p o t en t i a l  
of e ach PAD D i s t r i c t  i s  conve rted to e quivalent b ar r e l s  o f  o i l . 
The e s t imated KWH generated by PAD D i s t r i c t s  thr ough 1 9 9 0  i s  shown 
in Tab l e  1 5 . 

A bre akdown o f  the e qu ivalent BTU ' s  d i sp l aced in the PAD D i s 
tricts  through 1 9 9 0  i s  shown in Tab l e  1 6  and the o i l  e quivalent 
in Tab l e  1 7 . Th i s  i s  b a s e d  on the p l anne d  add i t ion s in the 1 9 7 0  
through 1 9 9 0  p e r iod and the recent FPC fore c a s t o f  t o ta l  KWH for 
the Un ited State s . The FPC had fo recas t that 3 3 5  b i l l ion KWH 
woul d  be  generated b y  hydroe l e c t r ic by 1 9 9 0 . The as sump t ion made 
in Tab l e s  1 5  and 1 6  is that 3 1 6  b i l l i on KWH w i l l  be ava i l ab l e  by 
19 8 5 . Th i s  would o f  cour s e  depend on the rate  o f  comp l e t ion of  
schedul e d  new proj e c t s . 
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TAB LE 1 1  

HYDROE LECTRI C  POWER R ESOURCES OF TH E UNITED STATES-CONVENTIONAL HYDRO PLANTS 

Developed Undeveloped Total Potential 

I nstalled Av. Annual Av. Annual Av. Annual 
Capacity Generation Capacity Generation Capacity Generation 

( KW) (GWH)* ( KW) ( GWH) ( KW) (GWH) 

New England 
Maine 509,470 2,528 1 ,7 1 4,074 4,289 2,223,544 6,81 7 
New Hampshire 428,942 1 ,306 802,1 00 983 1 ,231 ,042 3,289 
Vermont 1 99,742 833 337,701 701 537,443 1 ,534 
Massachusetts 21 9,001 869 266,728 742 485,729 1 ,61 1 
Rhode I sland 2,860 8 2,860 8 
Connecticut 1 31 , 1 1 5  390 1 83,200 552 31 4,31 5 942 

Total 1 ,491 , 1 30 5,934 3,303,803 7,267 4,794,933 1 3,201 

Middle Atlantic 
New York 3,809,050 23,777 1 ,292, 1 75 3,293 5, 1 01 ,225 27,070 
New Jersey 8,294 48 241 ,000 1 ,001 249,294 1 ,049 
Pennsylvania 429,520 1 ,81 6 2,980,630 7,057 3,4 1 0, 1 50 8,873 

Total 4,246,864 25,641 4,51 3,805 1 1 ,351 8,760,669 36,992 

East North Central 
Ohio 2,399 1 2  249,200 1 ,206 251 ,599 1 ,21 8 
I ndiana 1 09,987 590 31 5,000 1 ,085 424,987 1 ,675 
I l l inois 42,931 1 96 206,200 1 , 1 01 249,1 31 1 ,297 
Mich igan 394,538 1 ,734 272,200 782 666,738 2,5 1 6  
Wisconsin 41 8,668 1 ,922 21 3,200 949 631 ,868 2,871 

Total 968,523 4,454 1 ,255,800 5,1 23 2,224,323 9,577 

West North Central 
Minnesota 1 70,295 906 1 57,2 1 0  723 327,505 1 ,629 
Iowa 1 35,675 81 1 345,200 1 ,632 480,875 2,443 
M issouri 392,600 1,009 2,024,600 9,269 2,41 7,200 1 0,278 
North Dakota 400,000 1 ,886 1 95,000 840 595,000 2,726 
South Dakota 1 ,392,1 96 4,437 303,000 884 1 ,695,196 5,321 
Nebraska 238,236 1 ' 1 77 1 ,035, 7 1 0  3,388 1 ,273,946 4,565 
Kansas 5,1 50 1 3  303,000 1 .460 308,1 50 1 ,473 

Total 2,734,1 52 1 0,239 4,363,720 1 8,196 7,097,872 28,435 

South Atlantic 
Maryland 494,280 1 ,750 1 63,000 497 657,280 2,247 
District of Columbia 3,000 5 3,000 5 

Virginia 735,981 1 ,1 44 1 ,276,231 2,962 2,01 2,2 1 2  4,1 06 
West Virginia 208,01 0 1 ,01 5 1 ,994,040 6,793 2,202,050 7,808 
North Carolina 1 ,765,525 5, 1 96 91 9,350 2,000 2,684,875 7 , 1 96 
South Carol ina 1 ,034,1 53 2,788 1 ,834,530 2,356 2,868,683 5, 1 44 
Georgia 1 ,069,1 36 3,259 3,1 97,766 4,646 4,266,902 7,905 
Florida . 38,968 240 83,500 69 1 22,468 309 
Delaware 

Total 5,349,043 1 5,397 9,468,41 7  1 9,323 1 4,817,470 34,720 
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TABLE 1 1  (Cont'd.)  

HYDROE LECTRI C  POWER R ESOURCES OF TH E UNITED STATES-CONVENTIONAL HYDRO PLANTS 

Developed Undeveloped Total Potential 

I nstalled Av. Annual Av. Annual Av. Annual 
Capacity Generation Capacity Generation Capacity Generation 

( KW) (GWH)* ( KW)  (GWH)  (KW) (GWH) 

East South Central 
Kentucky 670,61 7 3,053 1 ,484,800 3,300 2,1 55,41 7 6,353 
Tennessee 1 ,893,500 8,044 688, 1 00 2,1 89 2,581 ,600 1 0,233 
Alabama 2,267,485 8,223 1 ,629,520 2,939 3,897,005 1 1  '1 62 
Mississippi 1 40,300 381 1 40,300 381 

Total 4,831,602 1 9,320 3,942,720 8,809 8,774,322 28,129 

West South Central 
Arkansas 900,340 2,285 91 5, 1 00 1 ,903 1 ,81 5,440 4, 1 88 
Louisiana 76,000 461 76,000 461 
Oklahoma 363,400 1 ,1 42 91 3,600 2,043 1 ,277,000 3, 1 85 
Texas 434,1 80 1 ,278 1 ' 1 60,035 1 ,837 1 ,594,21 5 3,1 1 5  

Total 1 ,697,920 4,705 3,064,735 6,244 4,762,665 1 0,949 

Mountain 
Montana 1 ,51 1 ,848 8,21 9  6,269,220 21 ,876 7 ,781 ,068 30,095 
Idaho 1 ,250,839 7,588 1 2,391 ,631 41 , 1 00 1 3,642,470 48,688 
Wyoming 21 2, 1 40 940 1 ,286,290 6,1 1 7  1 ,498,430 7 ,057 
Colorado 31 4,270 1 ,279 1 ,784,600 7,1 23 2,098,870 8,402 
New Mexico 24,300 96 1 54,200 595 1 78,500 691 
Arizona 1 ,879, 1 90 8,1 02 3,676,000 1 5,749 5,555,1 90 23,851 
Utah 207,91 5 957 1 ,320,050 4,91 7 1 ,527,965 5,874 
Nevada 682, 1 20 2,1 26 8,800 35 690,920 2, 1 61 

Total 6,082,622 29,307 26,890,791 97,51 2  32,973,41 3  1 26,819 

Pacific 
Wash ington 9,549,389 62,51 6 23,498,864 74,075 33,048,253 1 36,591 
Oregon 3,449,205 20,847 5,686, 1 90 21 , 1 4 1  9,1 35,395 41 ,988 
California 5,323,697 24,506 1 1 ,908,750 35,367 1 7,232,447 59,873 

Total 1 8,322,291 1 07,569 41 ,093,804 1 30,583 59,41 6,095 238,452 

Alaska 83,636 338 32,51 1 , 1 00 1 72,496 32,594,736 1 72,834 

Hawai i  1 8,698 1 07 35,000 229 53,698 336 

United States Total 45,826,491 223,31 1 1 30,443,695 477,1 33 1 76,270,186 700,144 

* GWH = 1 ,000,000 KWH .  

Source: Federal Power Commission, "Hydroelectric Power Resources o f  the United States, Developed and Undeveloped, 
January 1, 1 968," Report P-36. 
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TABLE 1 2  

HYDROELECT R I C  POWER RESOURCES O F  T H E  UNITED STATES-CONVENTIONAL HYDRO P LANTS 
(January 1, 1 968) 

Developed Undeveloped Total Potential 

Installed Number Number Number Percent 
Capacity of Capacity of Capacity of Capacity 

(KW) Sites (KW) Sites (KW) Sites Developed 

PAD District I 

New England 

Maine 509,470 81 1,71 4,074 37 2,223,544 118 22.9 
New Hampshire 428,942 42 802,100 21 1,231,042 63 34.8 
Vermont 1 99,742 56 337,701 17 537,443 73 37.2 
Massachusetts 21 9,001 65 266,728 1 1  485,729 76 45.1 
Rhode Island 2,860 4 0 2,860 4 1 00.0 
Connecticut 131,1 1 5  21 183,200 1 1  31 4,315 32 41.7 

Total 1.491,130 269 3,303,803 97 4,794,933 366 3 1 . 1  

Middle Atlantic 

New York 3,809,050 1 65 1,292,175 51 5,101,225 216 74.7 
New Jersey 8,294 7 241,000 6 249,294 13 3.3 
Pennsylvania 429,520 11 2,980,630 37 3.410,150 48 1 2.6 

Total 4,246,864 1 83 4,513,805 94 8,760,669 277 48.5 

South Atlantic 

Maryland 494,280 3 163,000 5 657,280 8 75.2 
District of Columbia 3,000 1 3,000 1 100.0 
Virginia 735,981 33 1,276,23 1 31 2,012,212 64 36.6 
West Virginia 208,010 10 1,994,040 27 2,202,050 37 9.4 

North Carolina 1,765,525 63 919,350 30 2,684,875 93 65.8 
South Carolina 1,034,153 41 1,834,530 21 2,868,683 62 36.0 
Georgia 1 ,069,136 36 3,1 97,766 47 4,266,902 83 25.3 
Florida 38,968 3 83,500 1 1 22.468 4 31.8 
Delaware 

Tota� 5,349,043 1 90 9,468,417 162 1 4,81 7,47(1 352 36.1 

PAD District I Total 1 1,087,037 642 1 7,286,025 353 28,373,072 995 39.1 

PAD District I I  

East North Central 

Ohio 2,399 2 249,200 12 251,599 14 1.0 

Indiana 109,987 8 315,000 8 424,987 16 25.9 

I llinois 42,931 11 206,200 13 249,131 24 17.2 

Michigan 394,538 91 272,200 28 666.738 119 59.2 

Wisconsin 418,668 120 213,200 17 631,868 137 66.3 

Total 968,523 232 1 ,255,800 78 2,224,323 3 1 0  43.5 

West North Central 

Minnesota 170,295 34 157,210 16 327,505 50 52.0 

Iowa 135,675 12 345,200 7 480,875 19 29.2 

Missouri 392,600 5 2,024,600 20 2,417,200 25 16.2 

North Dakota 400,000 1 195,000 3 595,000 4 67.2 

South Dakota 1,392, 1 96 9 303,000 5 1 ,695,196 1 4  82.1 

Nebraska 238,236 22 1,035,710 26 1,273,946 48 18.7 

Kansas 5,150 3 303,000 8 308,150 11 1.7 

Total 2,734, 1 52 86 4,363,720 85 7,097,872 1 7 1  38.5 

East South Central 

Kentucky 670,617 6 1,484,800 22 2,1 55,417 28 31.1 

Tennessee 1,893,500 25 688,100 12 2,581,600 37 73.3 

Total 2,564, 1 1 7  3 1  2,1 72,900 34 4,737,01 7 65 54.1 

West South Centra I 

Oklahoma 363.400 5 913,600 17 1,277,000 22 28.5 

PAD District I I  Total 6,630,192 354 8,706,020 214 1 5,336,212 568 43.2 
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TABLE 1 2(Cont'd.) 

HYDROE LECTR IC POWER RESOURCES OF THE UN ITED STATES-CONVENTIONAL HYDRO PLANTS 

(January 1, 1 968) 

Developed Undeveloped Total Potential 

I nstalled Number Number N umber Percent 

Capacity of Capacity of Capacity of Capacity 

(KW) Sites (KW) Sites (KW) Sites Developed 

PAD District I l l  

West South Central 

Arkansas 900,340 1 1  91 5,100 1 7  1 ,81 5,440 28 49.6 

Louisiana 76,000 5 76,000 5 0.0 

Texas 434,1 80 20 1 , 1 60,035 40 1 ,594,21 5  60 27.2 

Total 1 ,334,520 31 2,151 , 1 35 62 3,385,655 93 38.3 

East South Central 

Alabama 2,267,485 1 7  1 ,629,520 1 9  3,897,005 36 58.2 

Mississippi 1 40,300 8 1 40,300 8 0.0 

Total 2,267,485 1 7  1 ,769,820 27 4,037,305 44 56.2 

Mountain 

New Mexico 24,300 1 54,200 1 0  1 78,500 1 1  1 3.6 

PAD District I l l  Total 3,626,305 49 4,075,155 99 7,701 ,460 148 47.1 

PAD District IV 

Mountain 

Montana 1 ,51 1 ,848 25 6,269,220 58 7,781 ,068 83 1 9.4 

Idaho 1 ,250,839 43 1 2,391 ,631 1 40 1 3,642,470 1 83 9.2 

Wyoming 21 2 , 1 40 1 6  1 ,286,290 48 1 ,498,430 64 1 4.2 

Colorado 31 4,270 27 1 ,784,600 67 2,098,870 94 1 5.0 

Utah 207,91 5 59 1 ,320,050 23 1 ,527,965 82 1 3.6 

Total 3,497,01 2 170 23,051,791 336 26,548,803 506 1 3.2 

PAD District IV Total 3,497,01 2 170 23,051,791 336 26,548,803 506 1 3.2 

PAD District V 

Pacific 

Washington 9,549,389 57 23,498,864 1 85 33,048,253 242 28.9 

Oregon 3,449,205 61 5,686,1 90 1 26 9,1 35,395 1 87 37.8 

California 5,323,697 1 61 1 1 ,908,750 1 30 1 7,232,447 291 30.9 

Total 1 8,322,291 279 41 ,093,804 441 59,41 6,095 720 30.8 

Mountain 

Arizona 1 ,879, 1 90 1 1  3,676,000 1 1  5,555,1 90 22 33.8 

Nevada 682, 1 20 9 8,800 1 690,920 1 0  98.7 

Total 2,561 ,31 0 20 3,684,800 1 2  6,246,1 1 0  32 4 1 .0 

Total Contiguous U.S. 20,883,601 299 44,778,604 463 65,662,205 752 3 1 .8 

Alaska 83,636 29 32,51 1 , 1 00 84 32,594,736 1 1 3  0.3 

Hawaii 1 8,698 1 9  35,000 2 53,698 21 34.8 

PAD District V Total 
Contiguous U.S. & 
Alaska 20,967,327 328 77,289,704 547 98,256,941 865 21 .3 

Total U.S. (Excluding 
Alaska & Hawai i)  45,724,157 1 ,514 97,897,595 1 ,455 143,621,752 2,969 3 1 .8 

Source: Federal Power Commission, "Hydroelectric Power Resources of the United States, Developed and Undeveloped, January 1, 1 968," Report P-36. 
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TABLE 1 3  

PLANNED HYDROELECTR IC CAPACITY B Y  PAD DISTRI CTS 
(Gigawatts) 

Existing-1 970 
Total-Proposed to 1 980 
Total-Proposed to 1 990 

1 0.58 
1 3. 1 8  
1 5.60 

Source: Federal Power Commission 1971 Report. 

I I  

6.76 
7.99 
8.43 

TABLE 1 4  

PAD Districts 

I l l  I V  

3.96 3.57 
4.54 6.63 
5.30 1 1 .20 

MAXIMUM HYDROE LECTR IC POTENTIAL I N  U NITED STATES 

Max. BTU Potential 
1 985 

v Total 

26.53 5 1 .40 
35.71  68.04 
41 . 1 8  81 .72 

Maximum 
Potential, 
Equivalent 

(Million KWH) (Trillions) (BBL Oil/Day) 

PAD District I 84,91 3 838 
PAD District I I  57,783 570 
PAD District I l l  1 9,998 1 97 
PAD District I V  1 00,1 1 6  988-
PAD District V ( Ex. Alaska) 264,463 2,609 
PAD Districts 1-V ( Ex. Alaska) 527,273 5,202 
Alaska 1 72,834 1 ,705 

Total 700,1 07 6,907 

TAB LE 1 5  

GENERATI ON O F  KWH, CONVENTIONAL HYDROE LECTR IC B Y  PAD DISTR ICTS 
( Billions) 

PAD Districts 

I I  I l l  I V  v 

1 970 44.2 30. 1 10.8 1 9.0 1 44.9 
1 975* 46.0 30. 1 1 2.5 25.0 1 57.4 
1 980 48.5 29.3 1 5.0 31 .3 1 7 1 .9 
1 985* 50.0 30.0 1 5.5 38.0 1 82.5 
1 990 52.3 30.8 1 6. 1  45.0 1 90.8 

* Data interpolated from 1 970, 1 980, 1 990 Federal Power Commission data. 

34 

395,800 
269,200 

93,060 
466,700 

1 ,232,000 
2,456,760 

805,400 

3,262,1 60 

Total 

249 
271 
296 
31 6 
335 



1 970 475 
1 975 482 
1 980 497 
1 985 494 
1 990 496 

TABLE 1 6  

ENERGY F ROM HYDROE LECTR IC BY PAD DISTRICTS* 
(Trillion BTU's) 

PAD Districts 

I I  I l l  I V  

324 1 1 6  204 
31 5 1 3 1  262 
300 1 54 321 
296 1 53 375 
292 1 53 427 

* Calculated from Table 1 5  using the following heat rates (BTU/KWH) : 

1 970-10,753 
1 975-1 0,4BO 
1 9B0-1 0,246 
1 9B5- 9,B66 
1 990- 9,4B6 

TABLE 17 

v Total 

1 ,558 2,677 
1 ,650 2,840 
1 ,761 3,033 
1 ,800 3,1 1 8  
1 ,8 1 0  3,1 78 

EQUIVALENCE OF HYDROE LECTR IC POWER IN OI L R EPLACED BY PAD DISTR ICTS 

PAD Districts 

I I  I l l  I V  v Total 

Generation for 1 970, 
Mil l ion KWH 44,21 6 30,056 1 0,820 1 8,965 1 44,909 248,966 

Equivalent 8/0 of Oil, 
1 970* 224,500 1 52,600 54,960 96,330 736,500 1 ,264,890 

Expected Generation 
for 1 985, 
Mil l ion KWH 50,000 30,000 1 5,500 38,000 1 82,500 31 6,000 

Equivalent 8/0 of Oil, 
1 985t 233,000 1 39,800 72,240 1 77,1 00 850,500 1 ,472,640 

* At heat rate of 1 0,753 BTU/KWH. 

t fJ.t heat rate of 9,B66 BTU/KWH . 

The t o ta l  BTU e quivalents  fo re c a s t  in Tab l e  1 6  are l ower than 
forec a s t s  made by o ther group s re cent ly . I t  i s  b e l i eve d , howeve r , 
that many foreca s ters  o f  hydr o e l e c t r i c  ene r gy h ave f a i l e d  t o  t ake  
into account the  fact that  much o f  the  add i t i on al c ap a c i t y  do e s  
n o t  add to the t o t al ene rgy . The t rend t o  the concept o f  p e ak ing 
power in hydro e l e c t r i c  me ans  that the capac i t y  wi l l  go  up s i gn i fi 
cantly but the energy g ene rated w i l l no t incre a s e  s o  s i gni f i c ant ly . 
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The e qu ival ent ene r gy in BTU decr e as e s  in PAD D i s tr i c t s  I ,  I I  
and I I I  in s ome 5 - year interval s ,  but this  i s  due t o  the fact that 
the h e at r ate  decre as e s  fr om 1 0 , 7 5 3  BTU per KWH in 1 9 7 0  to 9 , 8 6 6  
in 1 9 8 5 . 

IMPORT S  O F  HYDROELECTR I C  POWER FROM CANADA 

The FPC has concluded that l i t t le hydr o e l e c t r i c  p ower w i l l  
b e  ava i l ab l e  from Canada o n  a l ong - te rm b as i s . Th i s  i s  due to the 
rap id rate  of l oad growth in Canada . Some s e l e ct e d  s i t e s  where 
int e r im p ower could b e  ava i l ab l e  in the 1 9 7 4  through 1 9 8 5  p e r i od 
include 

• Chur ch i l l  Fal l s , Labrador 

• Nel s on Rive r , Mani t ob a  

• Peace and Upp er Columb ia , B . C .  

• Rup e r t  Rive r , Jame s Bay , Queb e c . 

Powe r int e r t i e s  would a l l ow that s ome p owe r , r ang ing from 3 0 0  
t o  2 , 0 0 0  MW , woul d  b e  avai l ab l e  at the s eve ral  l oc a t ions . The 
Rupert  Rive r deve l opment in Queb e c , which i s  now unde r g o ing e n 
g ine e r ing analys i s , h a s  promise  of  providing e l e c t r i c  p ower for 
the Northe as t U . S .  r e g ion on an int e r im b a s i s  s t ar t ing in ab out 
1 9 7 8 . E s t imat e s  at  the t ime of thi s  wr i t ing indicate  that the 
ava i l ab l e  cap ac i ty would b e  no more than ab out 2 , 0 0 0  MW for an in 
t e r im p e r i od s t ar t in g  ab out 1 9 8 0 . C anad i an hydroe l e c t r i c  p owe r 
would only provide a temporary ava i l ab i l i ty o f  l im i t e d  ene r gy for 
the Uni t e d  S t at e s . 
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Chapter  Thr e e  

GEOTHERMAL ENERGY 

SUMMARY 

The devel opment o f  geo thermal ene rgy in We s t ern Un i t e d  S t a t e s  
app e ars  promi s ing fo r t h e  1 9 7 1 - 1 9 8 5  period . Commerc i a l  deve l opment 
of the Geys ers F i e l d ,  Cal i fo rnia , be gan in 1 9 6 0 , and a capac i ty of 
8 2  MW exi s t ed in 1 9 7 0 . P l anned exp ans i on by one operator is ex 
pected to increase  t o  ab out 6 0 0  MW by 1 9 7 5 . I n  e s t imat ing the 
amount of geotherma l power exp e cted t o  be deve loped through 1 9 8 5 , 
i t  was as sumed that the recently pass ed federal l aw p ermi t t ing 
l e as ing of federal l ands wi l l  s t imulate  exp l o r at ion  in areas o f  
favorab l e  geo log i ca l  indi cat i ons of s t e am .  Proj e c t i ons we re made 
on the p l anned devel opment of the Geysers  F i e l d  as we l l  as pres ent 
ly sub - commercial  f i elds  in Ca l i f orni a and Nevada . Ac cordingly , i t  
is  e s t imat ed that 7 , 0 0 0  MW wi l l  ex i s t  b y  1 9 8 5  (Tab l e  1 8 ) , an i n 
creas e b y  a factor o f  nearly 1 0 0  i n  1 5  years . 

Cost (t/KWH)  

0.525 

0.575 

0.625 

Total 

TABLE 18 

ESTIMATED G EOTHERMAL STEAM GENERATI NG CAPACI TY 
FOR PAD DISTR ICT V 

(MW) 

1 970 1975 1 980 

82 1 ,500 4,500 

4,000 

2,000 

82 1 ,500 1 0,500 

1985 

7,000 

7,000 

5,000 

19,000 

Al l o f  th i s  cap a c i ty wi l l  be in Cal i fo rn i a  and Nevada and 
ava i l ab l e  in PAD D i s t r i c t  V .  Total  generat ing capa c i ty i n  Cal i fornia 
and Nevada s h9uld grow to between 7 5 , 0 0 0  and 9 0 , 0 0 0  MW by 1 9 8 5 . 
Accord ing ly , in tho s e  two s t at e s  geo the rmal s t e am s hould ac count for 
about 9 percent o f  the total  g enerat ing cap ac i ty i n  1 9 8 5 . S ince 
geothermal s team wi l l  have a high load factor , it should cont r i bute 
ab out 11 percent o f  the generated e l ectrical  ener gy . 

The co s t  o f  deve l op ing geo thermal produc t ion i s  e s t imat e d  t o  
be $ 0 . 5 2 5  per  KWH at the pres ent t ime (Tab l e  1 9 ) . In forma t i on for 
arr iving at this f i gure was taken from exp er i enc e at the Gey s e r s  
F i e l d , Cal i fornia . A l oad fac tor  o f  8 5  per cent was us ed , repre 
s ent ing a c omp romi s e  between 1 9 7 0  produc t i on f i gures and the l oa d  
fac tors predicted f o r  the fu tur e . Cos t s  can be broken down t o  2 . 6 6 
mi l l s  for s t e am co s t s  de l ive red to the p l ant , 0 . 4 5 mi l l s  fo r oper a 
t ing cos ts  and 2 . 1 4 mi l l s  f o r  cap i tal  c o s t s . I t  was as sumed that 
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Cost 1¢/KWH)  

0.525 

0.575 

0.625 

Total 

TABLE 1 9  

EQU I VALENT ENERGY FROM GEOTHERMAL SOURCES* 

(BTU X 1 01 5) 

1 970 1 975 1 980 

0.0066 0.1 1 7  0.343 

0.305 

0. 1 53 

0.0066 0.1 1 7  0.801 

* Based on an 85-percent operating factor. 

1 985 

0.5 1 4  

0.51 4  

0.367 

1 . 395 

the c o s t  o f  g e othermal power wi l l  b e  cheap er than tha t  der ived from 
fos s i l - fue l s t eam p l ants and that it wi l l  be deve l op e d  fas t e r  than 
nuc l e ar s t e am p l ants  at  roughly the s ame c o s t s  per KWH . Al l c o s t  
e s t imat e s are i n  19 7 0  do l lars . 

For every vap o r - dominat ed g e othe rmal sys t em d i s covered , i t  has 
b een e s t imated  the r e  wi l l  be 2 0  hot - water  s ys t ems  found . S i nce no 
ho t - water s ys t em fie l ds are yet  in product i o n  in the Uni t ed S t a t e s , 
we have no c o s t  data for compari son to the G ey s e r s . Exp e r iment s 
with dual - fluids he a t - exchanging te chniques  now be ing conducted 
near  Reno , Nevada , g ive prom i s e  tha t l ower temp e r ature ho t - wa t e r  
sys tems can be pr oduced economic a l ly . 

I f  heat exchangers  are develop e d , add i t i onal p r o s p e c t s  wi l l  be 
attract ive for exp l oration . The ava i l ab i l i ty o f  suitab l e  heat - ex 
change t e chniques i s  reflected  i n  the es t ima t e s  o f  add i t ional 
capac ity . For examp l e , the ins talled  capac i t y  cou l d  b e  e s t ima ted  
t o  b e  as high as 1 9 , 0 0 0  MW by 1 9 8 5  (Tab l e  1 8 ) , bas e d  on such d e 
vel opment . The increa s e  i n  power co s t  from 5 . 2 5 m i l l s  t o  6 . 2 5 
mi l l s  (Tab l e  1 9 )  fo r mo re  comp lex equipment i s  speculat ive , however . 

Mo s t  o f  the exp l o ratory dr i l l ing conduc t e d  to date  has b e en in 
areas of high heat gradi ent and ne ar - bo i l ing hot  s p r ing s . Only a 
smal l number o f  s uch areas have been t e s ted  s o  far , however , a l 
though a l l  the s t a t e s  o f  the Un i t ed S t a t e s  ly ing we s t  o f  the Con
t inental D ivide ( encompas s ing Cal iforn i a , Ore g on , Was hington , I daho , 
Nevada , Ar i z ona , New Mex i co and parts o f  Mont ana , Wyoming and 
Colorad o )  are p o t ent i a l ly good hunt ing grounds . Good s ur face ind i 
cat ions o f  vo l c anic  activity , high heat gradi ent and numer ou s  hot  
springs , s uch as are  found throughout the  we s t e rn p art of  t he Uni t e d  
State s , s ugges t that there are many prospect ive s i t e s  that may 
eventua l ly be capab l e  of s t e am and/ o r  ho t wa t e r  produc t i on . The 
recen t ly enacted Federal Geothermal Leas ing Act wou l d  make ava i lab l e  
mi l l ions o f  acres o f  p romis ing l and for prospect ing . The re  has b e en 
a co rresp onding increased  int e r e s t  in obtai ning l ea s e s  and in con 
duc t i ng exp l o rat ions . 
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In e s t ima t ing the amount o f  geo therma l energy ava i l a b l e  in 
1 9 8 0  and 1 9 8 5 , the task  g roup has assumed t ha t  only a sma l l  port ion 
o f  the potent ial  prospects  w i l l  prove t o  b e  c omme r c i a l ly pro duct ive . 
Scarcity of popul at i on and lack o f  a marke t in  p o r t i ons  o f  the 
we s t ern s tates  wi l l  d i s courage explorat ion in areas tha t o therwis e 
would be  g o od prospects . 

Pre s ent indi cat i ons are tha t exp l orat i on wi l l  be c onducted for 
the mo s t  p art by p r ivate  indus try , inc lud ing pub l i c ut i l i t i e s  and 
o i l  expl orat ion companies , as we l l  as companies  s p e c i f i c a l ly or 
gani zed for the exp lorat ion and deve l opment o f  g e o thermal power . 
The Federal Government ' s  Bur eau o f  Re c l ama t i on has b een act ive in 
financing R& D for the I mp er ial  Va l l ey . I f  des a l ini z a t ion proves 
fea s i b l e  in the Sal ton S e a  ar ea , power deve l opment may proceed 
fa s t e r  than has b e en ind icated from 1 9 8 0  t o  1 9 8 5 . 

For apprais ing the l onger - r ange pro s p e c t  o f  g eo the rmal energy , 
not only l ocal i z ed hydr o thermal sys t ems should b e  cons idered , but 
a l s o  the de ep s e diment ary bas ins that cont a in l arge  mas s e s of water . 
The pro spect ive amount of heat in s uch waters  o f  U . S .  s ed imentary 
bas ins is cons iderab l e , and the total  amount o f  energy that may b e  
re cove red from such sources may wel l s urp a s s  t h e  heat  t o  b e  der ived 
from combus t ion of the o i l  and gas in tho s e  b as ins . 

Several  uncert a int i e s  ex i s t , howeve r ,  with r e s p e c t  to current 
e s t ima tes about the po s s ib l e s i z e  of the r e s ources . The magnitude 
of the in  s i tu heat r e s e rve dep ends mainly on s uch factors  as the 
temp erature at depth , the poros ity of the s ed imentary s e c t i on ,  the 
sect ion thickne s s  and the l ateral ext ent of the p e rmeab l e  s ed iment s . 
How much o f  this  he at can b e  recovered hing e s  on s uch facto rs as 
permeab i l i ty ,  lateral continuity , s i z e o f  hydraul i c a l ly connec t e d  
wa ter ma s s e s , sub - sur fac e water pre s s ure and t he e ffec t i vene s s  o f  
flashing a s  a me ans t o  l i ft the thermal wat er s . Knowledge  o f  the 
above -ment i oned fac t o r s  is l imited for the d e ep parts  of the s ed i 
me ntary bas ins . Exp l o rat ion efforts in the s e  areas wi l l  b e  a func 
tion o f  the above - ment ioned uncertain t i e s , the l arge res ources  po 
tent ial and the prospect ive economics . 

I t  s e ems po s s ib l e  that the uncertaint i e s  could b e  res o lved , at 
l east  for some s ed imentary bas ins , b e fo r e  1 9 8 5 . I f  r e s o lved 
favo rably , then g e o t herma l energy could a t ta in , in the Uni te d  S tates , 
a greater ro l e  in s upp lying e l ectric  energy and heat  than i s  ind i 
cated in this report . 

The heat s to r ed in d e ep magma chamb ers and craton i c  rocks near 
vo l canic ac t ivity i s  vas t but i s  decades away from exp l o i ta t ion . 
Technical  ob s t acl e s  and e conomi c s  plus unknown cont ingencies  make 
thes e potent ial energy r e s ourc e s  l e s s  att ract ive for r e s e arch and 
deve lopment than s everal o ther unexp l o i t ed r e s ourc e s . 

The fo l l owing s ec t ions o f  this chap t er pre s ent a hi s t ory o f  
geo therma l energy us e ,  a d i s cus s ion o f  geo therma l energy s upp ly 
prospects  in  the  Un i t e d  States  to 1 9 8 5  and the long - range  p o tent i a l  
for geotherma l energy res ources i n  the Uni t ed S t a t e s . 
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H I STORY OF GEOTHERMAL ENERGY USE 

The Romans made us e of natural  ho t wat ers  in  I ta ly and o the r 
count r i e s  o f  Cent r a l  Europ e . The Turks made us e o f  them i n  the i r  
famous " Turkish Baths . "  

At  Larder e l l o , I taly , in 1 7 7 7 ,  the fi r s t  c ommerc i a l  u s e  o f  
g e o thermal r e s ourc e s  took p l a c e , cons i s t ing o f  the re covery o f  
bo rax from natural s t e am and ho t water vent s . A t  ab out the s ame 
t ime , natural  hot wat e r  was ut i l i z ed in I c e l and t o  p roduce s al t  
from s e awater b y  evaporat ion . In  1 8 2 7 ,  a s e cond mineral  cons t i tuent , 
b or i c  ac id , was r e c overed from the s ame wate rs  at  Lardere l l o . To 
day , a s  by- produc t s  o f  s t eam , s everal o ther cons t i tu ents are re 
covered  from the natural wa t ers in that area inc l uding s u l fur , 
borax and o ther chemi ca l s . 

Dur ing the 1 9 th c entury , ho t spr ings in  G e or g i a  and Arkan s as 
we re deve l oped into s p as , as  was the Geys ers area and a numb e r  o f  
o ther hot springs i n  C a l i fo rni a . Ye l l ows tone National  Park wa s 
e s t ab l i shed around the hot springs and geysers  in  tha t area . 

The f i r s t  power - generat ing s tat ion to u s e  na tural  s t eam fo r 
e l e c tr i c i ty was e s tabl i s hed a t  Larde re l l o , I t a ly , in 1 9 0 4 . There  
we re  e fforts to deve lop e l e c t r i c i ty from geo thermal r e s our c e s  in  
Japan in 1 9 2 2  and at  the g ey s e r s  Sonoma County , Ca l i fornia , in 1 9 2 2 . 
Neither m e t  with succes s ,  but each contributed t o  t oday ' s  s ucc es s 
in gener ating e l ec t r i c i ty at both  areas . 

I n  New Z e a l and , a t t emp ts were made in  1 9 2 5  t o  harne s s  geo the rmal 
s t e am ,  but it was no t unt i l  1 9 4 6  when the government took over the 
oper a t i on that s i gni fi c ant progre s s  was made . 

In  1 9 2 5 ,  deve l opment o f  natura l s t eam was s ta r t e d  in  I ce l and 
for  space heat ing , and by 1 9 3 0. homes and indus t r i e s  in Reykj avik , 
I ce l and , were b e ing s upp l i e d  with natural s t e am .  One - fourth o f  the 
populat ion us es geo the rmal s ourc e s  for heat . A 1 5 - MW p l an t  b e gan 
oper at i on in 1 9 6 6 . 

At the pres ent t ime the Un i t e d  Nati ons i s  spon s o r ing deve l op 
ment o f  geo the rmal res ourc e s  in underdeve l oped count r i e s  s uch as 
Kenya , Tanganyika , Turkey , Chi l e  and El S alvado r . Rus s i a , Japan 
and Mex ico  are c onduc t ing the i r  own devel opmen t  o f  g eo therma l r e 
s ources . Japan has 3 1 - MW producing capac i t y  and expects  t o  reach 
1 0 0 . Mex i co has a 3 . 5 -MW p i l o t  p l an t  on s t re am and a 7 5 - MW p l ant 
under cons t ruc t ion . The I ta l i an Lardere l l o  F i e l d  is  cap ab l e  o f  
produc ing 3 9 0  MW ,  a c ons iderab l e  increase  from the mode s t  b e g inning 
of 5 0 0  KW in 1 9 0 4 . A new fi e l d  of promi s e  has b een deve loped at 
Monte Arniata . 

Generat ing c ap ac i ty at  the Wa irake i G eys er area in New Z ea l and 
had incre as e d  to 1 9 2  MW in 1 9 6 8 , with p l ans to add 1 5 0  MW in the 
next year or two . 

Mo s t  o f  the exp l o r at ion conduc t ed in the Uni t e d  S t a t e s  to da t e  
has been concentrat e d  in the are a  we s t  o f  the Cont inental  Div ide 
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whe re there  i s  an above - normal geo the rma l gradien t  and nume rous 
ho t spring s . S ince the fi r s t  exp l oration b e gan , ove r 2 0 0  we l l s  have 
b een dri l l ed in 3 5  areas . 

Exp l orat i on ac t ivi t i e s  in  the Un i t ed S ta t e s  have b e en c arr i e d  
o n  by bo th pub l ic and pr iva te  organi z a t i ons . T h e  Carne g i e  I ns t i tute 
spons ored two shal l ow t e s t  ho l e s  in the Upp er Geys er Bas in and 
No rr i s  Bas in o f  Y e l l ows tone P ark and enc ountered  h i gh t emper atur e s  
and s t eam at s hal l ow depths . 

Dur ing the 1 9 2 0 ' s ,  s tud i e s  were made o f  Mt . Las s en ,  C a l ifo rni a , 
and Mt . Ka tma i , A l a s ka . The U . S .  G e o l o g i cal  Survey (US G S ) conduc ted 
s tudi es and dr i l l ed coreho l e s  in the S t e ambo a t  Sp r i ng s  area  o f  
Nevada from 1 9 2 0  to 1 9 5 0 . 

GEOTHERMAL ENERGY SUPP LY PRO SPE CTS I N  THE UN I T E D  S TATE S TO r9 8 5  

Po tential Areas o f  P ro duct ion in the Uni ted  S t a t e s  

The mo s t  favor ab l e areas o f  geo therma l  produc t i on in the 
Uni t ed States  l i e  in the we s t ern part o f  the country , p r imari ly 
in the s t at e s  of Cal ifornia , Nevada , Oregon , Was h ington , I daho , 
Utah , Ar i zona , Wyoming , Montana , Co lo r ado and New Mex ic o . Alaska 
and Hawai i  c an a l s o  b e  included with this  group . This  i s  evidenc e d  
b y  high heat gradi ent s and the occurrence o f  l arge  numb e r s  o f  warm 
to ho t spr ings , fumaro l e s  and geys er comp l exes  who s e  temp er a ture s 
app roach the l o cal bo i l ing p o int (Tab l e  2 0 ) . 

State 

Ca l ifornia 
Oregon 
N evada 
I daho 
Washi ngton 
New M exico 
Montana 
Utah 
Col orado 
Wyo m i ng 
Arizona 
West Virg i n i a  
V i rg i n i a  

TABLE 20 

N UMBER OF HOT SPR I N GS, FUMAROLES, ETC., 
IN THE UNITED STATES 

Number of Hot Springs, 
Fumaroles, Etc. 

1 8 1 
86 

1 52 
1 96 

1 6  
38 
40 
56 
44 

1 1 6* 
2 1  
30 
20 

* I ncludi ng 96 in  Yel lowstone National Park. 
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Some o f  thes e l o ca l i t i e s  are rep r e s ented by a s ing l e  sp r ing 
of low f l ow and entha lpy wh i l e  o thers , s uch as  Ye l l ows t one Nat ional 
P ark , cover many acre s . Ab ou t 1 0 0  o f  the s e  hot fluid s urface l o 
ca l i t i es are c l o s e  t o  the bo i l ing po int . 

The wes t e rn part  o f  the Un i ted S t at e s  al s o  cont a i ns muc h  s ur 
fac e evid�nce o f

_
rec ent ( Quaternary ) volcan i sm . Many h o t  s p r i ng s  

are as s oc 1 a t e d  W l th recent faul t ing . Much o f  i t  i s  bas in and range 
typ e , in areas  o f  rec ent vo l can i sm . Other springs  a r e  l o c a t e d  in 
areas whe re  the earth ' s crus t i s  b e l i eved t o  b e  thin and whe re 
conve c t iv e  r i ft ing has  taken p l ace . I n  b o th cas e s , fau l t s  s erve 
as the veh i c l e  for heat  f l ow to the s urfac e . 

I n  1 9 5 5 ,  exp l o ra t o ry wo rk was renewed in  the G ey s ers  a re a , and 
four producers  were c omp l e ted  at depths o f  l e s s  than 1 , 0 0 0  f e e t . 

In  1 9 5 8 , a c ontract  was execut ed b e twe en the owners o f  the 
we l l s  (Magma P ower Company and The rma l P ower Comp any ) and the 
Pacific  Gas and E l e c t r i c  Comp any (PG &E ) , whe reby P G & E  e rec t ed a 
p l ant t o  generate  e l e ct r i c i ty at a capac i t y  o f  1 2 , 5 0 0  KW . Thi s  f i r s t  
p l an t  went on produc t i on in 1 9 6 0  a t  a cap a c i ty o f  1 2 , 5 0 0  KW . A 
s econd p l ant wa s comp l e ted  in 1 9 6 2 , b r ing ing the t o t a l  c apac i ty to 
2 6 , 5 0 0  KW . Twenty - one we l l s  were dr i l l e d  from 1 9 6 1  t o  1 9 6 6 , 
j us t i fying the addi t i on o f  two 2 7 , 5 0 0  KW p l ants , b r ing ing the t o t a l  
numb er o f  p l ants to four . 

I n  1 9 6 7 ,  Un i on O i l  Comp any o f  C a l i fo rn i a  l e as e d  a large  b l o c k  
o f  acreage in t h e  Geys e r s  ar e a  and j o ined w i th Magma P ower and 
Thermal P ower comp an i e s  in a j o i nt operat i on , with  Uni on as op e r a 
tor . A t  t h e  pres ent wr i t ing , 6 8  we l l s  have b een c omp l e t ed by the 
Un ion O i l  Comp any - Magma- Thermal group and two mor e  p l ants ( 5 5 , 0 0 0  
KW) were  comp l e t e d  i n  mid - 1 9 7 1 . PG & E , whi ch bui l t  and operat e s  the 
p l ant s , p l ans to add 1 0 0  MW per  year through 1 9 7 5 ,  br ing ing the 
total  powe r gene r at ing c ap ab i l ity to 6 0 0  MW . The G ey s e r s  F i e l d  i s  
exp e c t e d  t o  deve lop into the largest  f i e l d  in  the wor l d  i n  the next 
few years , surp as s ing Lardere l l o  and Wa i rake i .  At the p r e s ent t ime , 
the f i e l d  i s  app roxima t e ly 7 m i l e s  l ong and from 1 m i l e  t o  2 m i l e s  
wide . The average we l l  appears capab l e  o f  produc ing around 5 , 0 0 0  
KW . 

The s e cond mo s t  ac tive area in Cal i fo rn i a  i s  t he S a l t on S e a  
ar e a . Att ent i on was f i r s t  drawn t o  th i s  a r e a  b y  t h e  bub b l ing ho t 
mud pots  on the eas t s id e  o f  the s e a and ab out 4 mi l e s  nor th o f  
the pre s en t  f i e l d . C arbon d i oxide ( C0 2 ) w a s  recogn i z e d in  the 
d i s charge from the s e  fumar o l e s , and in 1 9 3 4  a w e l l  was comp l e t ed 
produc ing C02 gas . Subs equent dr i l l ing proved up enough p o t en t i a l  
for a c omme r c i al dry - i c e  p l ant wh ich was op erated  unt i l  1 9 5 4  when 
the r i s ing l ake wat e r s  inunda ted  the  f i e l d . 

I n  1 9 5 7 , Kent Imp e r i a l  O i l  Company dr i l l e d  S i n c l a i r  No . 1 t o  
4 , 7 0 0  feet  and produced s t e am and ho t b r ine . To da te , 1 2  we l l s 
have b een d r i l l ed t o  an ave rage dep th o f  about 5 , 0 0 0  fe e t , with  
the  deep e s t  a t  8 , 0 0 0  f e e t . The s e  we l l s  are capab l e  o f  produc ing 
an average  of ab out 1 2 5 , 0 0 0  pounds of s t eam per  hour , cons i s t i�g 
o f  2 0 - p e rc ent f l a s h  from the br ine , wh ich cont a ins approx ima t e ly 
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2 2 0 , 0 0 0  t o  2 6 0 , 0 0 0  parts  per  mi l l ion (ppm) t o t a l  d i s s o lved s o l ids , 
mo s t ly chl or i des o f  s o d ium , calc ium and p o t as s ium .  Re s ervo ir 
temp erature s  reach about 6 8 0 ° F  at 7 , 0 0 0  fe e t . The p roved area is 
ab out 7 , 0 0 0  acres in s i z e . Vo lume of b r ine in  the res ervo i r  has 
been es t imated at 1 cub i c  m i l e . 1  S truc turally , the fi e l d l i e s  
alongs i de the s outhern extens i on of the S an Andr e a s  faul t , whi ch 
borders the Imp e r ial  Val l ey on the eas t . The l a t t e r  i s  b e l i eved 
to cont ain over 2 0 , 0 0 0  f e e t  of primar i ly non -marine s ed iment s , 
which may ove r l i e  o c eanic  crus t created from s e a - f l o o r  spre ading 
along the Eas t Pac i f i c  R i s e  which come s ashore b eneath the cont i -
nent in the Gul f  o f  Cal i fo rnia . 

· 

The Cerro P r i e t o  g e o thermal field  in Mex i co , about 2 0. m i l e s  
s outh o f  the U . S .  border i n  the s ame s truc tur a l  p rovince , i s  
capab le of pro ducing geothe rmal s team for power generat i o n . A 
7 5 -MW p l ant i s  now under cons t ruction . 

Commercial  deve l opment o f  the Sal ton S e a  area abounds w i th 
d i ff i cul t i e s . P l ans  have b e en p ropo s ed t o  g enerate  e l e c t r i c  power , 
to recover s al t s  from the br ine , and to de s a l inate  the b r ine for 
ag r i cul tur a l  and munic ip a l  us e .  However , the po i s onous re s i dual 
b r ine canno t be dispo s ed o f  into the Sal ton Sea o r  into the 
sha l l ow ground wa ters  of the Imperial  Val l ey . Market  cond i t ions 
fo r the s al e  of l arge quanti t i e s  of po t ash , l i th i a , t ab l e  s a l t  
and calc ium ch lor ide are n o t  favo rab l e  at  p r e s ent , and de s a l ini z a 
t i on is  prohib i t ively exp ens ive . The extreme corros i venes s  and 
scal ing o f  the b r ine require the us e o f  s p e c i a l  ma t e r i a l  for  p ip e s , 
valve s , s eparators and turb ine s . 

Rob ert  W .  Rex o f  the Unive r s i ty o f  Cal i fo rnia  a t  River s ide 
and his s t aff have conduc ted s tud ies  of the Imp e r i a l  Va l l ey be twe en 
the Salton Sea and the Mexican border and have conc luded tha t there  
i s  a pos s ib i l i ty for  the produc t i on o f  geo thermal fluids more  com 
parab le  to Cerro P r i e t o  than to the S a l ton S e a . Rex i s  currently  
cont inuing h i s  s tud i e s  and p l ans to dri l l  s everal  d e ep exp l o r ato ry 
ho l e s  i f  proper funding can b e  arranged .  

The C a s a  D i ab l o  area in I nyo County , Cal i fornia , has b e en 
p ar t i a l ly tes ted by 1 1  s hal low we l l s , rang ing from 6 3 0  feet  to 
1 , 0 6 3  feet  in  depth . The large s t  we l l  t e s t ed 6 9 , 0 0 0  pounds of 
s t eam and 4 7 3 , 0 0 0  p ound s  of hot water p er hour . The res i dual 
fluid contains int o lerab l e  amounts  of ar s en i c ,  boron and fluorine , 
and , l i ke the Salton S ea , caus es a d i s po s a l  p r ob l em . C a l c ium 
carbonat e s c a l ing i s  a l s o  a problem . Thi s  f i e ld a t  the pr e s ent 
time is  not in the commerc i al category . 

Brady Ho t Spr ing s , in  Chur chi l l  Count y , Nevada , has had 9 
geo thermal tes t ho l e s , the deep e s t  o f  wh ich i s  5 , 0 0 0  f e e t . S t e am 
and water f l ow tempe rature s exceed 3 0 0 ° F  in the s ha l l ow we l l s . 
Calc ium carbonate dep o s i t i on i s  a prob l em . A heat exchang e r  p i l ot 
p l ant is  cur rent ly b e ing p l anned in this f i e l d . 

The Be owawe F i e l d , in Eureka and Land er Count i e s , Nevada , has 
had 1 1  t e s t  ho l e s  dr i l l ed . The larg e s t we l l  is c ap ab l e  of produc ing 
5 0 , 0 0 0  pounds o f  s t eam and 1 , 4 0 0 , 0 0 0  pounds o f  h o t  wat e r  per  hour 

4 3  



at 3 4 2 ° F  with a we l lhead pres sure o f  1 1 6  pound s . Infi l t ra t i on o f  
co o l  s ur face wat e r  has l ower e d  t emperatur e s  i n  the s e  we l l s , who s e  
average dep t h  i s  around 7 0 0  fe e t , with the deep e s t  ho l e  a t  2 , 0 5 2  
fe et . Max imum logged  t emp e ratur e i s  4 1 8 ° F . 

Ye l l ows t one Nat ional P ark i s  the larg e s t  and mo s t  con s p i cuous 
geothe rmal d is t r i c t  in  the Uni t e d S t a te s . I t  ex t ends for a l inear 
dis tanc e of 4 0  m i l e s . The USGS has dr i l l e d  1 3  ho l es in 6 l o c a l i t ies . 
The d e ep e s t  ho l e  i s  1 , 0 8 8  fe e t , and maximum t emp e r a tur e r e c o rded 
is  4 6 0 ° F . Mo st  of the t e s t  ho l e s  produc ed large  f l ows of very 
hot wat e r , and one produc ed dry s te am .  I t  i s  h ighly un l i ke ly tha t  
any comme rc i a l  d eve lopment wi l l  b e  perm i t t ed w i th in t he p ark . 

S t e ambo a t  Spr ings in Nevada , s outh o f  Ren o , has ha d 3 6  t e s t 
ho l e s , many o f  whi c h  are only a few hundred  feet  in  d ep th . Max imum 
temperature o f  3 4 0 ° F  was re ached at  3 5 0  feet . L i ke many o f  the 
other areas , calc ium c arbonate s c al ing is a s evere prob l em . 

The Val l e s  Caldera , in Sandoval Count y , New Mex i co , has had 5 
exp l oratory t e s t s . The deep e s t  we l l  reached 5 , 6 0 0  f e e t  and pre 
Cambr i an bas ement after  penetrat ing a s ec t ion o f  y oung vo l c an i c  
rocks and Pal eo z o i c  s ed iment s . We l l  t emp eratur e s  exceeded 4 0 0 ° F ,  
and flows o f  s te am and hot wat er were encount e r e d  in  s everal  
ho r i zons . 

O ther areas where  s ignifi cant fl ows o f  ho t wa t e r  have b e en 
enco untered are : C l ear L ake , Cal i fo rni a ;  Wi lbur Spr ings , Co lus a 
County , C al i fo rni a ;  Surp r i s e  Val l ey , Modoc County , Cal i f o rn i a ; 
and Klamath Fa l l s , G oo s e  Lake and Warner Val l ey , Oregon . 

Deve lopment and E conomi c s  

Expl oration C o s t s  

Exp l orat ion cos ts  have b e en minimal t o  da t e .  Mo s t  exp l o r atory 
we l l s  have b e en dr i l l e d  near known hot spr i ng s , and a l l exp loratory 
we l l s  that have b e en s ucce s s ful are near hot s p r ing s  o r  hydro 
the rma l ly a l tered r o cks . Gravity and magne t i c  s urveys are  us ed to 
l o cate are as o f  i nt e r e s t .  Shal l ow ho l e s  t o  measure t emp erature 
grad i ents  and outl ine areas o f  s ur face  heat have a l re ady b een 
unde r t aken on a numbe r  of prospect s . O f  the f i e lds d i s covered  to 
dat e ,  the operators have made us e of previous reports and maps o f  
the USGS  and o f  s tate  s urveys . Explorat ion cos t s  ( a s i de from 
dr i l l ing)  p robably ave rage only a few thous and do l lars  p er prospect  
to date . Geophys i c a l  wo rk in  the  future w i l l  g r e a t ly incre a s e  
t o t a l  exp l o rat ion c o s t s . 

Dr i l l ing C o s t s  

Dr i l l ing co s t s  w i l l  vary cons iderab l y  with t h e  p r o s p ec t s . A 
good examp l e  o f  this  can b e  s e en in a compar i s on o f  the Geys e r s , 
where  the we l l s  are dr i l l e d  in Jur as s i c - Cretac eous , s emi -metamo r 
pho s ed rocks , and the Imperial  Va l l ey ,  where  the wel l s  are dr i l led 
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in s o ft , l o o s e ly cons o l idated Quaternary s ed iments for the f i r s t  
4 , 0 0 0  fe e t  o r  s o . 

McMi l l an reports  that the first  we l l s  in  the Geys e r s  F i e ld , 
from 9 0 0  fe e t  to 4 , 0 0 0  fe e t  in depth , ave raged about $ 4 0 , 0 0 0  per  
we l l . 3  The l a t er we l l s , including tho s e  now b e ing comp l e t ed , 
ranging from 4 , 5 0 0  f e e t  to 7 , 0 0 0  fee t ,  are  more exp ens ive . Usual ly 
the upper port i on of  the ho l e s  are dr i l l ed with  mud . Cas ing is  
then c emented and the remainder o f  the  ho l e  dr i l l e d  w i t h  air  unt i l  
enough s t eam has b e en encountered t o  make a s at i s factory comp l e t i on . 

St eam Transmi s s i on Sys t em 

Power p l ants  are l oc ated adj acent o r  c entral ly w i th respect  
to the produc ing we l l s . I n  the G ey s e r s  F i e l d , two p l ant s , each 
cons i s t ing of two un i t s , are now in op erat ion . The farthes t we l l s  
from the p lants are about one - ha l f  m i l e  away . 

Pipel ine s i z e s  vary from 8 t o  1 6  inche s , nomina l p ip e  d i ameters  
for the we l l head l ines , and the gathe ring sys t em rang e s  from 1 0  
inches through 3 0  inche s . The t o t a l  c o s t  o f  a p ip e l ine sys t em in 
this f i e l d  with a ll appurt enanc e s  has b een in the range from $ 1 0  
to $ 1 2  per  KW o f  conne c t e d  cap a c i ty . C o s t s  inc lude insul a t ion , 
cons i s t ing o f  a 2 - inch fiber g l a s s  b l anket w i th a cover o f  4 8 -
pound - g rade asb e s t o s  f e l t  having an asbe s t o s  backing . 

P l ant C o s t s  

Tab l e  2 1  s hows p l ant ins t al l at ion c o s t s  in  t he G ey s e r s  F i e l d  
decl ining from $ 1 4 1  per  KW fo r uni t s  1 and 2 t o  $ 1 0 5  p e r  KW for 
uni t s  5 and 6 .  

In  1 9 6 8 , the average produc t i on cos t s  for the G eys e r s  p l ant s 
was 2 . 7 5 mi l l s  per  KWH . I t  is  e s t imated that the op e r a t ing c o s t s  
for p l ants  5 and 6 wi l l  average 0 . 4 5 mi l l s  p e r  KWH . McMi l l an 
e s t imat e s  t o t al c o s t  p er KWH a t  the Geys ers  as  fo l l ows : 

2 . 6 6 mi l l s  = s t e am c o s t s  del ivered t o  p l ant p e r  KWH 
0 . 4 5 m i l l s  = operat ing c o s t s  per  KWH 
1 . .  8 0  mi l l s = cap i t a l  c o s t s  p e r  KWH 

4 . 9 1 mi l l s  = t o t a l  c o s t s  

Cons iderat ion o f  infl a t i onary and o ther fa c t ors  evo lving s inc e the 
pub l i ca t i on of McMi l l an ' s paper  in 1 9 7 0  wou l d  p la c e  p r e s ent t o t a l  
costs  at 5 . 2 5 mi l l s  p e r  KWH . 

Spe c i a l  P rob l ems 

The re  are  a numb e r  o f  prob l ems that may a c t  a s  d e t errents  to 
companies cont emp l a t ing geo thermal exp l or a t i on . One of t he s e  i s  
the l ong de l ay b e tween t h e  t ime o f  comp l e t ion o f  the f i r s t we l l  
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TABLE 21 

TH E GEYSERS FI E LD 

Capacity Total Cost Cost per 
Unit ( MW) ( Mill ions $)  KW 

1 -2 27 3.8 $ 1 4 1  

3-4 56 6.4 1 1 4 

5-6 1 1 0 1 1 .6 1 05 

and the t ime that th e p l ant goes  on produc t io n . The co s t  o f  p l an t  
cons t ruc t ion i s  t h e  l arg e s t  i t em i n  the dev e lopment o f  geo thermal 
power , and the turb ine s , b ecaus e of special  cons t ruct i on , mus t  b e  
ordered s everal  ye ars i n  advance . S ever al confirma t ion we l l s  ( s emi 
exp l o r atory) are usual ly needed b e fore  ini t i a l  s tep s are taken t o  
bui l d  t h e  p l an t . I n  the Geys ers F i el d ,  s ome we l l s  dr i l l ed 5 years 
ago are not  yet  on pro duct ion at this wr i t ing . I t  i s  e s t ima ted  
that the re will  be about a 2 -year de l ay for we l l s  cur r en t l y  b e ing 
dri l l ed . 

A s econd p rob l em i s  tha t o f  dis s o lved minera l s . O f  a l l  the 
exp loratory we l l s  that have b e en dri l l ed to date in the  Un i t e d  
S t a te s , only t h e  G eys ers  has b een r e l a t ive ly fre e  o f  d i s s o lved 
minerals  in the e ffluent . One of the b e s t  examp l e s  of the prob l em 
can b e  s een in the N i l and o r  But tes  F i e l d  in  the S a l ton  S e a  are a  
o f  t h e  Imp e r i al Val l ey , where al l we l l s  produce a br ine with  about 
2 5 - p ercent s a l t s , creat ing prob l ems of corro s i o n , s ca l ing and 
e ffluent d i s p o s a l . S c a l ing (dep o s i t i on o f  CaC03 , o r  S i 0 2 ) ,  i s  a 
pro b l em in nearly every we l l  tha t has p roduce d  h o t  wat e r . Other 
cons t i tuen t s  of geo thermal fluids are hydrogen s u l f i de , fluorine , 
boron , carbon dioxide  and ars enic . The b e s t  s o lut ion to s ca l ing 
app ears to be the "hea t exchange" me thod where  the produced hot  
fluids are kep t unde r  pres s ure and re turned t o  the ground . Corro s i on 
c an b e  due t o  ac i d i c  o r  alkal ine cond i t ions . 

At the Geys ers , ammonia and b o ron are pres ent in  the s te am 
e ff luent in  sma l l  quant i t i e s , and b ecaus e o f  this  the fluid i s  
current ly , and wi l l  cont inue t o  b e , inj ected  into o therw i s e  unus ed 
we l l s  on the e dg e  of the fi e l d . 

The d i s s o lved miner a l s  in the e ffluent , in  add i t i o n  t o  c aus ing 
prob lems with the operator ' s  equipment , are a l s o  a s ourc e o f  p o l l u 
t ion . Boron i s  harmful t o  agr icul ture and ammon i a  i s  inj ur i ous 
to smal l f i s h  l i fe . 

A third prob l em invo lves no i s e  from g e o t hermal op e r a t i ons dur 
ing the dr i l l ing and t e s t ing o f  we l l s  wh ich c an b e  annoying t o  near 
by res i dents . The no i s e  o f  s te am e s cap ing from the d i s charge l ine 
can be deafening at  c l o s e  d i s t ance due to t remendous veloc i t i e s  
o f  f l ow .  T o  remedy t h i s  prob l em ,  mufflers  have b een des i gned and 
are b e ing improved . 
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Revi ew o f  Al t ernat ive U s e s  o f  Geo the rmal Energy and 
The ir  Economi cs 

Geo thermal s t e am has b e en put to many us e s . I n  the l a t t e r  
part o f  t h e  1 9 th c entury many hea l th res o r t s  and spas  u s e d  natural 
hot springs . The s u l furous waters  were b e l ieved t o  have a heal ing 
effect on many i l lnes s es , e s p ec i a l ly mus cu l ar a i lments  and rheuma 
t ism . The hot wat ers  were a l s o  b o t t l ed , f l avored  and s o ld for 
int ernal human consump t i on . 

I n  des ert  areas , c ondensate  from fumaro l e s  and s te am he lps 
local growth of abundant gras s for graz ing . At Beowawe , Nevada , 
thi s  i s  the s o l e  us e at  the pres ent t ime . 

Space heat ing has b e en attemp ted in s ome are a s , the mos t  
no tab l e  o f  wh ich i s  at  Klamath F a l l s , Oregon , whe r e  over 3 5 0  we l l s  
have b e en comp l e t ed with  heat exchange sys t ems . Each we l l  i s  
cas ed , perfo rated , and h a s  a U - shaped l ength o f  p ip e  ins e r t e d . 
The we l l  i s  then s e a l ed around the p ip e  and c o o l  wat e r  i s  c ircul a 
ted down - we l l  in the p ip e . There i t  i s  heated natur a l ly and c ar r i ed 
by thermo - syphon to t aps and radiato rs . Re s e rvo i r  t emp er a ture at  
a depth o f  a few hundre d  feet  i s  about 2 3 0 ° F . P e t e r s on and Groh 
es t imate heat w i thdrawal by heat  exchang ing in the s e  we l l s t o  b e  
3 , 0 0 0  t o  4 , 0 0 0  BTU ' s p er s e cond . 4  S tructur e s  heated b y  thi s  method 
in  Klamath Fal l s  include s choo l s , s hop s and homes . Sp ace  heat ing 
al s o  ut i l i z e s  s t eam at Bo i s e , I daho , and Ca l i s to g a , Ca l i fornia . 

Sma l l  communi t i e s  in Nevada , Ca l i fo rn i a , Oregon and I daho us e 
geotherma l wa ter t o  s upp ly heat for greenhous e s . At  S t e ambo at 
Springs , Nevada , the hot  wat e r  i s  us ed in  t he manufac ture o f  p l as t i c  
exp l o s ive s , b u t  i t  i s  no t sui t ab l e  f o r  l ar g e - s c a l e  ut i l i z at i on . 

Al l o f  the abov e - ment ioned us e s  app ear  t o  b e  l e s s  attract ive 
and l e s s  pro f i t ab l e  at pr e s ent than powe r genera t i on . Areas o f  
high - brine concentrat ion , such a s  the Sal t on S e a , o ff e r  many b r ine 
forme d mine r a l s  that could b e  marke ted  i f  the p r i c e  were c ompe t i t ive 
with o ther s ourc e s . The s e  minerals  inc l ude , amo ng o thers , p o t a s s ium 
chlor ide , calc ium ch loride  and l i thium chloride . 

Des a l ini z a t ion o f  s a l t  water has b een p r op o s ed by Rex in the 
Imp eria l Va l l e y . 5 He s ugg e s t s  that it could be feas i b l e  to deve lop 
as much as 1 0  t o  1 5  mi l l ion acr e - fe e t  per  year of b r ine product ion 
in the Imperial  Val ly , y i e l d ing at l e as t 5 t o  7 mi l l ion acr e - fe e t  
p e r  year o f  d i s t i l l ed water and 2 0  to 3 0  thous and MW o f  e l e c t r i c  
power . 

Alan D .  K .  L a i rd is  currently conduc t ing e conomic s tudies at 
the Univer s ity of Cal i fornia in Berke l ey on the co s t s  o f  d e s a l ini z a 
t i on .  Pre l iminary e s t imat e s  b y  the React o r  Techn o l ogy G roup o f  
the Oak Ridge Na t i onal Laborat ory sug g e s t  that i f  e l e c t r i c i ty we r e  
s o l d  at  3 . 6  mi l l s  per  KWH , wat e r  could b e  produced f o r  $ 0 . 1 0 p e r  
1 , 0 0 0  gall ons . Howeve r ,  i t  i s  very unl ikely that power c an b e  
produc ed t h i s  cheap ly .  
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Explo r at ion T ec hn ique s  

A t  the pres ent t ime , bas i c  exp lo ration me thods a r e  mos t 
commonly us ed in exp l o r ing for geo thermal r e s ourc e s . Ar e a s  o f  
young , vo l canic  rocks are s ought and mapped . Ho t s p r ings , fumaro l es 
and areas  o f  sur fac e heat a l t erat ion are not e d . Spr ings are  s amp l ed 
and wate r  analyz ed fo r d i s s o lved mineral content that may indicate 
the pres ence of ho t fluids at  reas onab l e  dr i l l ing d epths . Magne to 
me t e r  and grav i ty surveys are made c overing t he areas  o f  interes t .  
I n  s ome , shal l ow ho l e s  have b e en dr i l l e d  t o  o b t a i n  s ub - surfa c e  
temperatur e s  dat a .  

New t e chn ique s  have b een deve l oped in the p a s t few years  tha t 
may b e  us e ful in the future in  loca l i z ing g e o thermal p r o s p e c t s . 
S everal new geophy s i cal t o o l s  have p o t ent i a l , including e l e c t r i c a l  
res is t iv i ty surveys (wh i ch have already had s ome s ucc e s s  i n  New 
Z e aland ) , micr o - ea rthquakes and low amp l i tude s e i sm i c  s urveys . 

Remo te  s en s or s  o ffer a quick way t o  g e t  an ove ra l l  p i c tur e o f  
a l arge a r e a  and t o  p inpo int areas f o r  further d e ta i l ed work . 
Thi s  typ e o f  survey may b e  e ffec t ive in inacc e s s ib l e  areas s uch as 
j ungl e s , rough t re e - covered t e rrain and areas  w i th poor outcrop s . 
Infrared s urveys at  the G eys ers , Cas a D i ab l o  and o ther known areas 
of g e o thermal produc t ion have che cked the known hot s p o t s  and 
mapped them in greater  de t a i l  in s ome ins t ance s  than can b e  done 
with on- gr ound inspe c t i on . 

Impact o f  New Techno l ogy 

Many o f  the exp l o r ato ry we l l s  dri l l e d  to date  have d i s covered 
s te am and ho t wa t e r , but with too  low a t emp e ra ture t o  j us t i fy 
the cons t ruct ion o f  a convent ional geo thermal s t eam g enerat ing 
p l ant . Many of the s e  s ame we l l s have a l s o  produc e d  fluid that 
caus e s  s c al ing by prec ip i t at ion of s i l i ca and c a l c ium .  

At th e pres ent t ime , a p i l o t  p l ant has b e en d e s i gned and may 
be put in opera t i o n  at Brady , Nevada , to t e s t  the fea s ib i l i ty o f  
us ing a heat exchange sys t em to produce p ower . I n s t ead o f  us ing 
s te am t o  drive the turb ines , isobutane in a c l o s ed sys tem is heated 
by ho t geo thermal wat e r  and flashed t o  vapor . I n  t h i s  p l ant , the 
hot water from wel l s  wi l l  enter the p l ant at a t emper ature o f  3 2 5 ° F  
and b e  dis charged and re inj ected  b ack int o a we l l  a t  a l e s s er 
temp erature under pres sure . 

The heat exchange sys t em ,  i f  succ e s s ful , c an b e  us e d  in  a 
numb er o f  areas in  the wes t ern Uni t e d  S t at e s . 

Summary and Conc lus ion 

An e s t imat e  has b e en made of the  amount o f  g e o thermal  power 
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that wi l l  b e  ava i l ab le in 1 9 7 5 , 1 9 8 0  and 1 9 8 5  and the c o s t  o f  de 
veloping th i s  power . An 8 5 - p erc ent load factor has  b e en us ed . 

Power Ca�ac i tr in Megaw a t t s  
Cos t �er KWH 1 9 7 0  1 9 7 5  1 9 8 0  1 9 8 5  

$ 0 . 5 2 5  8 2  1 , 5 0 0  4 , 5 0 0  7 , 0 0 0  
$ 0 . 5 7 5  4 , 0 0 0  7 , 0 0 0  
$ 0 . 6 2 5  2 , 0 0 0  5 , 0 0 0  

The s e  figur e s  are b a s e d  on the exper i ence factor  a t  the Geys ers  
Field  in  Northe rn C a l i fo rn i a  where  1 9 2  MW are currently b e ing pro 
duced , whe re  1 0 0  MW wi l l  be added each year for the next few years 
and very l i kely through 1 9 8 5 . A numb er of o ther are as in  t he 
we s t e rn s t at e s  have favorab l e  s ur face ind icat ions s uch as fumaro l e s , 
ho t springs and recent vo l c anic rocks . Over 2 0 0  exp l oratory we l l s  
have been dr i l l ed for g eo thermal energy t o  dat e . Mo s t  o f  the s e  
we l l s  encountered ho t wat e r  and/ o r  s t e am ;  but i n  many c a s e s  con 
taminant s in the form o f  b r ine , CaC03 s c a l ing , ars en i c  and b o ron 
have pr event ed commerc i a l  deve lopment t o  date . O ther  exp loratory 
we l l s  were  not dr i l l e d  d e ep enough . A numbe r  o f  h o t  areas  have 
ye t to be dri l l ed . New t echno logy ( i . e . , heat  exchanger s ) may 
enabl e  ho t wa t e r  with l ower t emp eratures than in the fi e l ds now 
be ing developed to b e  succes s fu l ly us ed for energy p r o duct ion . 

Encour ag ing fac t o r s  for geo therma l power devel opment are ( 1 )  
low c o s t , ( 2 )  the ava i l ab i l i ty o f  large areas for pro s p e c t ing in
cluding the re cently opened federal l ands , ( 3 )  the s upp o r t  of the 
Federal Gove rnment in res e arch and p o s s ib l e  supp o r t  i n  exp l o ratory 
dr i l l ing operat ions , and ( 4 )  comparat ive non - p o l lut ing qua l i t i e s . 

Negat ive facto rs , mo s t ly minor , are ( 1 )  the co s ts and t ime l ag 
invol ved from d i s c overy t o  g enerat ing p l ant and transm i s s ion l ine 
comp l e t ion and ( 2 )  the opp o s i t i on of over - enthus ias t i c  env iron 
mental i s t s . 

Donal d  E .  Wh i t e  predicts  that for every vap o r - dominated geo 
thermal sys t em d i s covered there wi l l  b e  2 0  ho t wat e r  sys t ems found . 6 
As there  are no ho t wat e r  system fie lds not on p r o duc t io n  in  the 
Un ited State s , we have no c o s t  data for compar i s on w i th t he Geys ers . 

A compar i s on o f  g eo thermal power cos t s  w i t h  other  s our ces  o f  
power indicates  that on a KWH bas i s , geothermal p ower i s  cheap er 
than fo s s i l  fue l , s l i ght ly cheaper than nuc l e ar , but  a l i t t l e  more 
expens ive than hydropower .  The l at t e r  s ource i s  very l im i t ed due 
to the s carc i t y  of und eve loped dam s i t e s  in the Un i t ed S t ate s . The s e  
comparis ons sugg e s t  that any new g eo thermal f i e ld s  d i s covered s hould 
find a r eady marke t and t ha t  exp l orat ion for this  typ e o f  energy 
should be encouraged . 
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C ompar i s on o f  Cos ts  for Geo therm a l  
and Other Sources o f  P ower 

G e o therma l 
Thermal  
Nuc l ear 
Hydropower 

Kaufman 
Mi l l s / KWH 

5 . 2 5 
6 . 1 4  
5 . 4 9 
4 . 7 8 

LONG - RANGE POTENT IAL FOR GEOTHERMAL ENERGY RESOURCE S  I N  THE 
UNI TED S TATES 

This  s ec t i on a ims  at  def in ing how import ant geo thermal energy 
may b ecome in the Uni t ed S t at e s  from a long - range po int of v i ew . 
A b road g e ophys i c a l  appra i s a l o f  the r e l evant heat  p henomena in the 
crust  is p r e s ented . 

Mo s t  o f  the pub l i shed appra i s a l s  o f  geo thermal energy are re 
s tr i c t e d  t o  hydro thermal sys t ems of rather l o c a l  ext ent , whi ch 
probab l y are r e l ated  t o  sha l l ow vo l can i c  act ivi ty . D .  E .  Whi t e  has 
made an app r a i s a l  of wor l d  geo therma l res ourc e s , part i cu l a r l y  
tho s e  in the Un i t ed S t a t e s , b y  focus ing on such l o c a l i z ed hydro 
therma l s y s t ems and proj e c t ing from current dev e lopments . 2 5  C .  J .  
Banwe l l  has g i ven e s t imates  for the wor l d  p o t en t i a l  o f  l o c a l i z e d  
hydro thermal r e s ourc e s , r e l at ing the ir heat  f l ow t o  t h e  r a t e  o f  
Pac i f i c - typ e vo l c an i sm . 8  

On the o ther hand , s ome inve s t i gators  have drawn at t ent i on 
to the geo thermal r e s ources  o f  d e ep s ed iment ary bas ins . T .  Bo l d i z s ar 
has d i s cus s ed the vas t geo thermal r e s ourc e s  o f  the Hungari an b as i n ,  
where  at pres ent there are 8 0  l ow- entha lpy geothermal we l l s  de 
l ivering energy at  a t o t a l  rate equival ent t o  4 4 0 , 0 0 0  KW . 1 1 I n  the 
Uni t ed States , R .  W .  Rex and c o l l aborators have b e en inve s t i gat ing 
the geothermal re s ourc e s  of the Imp e r i a l  Va l l ey are a - - which c om 
bines featur e s  o f  a l o c a l i z ed hydro thermal sys tem and o f  a s edi 
mentary b a s i n - - and have extended a s im i l ar reas o ning t o  o ther s ed i 
mentary bas ins . 2 0  

The fo l lowing t abulat ion s ummar i z e s  the var ious power e s t imates  
wh i ch are  ment ioned in the  text . 

Comparison of Orders of Magnitude 
of Certain Power Es timates 

Geo thermal Energy Flow At Surface--
U . S . A. Land Areas 

Power Consump t ion U . S . A . -- 1 9 7 0  
Geothermal Energy Flow--Earth ' s  Surface 
Power Consump tion Wor1d--1968 

s o  

Power 
(Watts x 10

12 ) 

0 . 58 
2 . 27 

26 . 0  
5 . 6  

Quadrillion 
BTU (1015 ) 
P er Year 

1 7  
6 3  

7 7 7  
1 6 7  



Var ious heat e s t imat e s  ment i oned in the text  are summar i z ed 
in the tabulat ion b e l ow .  

Although r e lying heavily  on pub l i s he d  info rmat ion , thi s rep ort  
is  not  a c omp i l at i o n  o f  op inions , but rathe r an  i ndep endent as s es s 
me nt o f  the prob l em . We have b ene fi t ed much by d i s cus s ions with 
Gunnar Bodvar s s o n ,  W.  C .  D iment , Ar thur Lachenburch , R.  W.  Rex and 
Dona l d  Wh it e .  

Comparison o f  Order s  o f  Magnitude 
o f  Certain Heat E s t imates 

(Calor ies x 1020) 

In Situ Sens ibl e  Hea t* o f  Lo cali zed 
Hydro thermal Sys t ems , to 3 km ( 1 . 9 miles ) 
Dep t h--U . S . A .  

In Situ Sensible Hea t* o f  Localized 
Hydr o therma l Sys t ems , to 10 km ( 6 . 2 
miles ) Dep th--U . S . A .  

In Situ S ensible Heat* o f  High-Enthalpy 
Inter s t it ial Wat er s  in S ed imentary 
Bas ins Deep er than 4 km ( 2 . 5  miles )- 
U . S . A. 

In Situ S ensible and Lat ent Heat* o f  
Magma Chambers Reaching to Few Kilo
meters from Surface--U . S . A .  

In Situ Sensible Heat* o f  Low-Enthalpy 
Inter s t i t ial Waters in Sedimentary 
Bas ins Shallower than 4 km ( 2 . 5  mile s ) - 
U . S . A .  

In Situ S ensible Hea t* o f  Cratonic and 
Platform Rocks to 10 km Dep th ( 6 . 2  
mile s ) --u . s . A . 

In Situ Sensible Heat o f  High-Enthalpy 
Inter s t i tial Wat er in a S ed imentary 
Co lumn 1 km Thick , 100 km x 100 km in 
Area (2400 cub ic mile s )  

Heat of Combus t ion o f  1 Million Barre ls 
of Oil 

1 . 4  

7 

160 

300-1 , 000 

1 , 600 

50 , 000 

1 
0 . 000014 

* With respect t o  sur face t emperature as datum . 

Heat 
Quadr illiog 
BTU ' s (101 ) 

560 

2 , 800 

64 , 000 

120 i 000-400 , 000 

640 , 000 

2 0 , 000 , 000 

396 
0 . 0058 

Broad Aspe c t s  o f  Earth ' s  The rmal  Cond i t ions in C rus t and 
Upp er Man t l e  

Temp erature obs ervat i ons in we l l s  and und ergr ound ex cavat ions 
demons t rate that t emperature incr eas e s  w i th dep th .  Mo r eover , gen
eral ly ac cep t e d  vi ews about the cons t i tut i on of  the  earth indicate  
that the temp erature c ont inues  to incre a s e  s t ea d i l y  t owards the 
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earth ' s  c en t ral r e g i on . As a resu l t , there i s  a general  p a t t e rn 
o f  heat f l ow from the e arth ' s  inte r i o r  t owards the s ur fac e . 

The p ower rep r e s ented by the flow o f  heat  r eaching the ent i r e  
earth ' s  surface i s  o n  t h e  order o f  2 . 6  x 1 0 1 3 wat t , wh i ch , al though 
sub s t an t i a l , is no t too  much l arger than the pres ent r a t e  o f  energy 
consump t i on by man ' s act ivi t i e s , namel y  about 5 . 6  x 1 0 1 2 watt . 
The rate o f  energy consumpt ion in the Un i t e d  St at e s  for 1 9 7 0 - - in 
clud ing coal , o i l , g a s  and water power - -was equ iva l ent t o  a power 
of about 2 . 2 7 x 1 0 1 2 wat t , in compar i s on t o  5 . 8  x 1 0 1 1  wat t  fo r 
the heat f l ow in  the ent ire  Uni ted S t a t e s . Inasmuch a s  the average 
rate o f  geo thermal heat f l ux per  square k i l ometer  on c ont inent a l  
areas i s  equival ent t o  about 6 3  KW, a large  ar e a  i s  requi red t o  
o b t a i n  an appre c i ab l e  amount o f  geo thermal p ower by int e r s e c t ing 
the heat flow . 

Mo r eover , as the fl ux o f  geo thermal energy per  uni t  area i s  
only a smal l frac t ion o f  the radiat i on energy r e c e ived from the 
sun , it may s e em ,  in a casual ana ly s i s , that geo the rma l energy may 
no t have as high an u l t imate p o t ent i a l  fo r produc ing powe r fo r 
man ' s ac t iv i t i e s  as the sun ' s rad iat ion . 

Howeve r ,  the s ens i b l e  heat o f  the cru s t a l  ro cks repre s en t  a 
heat re s ervo ir o f  cons iderab l e magni tude . That i s , the r e l a t iv e ly 
smal l rate o f  heat f l ow i s  compens a ted by s uch s torage . The 
oppos i t e  o c curs w i th s o l ar energy - - a  r e l a t ively l arge  heat  f l ow 
but almo s t  no s t orage . I f  heat is  wi thdrawn from a c ertain  vo lume 
o f  rocks , in general it would  take cons iderab l e  t ime for the 
tempe ratur e s  t o  prac t i c a l ly regain the i r ini t ia l  values . The t imes 
tha t are invo lved may run into the thous ands o r  mi l l ions of 
years . 1 3 ' 1 4 Becaus e  o f  thi s , th� pro c e s s  has b e en r e ferred  to as 
"min ing the heat . "  

The he at  fl ow i s  far from uni fo rm over the earth ' s s ur face and 
may vary by as much as 1 : 1 , 0 0 0 . Ther e fore , l o c a l  areas  wi th much 
highe r - than - normal heat flow are of s p e c i a l  s i gni fi c ance for powe r 
generat ion . Such " ho t  s p o t s "  have b e en found in vo l canic areas o f  
recent t e c t onic  act ivity . Also , perhaps they may occur i n  areas 
under l ain by mant l e  rocks of an exceptionally h igh thermal con 
duc t ivity . 

To measure heat f l ow a uni t  des i gnated as a h e at flow uni t  
(HFU) , equal t o  1 mi l l ionth calorie  p er s quare c en t ime t e r  p e r  
s e cond ( l o - 6 c a l  cm- 2 s e c  - 1 ) * has b e en introduced i n  the l i t eratur e 
and i s  to b e  us ed for the value s  o f  geotherma l heat fl ow g iv en in 
this pap er . 

Lub imova , comment ing on the more than 2 , 6 0 0  heat f l ow d e t er 
minat ions tha t were ava i l ab l e , ind i cated a g eome t r i c  mean o f  1 . 3 6 
HFU for t he cont inental areas and a g eom e t r i c  mean o f  1 . 2 7 HFU for 

* (Equ ival ent to 0 . 4 1 9  x 1 0 - 5 watt cm- 2 . )  
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oceanic  areas . 1 9  The g l ob a l  "norma l "  value wou l d  b e  in  t h e  r ange  
o f  1 . 2  to 1 . 5  HFU . 

Lee  and Uyeda 1 8  and Roy e t  al . 2 1 summari z ed heat f l ow deter 
minat ions in  the Uni ted S t at e s , cons id ered re l iab l e  for the purp os e ,  
and categor i z ed them according to maj o r  phys io graphic p r ovinces .  
The average heat - fl ow va lue reported for the I n t e r i o r  Lowl ands i s  
1 . 2 5 ± 0 . 1 8 s . d . * HFU , with ind ividual values about 4 0  percent 
higher than in the Canadian Shie ld , whe re they range f rom 0 . 6 9 t o  
1 . 0 7 HFU with an averag e o f  0 . 8 8 ± 0 . 1 3 s . d .  HFU . I n  the App al a 
chi an sys tem the heat flow range s  from 0 . 7 3 t o  1 . 4  HFU , w i t h  an 
average o f  1 . 0 4 ± 0 . 2 3 s . d . HFU . In the Cordi l l e ran reg i on , whi ch 
i s  defined in this  cas e as the area west  o f  the Ro cky Moun t a in 
front t o  the Pac i fi c  Coas t ,  the heat f low rang e s  from 0 . 6 2 t o  5 . 3 2 
HFU , wi th an ave rage o f  1 . 7 3 ± 0 . 5 3 s . d .  HFU . I n  genera l , the  
C ord i l l eran re g i on has  the highe s t  heat - f low values  of  the  above 
ment ioned four provinc e s . I n  part icular , the Bas in and Range P rov 
inc e has va lues gener al ly l arger than 2 HFU . 

Mo re rec ently , Roy e t  a l . ,  us ing about 1 3 5  new heat  f l ow 
measurements ,  further defined the out l ine o f  thermal p r ovinc e s  in  
the United States . They attribut e the  areal var i ab i l i ty o f  the  heat  
f l ow within a g iven provinc e ma inly t o  areal  var iab i l i ty of  the b e d 
rock radioact ivity , and re g i onal deviat ions o f  t he mean h e a t  flow 
within a province from the " no rmal "  o r  over a l l mean to t emp e ra ture 
anoma l i e s  at  the crus t - mant l e  boundary . For  ins t anc e , the high 
heat - f l ow values for the  Bas in and Range Provinc e would  be  due t o  
abnormal l y  h i g h  t emperatur e s  at  the bas e o f  t h e  crus t . They 
attr ibut e the large areal fluctuat ions of heat  f l ow in New En� l and 
and New York to areal  fluc tuat i ons o f  b edrock rad i o a c t iv i ty . 2 

Birch , Roy and Decker have demons trated the exi s t ence  o f  a 
stat i s t ical  l inear r e l a t i on b e tween the sur fac e heat  f l ow ,  deno ted 
by Q ,  and the rate  of rad i oact ive heat produc t ion in  s ur face  rocks , 
denoted by A ,  o f  the typ e 

Q = a + bA � 

where a and b are cons t ant s . 9  We no t e  that b has the d imens ions o f  
dep t h ,  s o  i t  c an b e  cons idered to be an e ffect ive depth o f  the d i s 
t r ibut ion o f  radi oact ivity . The HFU i s  u s e d  for  b o t h  Q and a �  the 
unit  fo r A is l o - 1 3 cal cm- 3 s e c- 1 , and for b i s  em . Such a l inear 
re l at i on can b e  fore s e en by cons ider ing heat - fl ow mod e l s  ( G ro s s l ing , 
1 9 5 1 , p .  4 9 ) . 1 3 

For  the d i s t ri but i on o f  radioac t ivity with depth , two func t ions 
have been prop o s ed : 2 1 , 2 0  ( 1 )  radioact ivity c ons t ant down t o  a depth 
b ,  and ( 2 )  rad ioac t ivity decreas ing with t he dep th z as exp ( -x/b ) . 
In  the s e cond mode l , b c an be v i ewed as an effect ive dep th o f  the 
d i s tr ibut ion . 

* s . d .  = s tandard devi at ion . 
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Roy e t  a l . have inve s t igated the sur face d i s t r ibut ion o f  heat  
flow in the  Uni t ed S ta t e s , and have analy z ed i t  us ing the l inear 
r e l ati on ( 1 ) . 2 1 , 2 2. They d i s t ingu i s h , b a s e d  on a categor i z at i o n  o f  
" re duc e d" he a t  flow values - - that i s , the s ub c ru s t a l  comp onent o f  the 
he at f l ow c a l culated  by the r e l at ion a = Q - bA - - thre e  maj o r  geo 
thermal provinc e s : 

• Eas t e rn Un i t ed S t ate s , a = 0 . 8  ± 0 . 1  HFU 

• B a s i n  and Rang e Prov ince , a = 1 . 4  ± 0 . 1  HFU* 

• S i erra Nevada P rovinc e , a = 0 . 4  ± 0 . 0 4 HFU . 

For the Franc i s c an b l o ck e a s t  o f  the S an Andre a s  fau l t , in the 
P ac i f ic Coas t Rang e s , very high values o f  a are found , name ly 1 . 9 -
2 . 1  HFU . 2 6 The rather narrow range of var i at i on o f  t he a va lues  
within e ach o f  the s e  provinc e s  sugge s t  that  the heat  fl ow from the 
mant l e  is con s t ant w i thin each province . 2 2  

The prosp e c t s  o f  geo the rmal energy s e em t o  b e  part icul a r ly 
int e re s t ing where the heat flow i s  reg iona l ly high , s ay greater  
than 1 . 5 HFU . In  the Uni t ed S t a t e s , the s e  areas  are found mainly 
in the We s t .  The Northern Rocky Mountain Provin·c e i s  chara c t er i z ed 
by uni formly high values , ave rag ing 2 ± 0 . 1  HFU . The C o lumb ia 
P l at e au may a l s o  be a h igh heat - flow ar e a . I n  the  s outhern Ro cky 
Mounta ins the heat - fl ow values are general ly l arger than 1 . 6  HFU . 
I n  the Bas in and Rang e P rovince they are uni fo rmly h i gh , g eneral ly 
over 1 . 5 H FU ,  and averag ing about 2 HFU . Other h i g h  heat - f l ow 
areas i dent i f i ed in the We s t  are : the Franci s can b e l t  e a s t  o f  the 
San Andr eas  fau l t , the B l ack H i l l s  and p a r t s  of e a s t e rn Wyoming . 

Now , wh en apprais ing the s ign ifi cance for g e o thermal energy 
o f  a re g i ona l  exc e s s  heat f l ow over the normal value , i t  i s  very 
important to di s t ingu i s h  whether the exc e s s  heat o r i g inat e s  in the 
radioac t iv i ty of crus t a l  l ayers or whe ther it o r i g inat e s  h i gher 
than - no rma l temp e rature at the crus t - mant l e  boundary . S imp l e  mode l s , 
in wh ich a un i fo rm d i s t ribution o f  radi oac t ivi ty and cons t an t  ther 
ma l conduc t iv i ty are as sume d , are us e ful . 1 4 , 1 7  For a rad i o ac t ive 
cru s t , the s t e ady - s t ate  exc e s s  t emperature incr e a s e s  a s  a quadrat i c  
funct i on o f  depth , with t h e  gradi ent s t eadi ly decreas ing t o  a z ero 
value at the base of the radioact ive laye r . On the o ther hand , for 
an exc e s s  heat from the mant l e . the s t eady - s ta t e  exc e s s  t emp e rature 
increas e s  l i ne arly with depth throughout the c rus t . 

Speci fical ly , we can assume a cons tant thicknes s  o f  the radi o 
act ive crus t ,  and two a l t erna t ives ab out the o r i g i n  o f  t he exc e s s  
heat : ( 1 ) due to an exc e s s  o f  radi oact ive conten t , as compared t o  
the norma l crus t , and ( 2 )  due to a n  exc e s s o f  heat  f l ow from t h e  
mant l e  a s  compared t o  the normal condit ion . For the s e  a s s umpt ions , 
it  can re adi ly b e  s hown that the t emp e rature s throughout the crus t 
would be higher when the exces s heat c omes from the mant l e , this  to 
the ext ent that the exc e s s  t empe rature at  the b a s e  of the rad io 
ac t ive c rus t i s  twi ce that when the exc e s s  heat o r i g inates in the 

* Exc luding s ome h i gh value s attr ibut e d  to l oc a l  anoma l i e s . 
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radioactivity o f  the crus t . Moreover , the to t a l  amount o f  heat 
s tored as s en s i b l e  heat in the radioact ive c rus t i s  5 0  p ercent 
greater when the exc e s s  o r i g inat e s  in  the mant l e  than when i t  
orig inat e s  i n  the radi oact ive crus t .  Mor e  c omp l ex s i tuat i ons can 
al s o  b e  cons idered . However , the s imp l e  mode l s  are enough t o  s how 
t�at high " r e duced" heat - fl ow areas are more imp o r t ant , b ecaus e o f  
h1gher crus tal  temp eratures , than areas where  there i s  h i g h  heat 
fl ow becau s e  of an exc e s s  crus t a l  radi o act ivi ty . 

Cal cul at ions on theoret ical  mode l s  ind i c a t e  that the t imes  re 
qu ired t o  prac t i ca l ly reach the s teady - s t a t e  for the d imens i ons o f  
the crust are a t  l e a s t  o n  the o rder o f  5 0  t o  1 0 0  m i l l ion years . 
That i s , s inc e geo s ync l inal b e l t s  can undergo orogen i c  cyc l e s  at  
shorter t ime interva l s , devi a t i ons from the s te ady - s t ate  may be  
impor tant . I f  one examines the  way the  t emp er ature bu i ld s  up for  
the  two above -ment i oned mo de l s  ( Gros s l ing 1 9 5 9 , F i gures  12  arid 1 3 j ; 
i t  can be e s t ab l i shed that the t emp eratur e s  in the deep e r  p a r t s  o f  
the crust increas e s omewhat fas t er for the model when the exce s s  
heat orig inat e s  i n  the man t l e  than when i t  o r i g inat e s  i n  the crus t , 
thus add ing s omewhat t o  the advantag e , from the p o int o f  v i ew o f  
g eothermal res ourc e s , o f  high "reduc ed" hea t - f l ow areas . 

The Bas in and Range Province i s  part i cu l ar ly imp o rtant for 
geo the rmal energy . As Roy et al . have s hown , it has a very h i gh " r e 
duced" h e a t  flow ( 1 . 4  HFU , i n  com�arison t o  0 . 8  HFU in  t h e  eas t ern 
Uni t ed S tates , fo r instance ) . 2 1 ' 2 On the o ther hand , the exc e s s  
heat f l ow i n  the s outhern Rocky Mountains s e ems t o  o r i g inate i n  an 
exc e s s  o f  crus t a l  rad i oact ivi ty . 1 2  

A Geo thermal Survey o f  the Uni t ed S t a t e s  

I n  making an app r ai s a l  o f  t h e  geo therma l res our c e s  o f  the 
Uni t ed S tates , the f i r s t  t as k  woul d  b e  to de fine i t s  maj o r  the rmal 
provinc e s . To do t h i s  would require  a greater numbe r  of re l iab l e  
hea t - f l ow measur ements than a r e  now ava i l ab l e , no t merely  t emp e r a 
ture gradient s . The work alre ady done , ment i oned in t h e  foreg oing 
d i s cus s ion ,  demons trates  t he ex i s t enc e o f  the rmal provinc e s , but 
the ir  boundar i e s  are no t suff ic ient ly well defined , nor i s  i t  
l ikely that a l l  the provinces have already b e en recogni z ed . For  
such de fini t ion i t  would b e  valuab l e  to have a grid  o f  he a t - f l ow 
measurement s ,  made at carefu l ly s e l ec t e d  s i t e s , us ing s u i t ab l e  
techni qu e s , and fo l l owed b y  the nec e s s ary r e duct i ons  and correc t i ons . 
The grid could cons i s t  of about 3 , 0 0 0  g e o the rmal ho l e s  spread on 
a s quare grid at about 3 0 - m i l e  spac ing and about 5 0 0 - fo o t  depth . 

We no t e  that at pres ent the numb er o f  heat - f l ow measurements 
in the Uni t ed S t a t e s  cons idered rel iab l e  by heat - f l ow exp e r t s  is  
only a l i t t l e  over 2 0 0 . Inc luding tho s e  in p r ep arat i on , they may 
amount to only about 3 5 0  meas urements . 2 � By now the b ac k l o g  o f  
sui tab l e  da ta from deep we l l s  dr i l l ed in  the p as t ,  o n  wh i c h  such 
data ha s much dep ended , i s  prac t ical ly exhaus t e d , and new w e l l s  of 
the kind su i t ab l e  for he at - flow determinat ion b ecome ava i l ab l e  at 
a sma l l  pace . 
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General  requ irement s for he at - flow measurements  are s e t  forth 
in a di s cus s i on o f  Roy et a l . 2 1 The bo reho l e  dep th s hould b e  
roughly 2 0 0  m .  I nasmuch a s  the t emperature p ro f i l e  i n  the upp e r 
mos t 1 0 0  m i s  usual ly di s turbed , the lower 1 0 0  m s e gment i s  t o  b e  
used for the he at - f l ow det erminat ion . The t emp er a ture i s  t o  b e  
measur ed at  1 0 m d i s cr e t e  interva l s  with an accuracy o f  ± 0 . 0 5 ° C ,  
and the mean gradi ent det erm ined by l e a s t  s quares for the l ower 
1 0 0  m s e gment t o  an accuracy o f  1 percent . The s t andard e r r o r  o f  
the mean therma l  res i s t iv i ty det ermination  i s  t o  b e  l e s s  than 1 
per cent . A s t e ady - s tate  corre c t i on for top o grap hy i s  to b e  app l i e d , 
when nece s s ary . 

Local i z e d  heat - f l ow measurements  c an d e fine p romi s ing g e o t hermal 
areas , as the B a t t l e  Mountain H i gh in Nevada . 2 3 

I n  addi t i on ,  a comp i l at i on o f  exis t ing t emp er a ture we l l  data , 
such as the Geothermal Survey o f  North Amer ica spons o red by the 
Ameri can As s o ciat ion of P e tr o l eum Geo l o g i s t s  (AAP G ) , i s  u s eful . 1 5  
Much data may b e  gathered in this  way - - a l re ady raw data f o r  about 
5 0 , 0 0 0  s i t es has b een gathered . But t o  prop e r ly int erp r e t  the  
t emp e rature data , the broad  fabric  provided by  heat f l ow measure 
ments i s  require d . 

F inal ly , are as o f  s p e c i f i c  inte res t should b e  det a i l ed by a 
dens e grid  o f  shal l ow t emp erature we l l s , s uch as i s  b e ing done in  
Imperial  Val l ey . 2 0 

General  F e a tures o f  G e o thermal Re s ourc e s  

The pre s ence o f  wat er in a permeab l e  b ed i s  o f  great  p r ac t i c a l  
importance b e caus e  i t  a l l ows a much fas t e r  wi thdrawa l o f  part  o f  
the s ens ib l e  heat o f  the format ions than heat  conduc t ion woul d . 
Yet , o f  the s ens i b l e  heat o f  a format ion s aturated  w i t h  wat e r , 
only a sma l l frac t i on i s  wit hdr awn with the f luids  b ec au s e  o f  the 
smal l poro s i ty of g e o l o g i c format ions . Tha t i s , if the r e s ervo i r  
i s  tapp e d  only onc e it  wou l d  y i e l d  only a sma l l  frac t ion o f  i t s  
s ens i b l e  heat . A hi gher fr act ion may b e  withdrawn b y  e i ther r e i n 
j ect ing the conden s a t e  a ft e r  t h e  s t e am has b e en us e d  t o  produc e 
power or by withdrawing the water at a rate cons i s t en t  with  the 
natural influx o f  wat er from surrounding format i ons . 

The he a t  from an under lying magmat ic mas s r a i s e s  the t emp erature 
of the overly ing ro cks and conta ined fluids above the values  no rmal 
for the ir  dep th . I n  this  manner , res ervo i r s  o f  hot  wat ert and o f  
s te am may develop a t  c er t a in p l aces  in the rocks cover ing a magma 
chamber . 

S ome o f  the s e  r e s ervo irs  have b ecome comp l e t e ly s e a l e d , p r ob 
ab ly b e cau s e  of chemical  dep o s i t ion around the i r  p e r iphery . Others 
may be par t i a l ly c l o s ed by hyd rodynamic cond i t ions , and s t i l l  o the r s  
may b e  hydrodynamical ly op en . Depend ing o n  the t emp e ratur e /dep th 
r e l a t ionship , the  r e s ervo i r  may exh ib i t  e i ther a h o t - wa t e r  phas e , 
ho t - wat er and s atur a t ed s t e am pha s es , o r  only a dry - s t e am p has e . 
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Mo s t  current ut i l i z at ions o f  geothermal energy hinge on the 
pres ence of ho t wat er o r  s t eam .  The s t e am produced from a geo thermal 
fie l d ,  and to a l e s s e r  extent the hot wat e r , may b e  us ed to generate 
el ectric  power . Becau s e  o f  the i r  h i gher thermal e ff i c i ency , mul t i 
p l e - s t age s t e am turbine s , wi th condens ers , ar e p r e ferred t o  o ther 
pr ime movers . To b e  ab l e  t o  use a s t e am turb ine when the r e s ervo i r  
produce s  only ho t wate r ,  a two - fluid sys t em w i th a h e a t  exchanger 
has b e en used . One fluid sys tem corre sponds to the geo the rmal 
fluids , and the o ther t o  a l ow- bo i l ing - p o int fluid that operates  
the  turb ine . 

\ 
Ho t wat e r  i s  a l s o  used  s imp ly as a s ource  o f  heat �or space 

heat ing and for s ome indu s t r i a l  pro c e s s ing . 

The condens ate  obta ined from a s t e am r e s e rvo i r  may b e  ut � l i z ed 
as a s our ce o f  fresh  wat er , wh ich can b e  very s i gn i f i c an t  in arid 
reg ions such as the Southwe s t  o f  the Un i t ed S t a t e s . A l t ernat e ly , 
the condens ate  could b e  r e j ected thus t o  wi thdraw a l arger p er 
c entage o f  the s ens i b l e  heat o f  the res ervo i r . 

In  this  rep ort  the energy e s t imat e s  for geo thermal energy are 
g iven in calor i e s  to emphas i z e that the g e o thermal energy is mos t ly 
in the form of heat . As such , i t  can comp e t e  in  the heat  market 
i t s e l f .  When comp ar ing i t  against combu s t i o n  of fue l s , one has  to 
reduce the heat o f  combu s t ion by the e ffi c i ency of the furnac e .  

On the other hand , i f  e l e c t r i c i ty i s  d e s ired , then one has t o  
reduc e the g e o thermal  energy f i gur e s  b y  the e f f i c i ency o f  the con
vers i on o f  heat  into  work . Th i s  e ffici ency c anno t  s urp a s s  (T 2 -
T1 ) /T 2 whe re T 2 and T1 are the ab s o lute  temper atures o f  the int ake 
and outg o ing fluids , resp e c t ively , in the devic e .  F o r  ins t ance , 
i f  the geothe rmal water i s  at 2 5 0 ° C  and the amb i ent t emp e r atur e  i s  
l 0 ° C ,  then t h e  max imum thermodynamic e f f i c i ency i s  2 4 0 / 5 2 3  = 0 . 4 6 
( 4 6  percent ) ; whe reas , i f  the geo thermal wat e r  i s  at  1 5 0 ° C , then 
the the rmodynamic  e f fi c i ency i s  1 4 0 / 4 1 3  = 0 . 3 4 ( 3 4  p e rcent ) . To 
produc e e l e c t r i c i ty it i s  thus b e t te r  t o  have h i g h - enthalpy wa t e r s . 
Mo reover , the e f f i c i enc i e s  attained in p ract i c e  are much l ower than 
the theoret ical  max imum . 

The actual manner o f  uti l i z ing the enthalpy o f  the g eo the rma l 
water may int roduce ano the r los s fac to r . I f  the geo the rmal wat e r  
i s  fl ashed as it  comes t o  t h e  sur face t o  produc e s t e am fo r a tur 
b ine , then a frac t ion o f  the mass o f  wat er i s  conve r t ed into s te am 
and the rema inde r o f  the mas s  remains as l i quid . The d i s s o lved 
s o l i ds wou ld remain in  the  l iquid , with an incre a s e  of  s a l i n i ty . 
The prop o rt i on o f  the geo therma l wat er that i s  flashed into s te am 
increas e s  with  the t empe rature and ,  for the usual range o f  t emp e r a 
tur es , would b e  in t h e  range from two - thirds t o  thr e e - fourths o f  
the t o t a l  ma s s . But , i f  a heat exchanger i s  us ed b e tween t h e  geo 
therma l fluid and the s t e am turb ine , then we do not  have t o  deduct 
from the mas s of g e o therma l flui d avai l ab l e  tha t remain a s  b i t tern . 

5 7  



Now we c om e  t o  the que s t ion o f  how much o f  the geo thermal 
waters  in  a s e d iment ary b a s in may b e  recovered . E l as t i c  expan s i o n  
o f  t h e  inter s t i t ia l  wat er upon de crease  o f  b o t tom-ho l e  p r e s sure 
in a we l l , provides a dr i ving mechanism . B o l d i z s ar e s t imat e s  tha t  
about 1 p ercent o f  a g iven mas s  c an b e  dr iven by i t s  e l as t i c e x 
p ans ion and the e l a s t i c  compre s s ion o f  t h e  matr ix . 1 1  Mor e  f l u i d  
might b e  obta ined by such a mechan i sm w e r e  t h e  g e o therma l wa t e r  
conne c t ed t o  other wat e r  b o d i e s , f o r  examp l e , in  t h e  dev e l opment 
of a tract in a b a s i n ,  r e l a t ive ly sma l l  with  r e s p e c t  to i t s  total  
dimens ions , sur rounded by much larger wat e r  ma s s e s  c onnec t ed to  
i t . A further amount could  b e  obt ained by compac t ion and p la s t i c  
deformat ion o f  the s o l i d  mat r ix up on decr e a s e  o f  the wat er p r e s s ure . 
A s cheme o f  removing ho t water at one row o f  we l l s and inj e c t ing 
co ld wat e r  at  ano ther d i s t ant row of we l l s  woul d  provide o the r 
mechani sms o f  o b t aining a l arge frac tion  o f  the i n  s itu g e o t he rmal 
fluids . Finally , by decreas ing the b o t t om - ho l e  p r e s s ure , p ar t  o f  
the entha lpy o f  the geo the rmal wat e r  c an b e  u s e d  t o  provide the 
l i ft t o  the surfac e . 

The above - ment i oned mechani sms may y i e l d  a frac t ion o f  the 
in  s itu mas s equal t o  1 0 - 2 t o  1 0 - 1 , o r  even greater . As we shal l 
s e e ,  the magni tude o f  the in  s itu r e s e rves i s  s e  l ar g e  t ha t  a 
factor  o f  l o - 2 t o  l o - 1 s t i l l  y i e lds sub s t ant i a l  r e coverab l e  amount s .  

A P l owshare Prop o s al for Deve l op ing Geo thermal Ener gy 

The prop o s a l  fo r e l ec t r i c i ty genera t i on , r e ferred t o  as the 
P l ows har e G e o the rmal Power P l an t , s et s  for th the u t i l i z at i on o f  
the s ens i b l e  heat energy o f  imp ermeab l e  rocks i n  a thermal anomaly 
o f  the  e arth ' s  crus t .  I n  o rder t o  frac ture the rock format ions , 
clus ters  o f  nuc l ear exp l o s i ons would b e  s equent i a l ly detonated ins ide  
the  geo thermal f i e l d . Wat e r  would then be  introduced and c irculated 
from the sur face into the fractured z ones  and c av i t i e s  produced by 
the  exp l o s ions to produce ho t water and/o r  s t e am .  The  wat e r  and/ or 
s te am would b e  used  t o  dr ive the s t e am turb ines of an e l e c t r i c  p ow 
e r  p l ant . 

A feas i b i l ity s tudy p repared by the Ame r i can Oi l Sha l e  Corpor a 
t i on , Batt e l l e - No rthwe s t  and We s t inghous e E l e c t r i c  Corporation  
de s cribes  such a geothe rmal power p l ant . I n  the  the rmal anoma ly 
as sumed in that report , the rock t emperatur e woul d  b e  3 5 0 ° C  at  a 
dep th o f  3 ki lome t e r s  (km) . That i s , a geo the rmal gradient o f  
l l 3 ° C/km ( 2 9 1 ° F/mi l e )  i s  requ ired . 7  

For the powe r p l an t , an ins tal l ed c ap ac i ty o f  2 0 0 , 0 0 0  KW was 
as sume d . The numb er and yi e ld of the nuc l ear exp l o s ions was s e 
l ected s o  a s  t o  produce a vo lume o f  fractured rocks suff i c i en t  
to provide t h e  h e a t  energy f o r  a 3 0 - year oper a t i on o f  t h e  p lant . 
For the yie l d  o f  the individual nuc l e ar devi c e s , thr e e  s i z e s  were  
cons i dered : 2 0 0  k i l o t on (kton) , 5 0 0  kton , and 1 me gaton . * F o r  the  

* A 1 - k i loton exp lo s i on r e l e a s e s  energy e qual t o  that in  the 
exp l o s ion of 1 thous and t ons  of TNT . A megaton has an exp l o s ive 
force equival ent to that o f  1 mi l l i on tons of TNT . 
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! -meg aton exp l os ive s i z e ,  e i ther a patt ern o f  1 4  one - me gaton 
shots wou ld b e  fired s equen t ia l ly to deve lop o ne f i e l d ; or , a l 
ternat ive ly , three f i e l ds o f  4 one -megaton shots  e ach woul d  b e  
fired . 

The total  c o s t  o f  the e l ectric  energy generated  incr e as es with 
a decreas ing yie ld o f  the  ind ividual exp l o s ives  us ed to dev e l op 
the fi e ld . That i s , economi cs indicate  the larger  y i e lds . How 
ever , cons iderat ions o f  s afety would l im i t  the s i z e  o f  l arge ex 
p l o s i ons . 

Depending on a number o f  a l t ernat ive de s i gns  whi ch are pre 
s ented in the feas ib i l i ty study , the e s t imat ed c o s t  o f  the e l ec 
tric ity generated would b e  as fo l lows : 

Mi l l s / KWH 
( $ 0 . 0 0 1 )  

1 2 . 0  
7 .  6 
6 . 4  

I ndividual 
Exp l o s ive S i z e  

2 0 0  kton 
5 0 0  kton 

1 megaton 

The excep t i ona l ly l arge value s for the therma l gradi ent 
assumed - - namely , l l 3 ° C  per  k i l ome ter - - have b e en found only in  
areas with act ive volan i c  act ivity , o r  wh i ch probab ly are und e r 
lain b y  ac t ive magmat i c  chambers  at s hal low dep ths in  t h e  earth ' s  
crus t . On the o ther hand , the s i t e  i s  a s s umed t o  b e  in  a 
tectonically s tab l e  are a ,  wh i ch s e ems t o  b e  an e s s ent i al c o nd i t ion 
for avo id ing t r i gg er ing damaging e ar thquakes o r  induc ing magmat i c  
erupt ions . 

To decrease  earthquake and e rup t ion r i s ks , a suff i c i ent ly 
sma l l  exp l o s ive s i z e  would have to be us ed ; however , the economic s 
o f  the pro j e c t  deteriorate with decreas ing exp l o s ive s i z e . I n  
fac t ,  for the ! - megaton indiv i dual exp l o s ives the e conom i c  com 
pet i t ivene s s  o f  the P l owshare Geo thermal P l ant i s  a l r eady marg inal 
with respect  t o  l arg e - s c a l e  power generat i on , s uch a s  t he l ar g e  
coal - fired power p l an t s  now b e ing deve lop ed i n  the Southwe s t . For 
the 2 0 0 - and 5 0 0 - kton s i z e s  the c o s t  of the e l ec tr i c  energy would 
be noncomp e t i t ive , under normal condit ions . 

Mo reover , the economic cond i t ions o f  the p r o j e c t  wou l d  pre 
c lude increas ing the depth o f  the the rmal anoma ly , i n  order  t o  
ut i l i z e  a n  area w i t h  a sub s t ant i a l ly smal l er thermal grad i ent . 
The above - mentioned feas i b i l i ty report examined only cur s o r i l y  
the r i s k s  o f  t r i g g e r ing earthquakes and induc ing vo l c an i c  exp l o s i ons 
becaus e it a s s umes that only a s tab l e  cru s t a l  area would b e  
ut i l i z ed . 

But wha t  i s  involved in the prop o s al examined i s , in fac t ,  
the s ho o t ing o f  about 1 4 , one- me gaton exp l o s ions i n  areas  s uch a s  
the Geys ers i n  Cal i forni a o r  Cerro P r i e t o  in Baj a ,  Cal i fo rn i a .  
For  such areas , the r i s ks o f  earthquakes and e rup t ions s e em con 
s iderab l e . 
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The above d e s c r ibed incons i s tency o f  a s s ump t i ons  i n  the P l ow 
share propo s al r a i s e s  important que s t i ons . The ut i l i z a t i on o f  
nuc l e ar exp l o s ions i n  p l a t form and cratoni c  areas  needs  further 
inve s t i ga t i o n . O ther  power p l ant s i z e s  s hould be  examined t o  de
termine the economical ly opt imum s i z e . 

Long - Range P r o s p e c t s  for Geo thermal Energy Re s our c e s  

How much geo thermal ene rgy i s  there ? The an swer d ep ends o n  
the po int o f  v i ew and o n  a numb er o f  qua l i f i cat i ons . 

Var i ous a t t empt s  have b e en made to e s t imat e the magni tud e  o f  
the total  energy that may b e  recovered us ing t h e  heat  o f  the e arth . 
Thi s  r eport  d e s c r ib e s , in a pre l iminary way , s ome o f  the e f fo r t s  
i n  th i s  direct i on . 

A wide ly quo t ed e s t imate o f  geo therma l res ourc e s  i s  b a s ed on 
the c al cu l a t i on o f  the accumulated heat in " l oca l i z ed hydro t he rmal 
sys tems . "  Such s ea l ed - s t eam or hot - water  res e rvo i r s  are l o cal ly 
the mo s t  imp o r tant s ources  o f  geothermal energy . I f  they are  
tapped once  wi thout re c irculat i on , and wi thout wa i t i ng for the  
natural wat e r  recha rg e , the i r  l i fe spans would be  only  a few de c 
ad es . A long e r  l i fe span may b e  achieved by adj us t i ng the fluid 
wi thdrawal after  prop e r  cons id era t i on o f  condens ate  r e inj e c t i on , 
natural  wat e r  inf l ow and heat flow from the underly ing magma 
chamber . A s urmi s e  as to the numbe r  o f  s uch r e s ervo i r s in the United 
States , b a s e d  on the indications of s ha l l ow vo l c ani c  act ivity , 
wou ld sugge s t  i t  to b e  mo re than 1 0 ,  but not much g r e a t e r  than 
1 0 0 . Unl e s s  a res ervo ir i s  locat ed , at the mo s t , w i thin a few 
hundr ed meters  from a magma chamber , i t s  l i fe s p an i s  in e ffect 
det erm ined by the s ens ib l e  heat init i a l ly in p l ac e . On the o ther 
hand , if i t  is suff i c i ently c l os e to a magma chamb er , there may 
be s i gn i f i cant reheat ing o f  the res ervo i r  in a l ap s e  o f  a few 
years o r  decade s ; and the reby i t s l i fe span as a s ource o f  energy 
would b e  cons ide rab l y  l eng thened . We no t e  that the t ime o f  
coo l ing o f  a magma chamber i s  measured by t ime s p ans o f  thous ands 
to mi l l i ons  o f  years . 

The heat above s ur face t emp eratures in hydro thermal sys tems 
in wo r l d  l and areqs has b e en e s t imat e d  at 2 x 1 0 2 1 cal  down t o  
a 3 - km dep th , and 1 x 1 0 2 2  cal  down to 1 0 - km d ep t h . 2 5  O f  the s e  
total s ,  S t o  1 0  percent would b e  i n  the Uni t ed S t a t e s . E s t imat e s  
of the p ercentage o f  this heat that mi ght b e  r e c overed b y  produc ing 
the flu i ds vary from about 1 0  to 7 0  percent . For  the s e  e s t imat e s , 
surface t emper ature i s  tak en as datum . 

Fur thermore , a too casual analys i s  o f  the pub l i s hed e s t imat es 
for the l ocal i z ed hydrothermal sys t ems has l ed to a f i gure  o f  S O  
years for the l i fe o f  the geo therma l energy . B e fo r e  a c c ep t i ng 
any progno s i s  o f  such short l i fe , a mo re  tho rough analys i s  o f  
the heat - t rans fer me chani sms i n  local i z ed hydro t he rmal sys t ems 
s e ems to b e  needed . A carefu l  e s t imate o f  the p o t en t i a l  of the s e  
sys tems would ind icate  fo r the Un i t ed S t a t e s  an energy suff i c i ent 
to sustain  a g ener ating c apac i ty o f  1 0 , 0 0 0  MW on a cont inuous b a s i s , 
ra ther than for only S O  years . 8  
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Other s our c e s  o f  heat that mus t b e  cons idered  are - -

• I nter s t i t i a l  thermal waters in s e d iment ary bas ins 

• Magma chambers  in the c rus t 

• S ens i b l e  heat of rocks in cratonic are a s  

• S ens i b l e  h e a t  o f  ro cks in orogen i c  b e l t s  

• S ens ib l e  heat o f  ro cks i n  the oc e an i c  crus t 

• I nt er s t i t i a l  thermal wat ers in thick s e d imentary pods in 
the ocean bas ins . 

The thermal energy o f  the wa ter in s ed iment ary bas ins i s  
appreciab l e . The s ediment ary bas ins o f  the cont e rm inous United  
States  have a total  are a  o f  about 1 . 9  x 1 0 6 mi 2 , o r  ab out 6 0  
percent o f  the t o t a l  area . I n  o ther words , the t o t a l  s ed iment ary 
vo lume i s  on the order o f  8 x 1 0 6 mi 3 . The max imum dep th t o  b as e 
ment may b e  as h i gh a s  ab out 6 0 , 0 0 0  feet . Of the t o t a l  vo lume , 
perhaps about 5 x 1 0 5 mi 3 l i e s  b e l ow 4 - km depths , and about 7 . 5  x 
1 0 6 mi 3 above i t . Assuming that the pore  space i s  f i l l ed w i th 
water , a mean t emp erature o f  1 5 0 ° C  ( � 3 0 0 ° F ) , and an average  
poros i ty o f  5 percent , one  read i ly obta ins for the total  i n  s i tu 
heat o f  the inters t i t i a l  wat er b e l ow 4 km the value 1 . 6  x 1 0 2 2  
cal . The cons iderab l e  magnitude o f  this t o ta l c an b e  app r e c i ated 
by comp aring i t  with  the heat o f  combu s t ion o f  1 mi l l ion b ar re l s  
o f  o i l , whi ch i s  about 1 . 4  x 1 0 1 5 cal . That i s , the t o t a l  s ens i b l e  
heat s tored in inter s t i t i a l  wat ers o f  s ed imentary b as ins o f the 
Un i t ed Stat e s  b e l ow dep ths of 4 km may be on the order o f  the heat 
of combus t i on o f  10  t r i l l ion barre l s  o f  o i l . The f i gures for  the 
low- entha lpy wat e r s  above 4 km are an order of magn itude g r eater . 
The amount s  o f  recove rab l e  heat are obtained by mu l t i p lying the 
ab ove in s itu f i gure s  by a fac tor wh i ch may rarige from 1 0 - 2 to l o- 1 
as we have d i s cus s ed b e fore . Thus , the recoverab l e  amounts  are 
s t i l l  cons iderab l e .  

I n  comparing the above e s t imat es for the s e d imentary bas ins 
w i th th e heat in local i z ed hydro thermal sys tems , one shoul d no t e  
an important differenc e . The f i gure s  f o r  the t o t a l  h e a t  o f  l o 
cal i z ed hydro t he rmal sys t ems s hould b e  reduced ( t o  a value o f  1 0  
t o  7 0  perc ent ) t o  obtain the heat that may b e  re covered w i t h  the 
fluids ; whereas , the t o t al enthalpy o f  the flui ds i n  s e diment ary 
bas ins corresp ond ing to the temper ature d i f ferenc e wi th r e s p e c t  
to surface temperatur e s  could b e  recovered , and mo r e over a mul t ip l e  
o f  i t  by re inj e c t i on o f  wat e r . The heat energy that may b e  re 
covered from th ermal wat e r s  in s e diment ary b as ins i s  probab ly two 
orders of magn i tude ( 1 0 2 ) greater than that o f  the l o c a l i z e d  hydro 
therma l sys t ems . 

Rec ent vo l cani c  areas are probab ly unde r l ain by one o r  mo re  
chamb ers fi l l ed with  mo l t en rock , or magma . The  d imens i ons of  
the s e  chamb ers  may b e  o n  the  order of  s everal  k i l ome t e r s  acro s s , 
and they may l i e  from a few ki l omet ers und e r  the earth ' s surfac e 
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to great er dep th s , e i ther in the crus t or  upp e r  part  o f  the mant l e . 
The emp lacemen t o f  a b o dy o f  ma gma at  s ha l l ow dep ths , and o r i g ina 
ting at  much greater  depths , repres ent s a much g r e a t e r  t r ans fer  
o f  heat  than wou l d  b e  p o s s ib l e  in the  s ame t ime int e rval for  the r 
mal conduc t i on a l one . Mo re over , conve c t i on ins i d e  a magma chamber 
fur ther fac i l i t at e s  the  t rans fer . of  heat  from the d e ep e r  p ar t s  o f  
the crus t ,  o r  even from the upper mant l e . 

Although t he energy c ont ent o f  a large magma chamb er ( as 
s ens ib l e  and l at ent heat s )  i s  qui t e  l arge , and d e s p i t e  the fact 
that s ome may b e  wi thin reach of  pres ent dri l l ing t e chn iqu e s , no 
thought s e ems t o  have been g iven thus far to  the t app ing o f  th i s  
energy . I n  fac t , the heat b e ing re covered i s  only a s i de e ffe ct  
of  the emp l acement o f  a magma t i c  body . I n  the rocks cover ing 
cent ers  of v o l c an i c  act ivi ty , s e al ed depo s i t s  are o f t en found 
o f  p ermeab l e  and s tr a t i fied  format i o ns w i th wat e r . 

Magma chamb ers are l i k e ly the heat s ourc e s  that account for 
the heat o f  the l o c a l i z ed hydro the rma l sys t ems . We e s t imat e , based  
on  speculat ion as t o  the nuinb er o f  s t i l l - a l ive ma gma chamb ers  
and on the  l i kely d imens ions of  a typ i cal  chamb e r , that fue heat  
content of  the  ma gma , in chamb er s in the  Un i t ed S t a t e s  r e aching 
to 3 to  5 - km depth , is on  the order of ( 3  to 1 0 )  1 0 2 2  calor i e . 

No magma chamb e r  has ye t b e en exp l o i t e d  anywhere  for  i t s  
heat , nor f o r  anything e l s e .  However , i n  the l it erature there are 
a l ready ind i cat i ons that cons i de rat ion is now b e ing g iven to the 
prob l em o f  us ing s uch heat ener gy . We exp e c t  tha t means w i l l  b e  
deve l ope d t o  ut i l i z e  the therma l energy o f  the s e  magma chamb e r s  
within a few decade s . 

The heat s t ored  in c rus tal  rocks in  cratoni c (vo lcan i c )  and 
plat form areas could b e  exp l o i ted  by means o f  fractur ing t e chn ique s , 
perhap s ut i l i z ing nuc l e ar exp l o s ives and c i rculat ion  o f  water . 
Such heat , above s urfac e  t emp erature , in �he United  S t a t e s  down 
to 1 0 - km depth , i s  on the order o f  5 x 1 0  4 calor i e . 

Local ly , the heat s t o red in crus t a l  ro cks in  o r o genic (moun 
tain forming)  b e l t s  may b e  effect ively ut i l i z ed when the r e  i s  an 
adequate aqui fer sys t em .  Y e t , the t o t a l  heat that may be t apped 
in thi s manner woul d  b e  perhaps one or  two orders  of  magni tude 
sma l l er than that for the cratonic areas . No e s t imates  have b e en 
made as yet for the geothe rmal r e s ources  o f  the o c e anic  areas . 

Now , the wo rds o f  c aut ion . The ab ove e s t imates  fo r the 
amounts  o f  heat s to r e d  in  var i ous i t ems o f  the crus t of t pe 
Uni t ed S t a t e s  are no t r e s e rve figures , nor  even res ourc e e s t imates . 
Rather , they are upp er bounds for the prospect ive l ev e l  o f  t he re 
s our ce s ,  onc e a numb er of  prev ious i s sues  are fur the r inve s t i ga t ed . 
F i r s t  i s  the ques t i on o f  the e conom ic p r o f i t ab i l i ty o f  op er a t i ons 
for ut i l i z ing the g e othermal heat . Then , there ar e i s su e s  to b e  
s e t t l e d  about actual condit i ons i n  the s ub s ur fac e . F o r  ins tanc e ,  
regarding the hi gh- enthalpy wa ters  in the deeper parts of b a s ins , 
we need b e t ter knowledge o f : vo lumes o f  int e r s t i t i a l  wate r  that 
may b e  produced by me ans of we l l s , average t emp e ra tur e of the 
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water , dep th range o f  t he we l l s  require d ,  r e s ervo i r  mechan i c s  o f  
geotherma l res ervo i rs , s a l inity o f  the wa te r , e t c . 

Nonethe l e s s , i t  wou ld s e em that the heat  that may b e  rec overed 
from high - enthalpy mas s e s o f  wa ter in the deeper parts  o f  s ed i 
ment ary bas ins o f  the Uni t e d  State s coul d b e  o f  cons ide rab l e  
magni tud e . I t  s e ems conce ivab le that i t  may ove rs hadow even the 
over a l l  total  fo r o i l . The p e t r o l eum indus t ry , in part i cu l ar , 
becaus e o f  i t s  fami l i ar i ty w i th bas ins , s e em s  to b e  in a s t rategic  
pos i t i on to t ake advantage o f  the s e  opportuni t i e s . 

The above ment ioned heat e s t imates  are compared in t he t abu l a 
t ion " C ompari s on o f  Orders o f  Magni tude o f  C e r t a in Heat  E s t imat e s . "  

Conc lus ions 

Geo therma l e l e c t r i c  power generat ion , at favorab l e  geo l o g ic 
s i tes , has b een f ound to b e  feas ib l e  and comp e t i t ive with  o ther 
commercial  s ourc e s  o f  energy . I t  can make a s i gn i f i c ant contr ibu 
t ion to the power supp ly o f  certain r e g i ons o f  the Nat ion , e s p e 
c ial ly in the Wes t . However , geo therma l r e s our c e s  are only 
beg inning to b e  d eve l oped . As  ye t ,  the  only g eo thermal devel opment 
of cons iderab l e  s i z e in operation in the Uni t ed S t a t e s  i s  the 
Gey s er s , Ca l i forni a .  At p r e s ent it ha s an ins t a l l e d  cap ac i ty o f  
8 3 , 0 0 0  KW , wh ich may b e  increased  t o  5 0 0 , 0 0 0 KW b y  1 9 7 5 .  

Mo reover , the exp l o i tat ion o f  geo thermal r e s ource s  can have 
addit ional e conomic b ene f i t s  b e cau s e  o f :  ( 1 )  ut i l i z at i o n  o f  geo 
thermal heat as such ( in indus trial  proc es s ing , agricul tural 
heat ing , water d e s a l inat ion , space heat ing , e tc . ) ; ( 2 )  p roduc t i on 
o f  fre sh wat er from geo thermal fluids ; and ( 3 )  recovery o f  certain 
chemi c a l s  fr om geothe rmal fluids . That i s , in arid reg i ons the 
e conomi cs of geothermal exp l o i t a t ion shou l d  be examined j o intly  
for power produc t io n , produc t i on o f  fresh wat e r  and p roduc t i on o f  
chemic a l s  i f  the fluids  a r e  rich in s al t s . 

Air p o l lut ion , in general , i s  no t a s er ious p r ob l em w i t h  
geothe rmal energy b ecaus e the r e  i s  n o  combus t ion o f  fue l s . How 
ever , i n  s ome cas e s , hydro g en sul fide and o ther gas e s  may g ive 
caus e for concern . Water p o l lut ion can be a prob l em b e c aus e o f  
obj e c t i onab l e  amounts  o f  c e r t a in c hemi c a l s  i n  the b i t t e rns . 

The l imi t ing factors  in the deve lopment o f  geo the rmal energy 
s e em to  have b e en , not economi cs , but rathe r the nove l ty o f  the 
idea , a l ack of suffi c i ent pre - inves tment geo l o g i c a l  and g e o 
phys ical  evidenc e of the ext ent o f  the g e o t herma l r e s ourc e s , and , 
unt i l  recently , the fac t that a large fract ion o f  the g e o th erma l 
pro spec t ive l ands could not b e  l eas ed for that purp o s e . 

How much g e o thermal energy can ul t imat e ly b e  deve l op e d , and 
how long i t  would l a s t  i s , a t  pres ent , hard to s ay .  Much has t o  
b e  l e arned o f  actual thermal condit ions and p ro c e s s e s  in  t h e  con 
t inental c rus t and upp er mant l e . The mer e  p ro j e c t i on o f  p r e s en t  
devel opments  wou l d  ind icate  at l e a s t  a 1 0 - t o  5 0 - fo l d  increas e ,  
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within a decade , o f  pr e s ent total  ins t a l l e d - p l an t  c ap a c i ty . 
S imp l e  c a l c u l a t i ons , b a s e d  on the therma l energy a l r eady w i thin  
local i z e d  hydrothermal fie lds , indicate l i fe s p ans of  ab out S O  
years . However ,  cons iderably l onger l i fe s p an s  may b e  m e t , de 
pend ing on the ac tua l heat trans fer me chani sms that t ake p l ac e  
unde rneath the s e  fi e lds , about wh ich much i s  y e t  t o  b e  l e arned . 

The magni tude o f  the geo thermal r e s ervo irs  exp l o i t ed unt i l  
now - - name ly , s e a l e d  s t eam r e s e rvo irs - - p e rm i t s  the ins tal l a t ion 
o f  power p l an t s  o f  cons iderab l e  s i z e ,  on an order of magni tude of 
approximate ly 5 0 0 , 0 0 0  KW . 

How many such s i t e s  may b e  di s covered in the Un i te d  S t ates  
canno t  b e  defin i t e ly a s c e r t ained becaus e o f  insuff i c i ent exp l o r a 
t i on . A gue s s  wou l d  b e  that the ir  numb er may r ange b e tween 1 0  and 
1 0 0 . 

Areas  with much h igher - than - no rmal heat f l ow are o f  s p e c i a l  
s igni ficance f o r  p ow er g enerat i on . Such " h o t  s po t s "  a r e  found in 
vo l cani c  ar eas  and in  areas of re cent t ec t on i c  a c t i v i ty , mainly 
west  o f  the Rocky Mountain front . S e a l e d  r e s e rvo irs  o f  hot  wa t e r  
and s t eam o ften o ccur at  certain p l aces  in  the s e  areas . 

A po tent i a l ly far greater heat res ervo ir  than the l o c al i z ed 
hydro thermal sys t em i s  repres ent e d  by wat ers  permeat ing the s e d i 
mentary bas ins . However ,  the bulk o f  the waters  are o f  l ow en
thalpy ( t emp er ature < 1 5 0 ° C ) , and only a fra c t i o n  are of  h i gh 
enthalpy ( t emp er ature > 1 5 0 ° C ) . The l a t t e r  are more  imp o r t ant 
for e l e c t r i c  power g ener a t i on . 

How large the s e  high- entha lpy hydro thermal r e s ourc e s  are  in 
s e d iment ary bas ins o f  the Uni t ed States  h inge on a numb er o f  que s 
t i ons not t o ta l ly r e s o lved , such as ( 1 )  vo lumes  o f  h i g h - entha lpy 
wat ers tha t  may be r e t r i eved by we l l s , ( 2 ) ave rage t emp erature 
of the s e  wat e r s , and ( 3 )  e conomic s .  Poros i ty , p ermeab i l i ty , bed  
thi cknes s ,  l at e ral cont inu i ty and o ther fac t o r s  de t ermine the  
amount of wat e r  that  may b e  r e t r i eved by we l l s . The s e  quan t i t i e s  
are no t we l l  known f o r  t h e  d e epes t parts o f  s ed imentary b a s ins , 
wh ich are the mo s t  important . The s imp l e  proj e c t i on o f  s ur fac e 
temperature grad i en t s  in  s ed iment ary b a s ins  general ly g ives  an 
und er e s t ima te  o f  the t emp eratur e s  at the deeper par t s  o f  the bas ins . 
Thi s i s  b ec au s e  surface grad i ents  are depr e s s e d  due t o  sub s i denc e  
and s edimentat i on . 1 4 The e conomi c s  o f  the exp l o i t a t i o n  o f  the 
high - entha lpy wat e r  would dep end on the d ep th range  o f  the we l l s , 
produc t i on charac t er i s t i c s  o f  the we l l s  and on the  nature o f  the 
s o l ids d i s s o l ved in  the wat ers . 

Whe r e  a s ed imentary b as in i s  found over a " h o t  s p o t , "  such 
as in the Imp e r i a l  Val l ey /Mex i c a l i  Va l l ey area , the p o t en t i a l  t o  
produc e p ower c an b e  very important . 2 0 

A par t i cu l arly important ob t ect ive i s  f inding s ed imentary 
bas ins  wi th large vo lume s o f  inter s t i t ial  wat e r s  in  t h e i r  d e ep 
parts , wh ich ove r l i e  areas w i th an abnorma l ly h i gh t emp erature 
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o f  the man t l e - crus t b ound ary . The Gu l f  Coas t g e o s ync l ine i s  per 
haps the mos t  impor t ant exp l orat ion t ar g e t  in  t h i s  r e sp ec t . 

I f  an area o f  1 0 0  km x 1 0 0  km were found , unde r l ain by a 
layer wi thin the s ediment ary co lumn containing p e rmeab l e  b eds 
wi th an aver age poro s i ty o f  5 percent in  a thickne s s  of one k i l o 
me t er , o f  2 5 0 ° C  average t emp erature , then the heat  o f  the water , 
over surface t emperature , i s  on the order o f  1 0 2 0  cal , wh i ch i s  
equiva l ent t o  the heat o f  combus t i on o f  9 0  b i l l i on barre l s  o f  
o i l . That is , even i f  only a sma l l  frac t i on o f  the  wat er could b e  
retrieved , the ma gni tude o f  t h e  re coverab l e  energy would s t i l l  b e  
cons iderab l e . 

To d i s c l o s e whe the r g eo thermal r e s ources  c an ac tua l ly at t a in 
the importance sugg e s t e d  by the e s t imat e s  in t h i s  rep or t , an R&D 
effort  is required t o  c l ar i fy o r  s o lve the fo l l owing i s sues : 

• Wha t is  the magni tude o f  the i n  s i tu geo thermal r e s ourc e s ? 

• How much geo thermal energy c an b e  ut i l i z ed ?  

• How long wi l l  the g e o thermal res ource s l as t ?  

• Can techno l o g i es b e  develop ed that would al low a fu l l er 
ut i l i z a t ion o f  geo thermal r e s our c e s ? 
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Chap t e r  Four 

ENE RGY FROM AGR I CULTURE 

SUMMARY 

U . S .  agricul ture as a primary energy r e s ource wi l l  con tribute 
to the Nation ' s  energy s upply to a smal l extent in the near- term 
whe re l o cal cond i t i ons are e sp e c ially  favo rab l e . For  many reasons 
- - inc luding the s i z e of the component res ourc e bas e s  and te chn i cal , 
economic and s o c i a l  fac tors - - agr i cul ture can make no s i gn i fi cant 
contr ibut i on to the U . S .  energy supp ly b e fore 1 9 8 5 . Fore s t s and 
woodlands , wh i ch cons t i tute d  the p r incipal fue l r e s ource in the 
l a s t  century , now con t r ibute l e s s  than 2 percen t . Agr i cul tural  
res i dues and by-produc t s , if  all  were  co l l ec t e d  and dr i e d  for  us e 
as primary fue l s , woul d rep r e s en t  ab out 3 per cent o f  the pr o j e c t e d  
1 9 8 0  U . S .  demand . The total  o f  al l animal  was t e s , i f  dr i e d  and 
us ed as fue l s , wo ul d repr e s ent ab out 1 . 6  per cent o f  the 1 9 8 0  U . S .  
energy demand . I f  a l l  o f  the s e  po ten t i a l  agri cul tural  r e s i due s , 
by- products and animal was t e s  were conve r t e d  to gas  by a pro c e s s  o f  
fe rmentat i on , th e total  heat ing va lue woul d b e  ab out 2 . 6  quadri l 
l i on BTU ' s  per  year , as compared w i th 4 . 6  quadr i l l i on BTU ' s p e r  
year i f  burne d as p r imary fue l s . 

The growing o f  cul t i va ted crop s spec i fi ca l l y  fo r us e as  d i r e c t  
burning fue l s  i s  not  a t tractive b y  pre s en t  techno l o gy .  Howeve r , 
the cul t i vat i on o f  cereal  grains for the produc t i on o f  indus t r i al 
al coho l coul d , w i th current te chno l o gy , b e  an e conom i c  a l t e rnative 
to supp l ement gas o l ine in the increas ingly short  p e tro l eum s upp ly 
s i tuat i on b e fo re 1 9 8 5 . Th e quan t i ty o f  energy that coul d b e  made 
ava i l ab l e  in the form o f  e thy l al coho l from cereal  grains woul d b e  
dep endent upon the l eve l o f  na t i onal commi tmen t to addi t iona l 
grain produc t i on , a l coho l p l an t  cap a c i ty an d d i s p o s i t ion o f  p l ant 
by - p ro ducts . An examp l e  cas e cal cul ated to s upply 1 0  per cent of 
the 1 9 7 1 mo tor gas o l ine demand w i th e thy l a l coho l wo uld be p ro 
duc ed from the grain grown on 1 0 0  mi l l i on acre s . A t o t a l  o f  ab out 
3 6 0  mil l i on acres  was b e ing cul t i vated in 1 9 7 1 . 

The ab ove- ment ioned po tent i a l s  for uti l i z a t ion o f  the pr imary 
energy re s ources  ava i lab l e  thro ugh agr i cul ture are di s cus s e d  in 
the fo l l owing s e c t i ons . 

FORE STS AND WOODLANDS 

Ab out 2 5  p e rcent of al l U . S .  l and is now c l as s i fi e d  as fore s t  
and wo odland . Th i s  incl ude s parks , wi l dl i fe re fuges  and recre a 
t ional are as . A c entury ago , wo od supp l ie d  about 7 0  p e rcent o f  
a l l  U . S .  indus t r i a l  ene rgy . To day , i t  supp l i es  l e s s  than 2 p e r 
cent . Howe ver , o n  a tot al  energy b a s i s , th i s  i s  a reduc t i on o f  
ab out 5 0  percent . 
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The capab i l i ty o f  U . S .  fore s ts to me e t  future needs  for l um
ber , for  p ap e r  pulp and for  p ap erb oard is  now que s t i onab l e . I n  
the pas t two decade s , dome s t i c  and e xport  requi remen t s  have in 
cre a s e d  an ave rage o f  3 . 9  percent annual l y , and t h i s  rate  i s  pre 
di cted  to increas e .  The app roximately  S O  mil l i on tons o f  U . S .  
pulp now produc e d  annua l ly i s  exp e c t e d  to doub l e  b y  1 9 8 5 . Exten
� i on of  the  woo d  s upp l i e s  through incre a s e d  recyc l ing of  was te 
paper ; ut i l i z a t ion o f  tree l imb s , wo o d  b ark , s awdus t and o ther  by 
produc t s ; incre a s e d  growth rate s by fe r t i l i z a t i on ;  us e o f  b e t te r  
yie l ding spe c i e s  o f  tre e s ; mo re e ff i c i en t  fore s t  management ; and 
incre a s e d  yie l ds of end- products per  un i t  of raw mate r i a l  may 
de l ay the t ime o f  s e r i ous shor tage s .  Howe ve r , shortages  are pre 
dicted  b e fore the end o f  th i s  century . Even i f  the s upp l i e s  c an 
be co l l ec te d  and transporte d ,  they wi l l  b e  us e d  for p ap e r  and 
board wh i ch r e s u l t  in a h i gher f inancial  re turn . 

Wo o d  supp l i e s  in the Un i t e d  S t ates  o ffe r only minor p o ten t i a l s  
for addi t i onal indus t r i a l  energy , and wo od c anno t b e  cons i de r e d  an 
impor tan t  raw mate r i a l  in the l ong - range future U . S .  indus t r i a l  
ene rgy requir ement s .  

AGR I CULTURAL RE S I DUE S AND BY- PRODUCTS 

The total  dry we i ght of agr i culture r e s i due s and b y - p roduc t s  
i n  the Un i t e d  S t a t e s  i s  repor ted b y  the Depar tment o f  Agri cul ture 
as 5 2 3  mi l l ion tons per  year , exc l uding Hawa i i ,  l o ca t e d  as  shown 
in F i gure 7 .  Th i s  i s  an aggregate , cons i s t ing p r inc ip a l ly o f  1 4 1  
mi l l ion tons o f  c e re al s t raws ( F i gure 8 ) , 5 5  mi l l i on tons o f  corn
cob s , nutshe l l s  and frui tp i t s  ( F i gure 9 )  and 3 2 5  mi l l ion tons 
( dry bas i s )  of an imal  was te s  ( F i gure 1 0 ) . 

Us e o f  Agr i cul tur al Re s i due s as Primary Fue l s  

The we i ght o f  c o l l ectab l e  agri cul tural re s i due s s uch as 
s traws and she l l s , hul l s , co rncob s and s imi lar ma t e r i a l s  from 
pres ent U . S .  agri cul tura l produc t i on is l arge , amo unt ing to ove r 
1 9 6  mi l l ion tons annual ly . The heat equival en t  o f  the s e  re s i due s 
woul d b e  on the order o f  3 , 0 0 0  tr i l l ion BTU ' s .  

Th e s e  re s i due s are now l o cated throughout a l l S O  s t a t e s , but 
the fo l l owing e s t ima t e s  are b a s e d  on the con t i guous 4 8 . No s ig 
ni ficant quan t i t i e s  o f  re s i dues are now in co l l e c t e d  form . C o l 
l e c t ion co s t s and del ivery t o  reg i onal powe r p l an t  l o cat ions woul d 
norma l ly vary from around $ 1 0 to ab out $ 1 5  p e r  ton . Heat ing 
val ue s  o f  the re s i due s are on the order o f  8 , 0 0 0  BTU ' s per pound , 
or ab out 6 0  percent o f  the heat ing va lue o f  b i tuminous coal . 
Thus , the 1 9 7 0  co s t  o f  c o l l ec t ion alone wo ul d run from about 
$ 0 . 6 0 to $ 1 . 0 0 per mi l l ion BTU ' s .  

Agri cul tur al re s i dues are a poten t i al s ource o f  l ar ge amounts  
o f  energy but  coul d not now comp e te economi cal ly wi th s uch fos s i l 
fue l s  as coal and o i l  excep t under ve ry favo rab l e  c i rcums tance s .  
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Figure 7 . 

Figure 8 .  
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Figure 9 .  Agri cul ture : U . S .  Indus trial Energy Ma terials , Corncob s , 
Nutshells and Fruit P i t s , Quanti t ie s  and Locat ions . 

Figure 10 . 
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Co l l ec t i on faci l i t i es and the powe r p l ants  for s i gn i fi cant usage 
do not pre s ently exi s t . 

AN IMAL WASTES 

Dome s t i c  animal was te s in the Uni t e d  S t a t e s  currently total  
ab out 2 . 0 3  b i l l ion tons per  year- - about 3 2 5  mi l l i on tons  of  dry 
matter ( F i gure 1 0 ) - - and are inc reas ing with popul a t ion and eco 
nomi c growth . D i spos al o f  the s e  was tes  i s  a s e r i ous e conomic and 
envi ronmental prob l em .  Many re s e arch s tudi e s  are in progre s s , 
but economi cal ly ove ral l  accep tab l e  s o l ut i ons have no t b een r e 
solve d .  However , s uch quan t i t i e s  o f  organ i c  was t e s  coul d b e  a 
s i gnificant factor in future l on g - range energy cons i derat i ons . 
The total  heat equival ent o f  the s e  was t e s  a ft e r  adj us t ing fo r wat er 
evaporat ion would b e  on the  order o f  1 , 6 0 0  t r i l l ion B TU ' s p e r  year . 

CONVERS I ON TO GAS OF AGRI CULTURAL RE S I DUE S AND BY - PRODUCTS AND 
AN IMAL WASTES 

Potential ly , agr i cul tural  re s i due s , fib e r  crops and animal 
was tes coul d b e  conve r ted into gases  fo r fue l o r  fo r chemical  
synthe s i s . The s e  gase s  coul d b e  produc e d  through fe rmenta t i on 
or thro ugh pyro lys i s  o f  the was te s . 

Fe rmen tation o f  a ton o f  dry res i due woul d y i e l d  app r oxima t e ly 
1 0 , 0 0 0  cub i c  fe e t  o f  gas having a hea t ing val ue o f  ab out 5 0 0  BTU ' s 
per cub i c fee t .  A raw material  co s t  ( 1 9 7 0 )  o f  $ 1 0  t o  $ 1 5 p e r  ton 
woul d thus be equival ent to $ 1 . 0 0 to $ 1 . 5 0 per thous and cub i c  fe e t  
o f  gas with a heat ing va l ue o f  5 0 0  BTU ' s p e r  cub i c  fe e t .  F e rmen t a 
tion o f  the 5 2 0  mi l l i on tons o f  re s i due s ( to ta l  U . S .  agri cul tural 
was tes  and by- produc t s , exc luding Alaska and H awa i i )  coul d p ro duce 
on the order of 2 , 6 0 0  tr i l l ion BTU ' s per year . 

Pyro lys i s  o f  a ton o f  re s i due woul d y i e l d  on the order o f  
6 , 8 0 0  cub ic fe e t  o f  mixe d gas es with a ne t heat ing va l ue o f  ab out 
1 5 0  BTU ' s  per cub i c  foo t . A raw material  co s t  of $ 1 0 to $ 1 5  p e r  
ton woul d thus b e  equiva l en t  t o  $ 1 . 5 0 to $ 2 . 2 5 p e r  thous and cub i c  
fe e t  o f  gas with a h e a t ing va l ue o f  only 1 5 0 , 0 0 0  B TU ' s p e r  thou
s and . The 5 2 0  mil l ion tons of res idue s could produce on the o r de r  
o f  5 3 0 tr i l l ion BTU ' s .  

Ne i ther the fermentat ion o r  pyr o lys i s  procedure s appear  to b e  
economically comp e t i t ive with e s tab l i shed fos s i l  fue l s  a s  a s ource 
o f  l arge - s cale indus trial  energy for the near future . Howeve r , 
removal o f  many o f  the s e  was tes  i s  a mus t for p o l l ut ion contro l , 
and any financial  re turn may b e  cons i dered  a p r o f i t .  I t  i s  thus 
po s s ib l e  that dispo s a l  through fe rmentation may r e s ul t in s ig 
ni fi cant future contributions  t o  the U . S .  indus t r i a l  energy s upp ly . 

CULTIVATED CROPS 

About 360 mi l l i on acre s , o r  16  pe rcent of a l l  U . S .  l and 
( 2 , 2 6 0  mi l l ion acres ) ,  are now us e d  for cul t i vate d crops . Th i s  i s  
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about 6 0  pe rcent o f  the l and that might be  us e d  to s ome de gree  fo r 
th i s  purp o s e . Howeve r ,  normally , the b e s t y i e l ding l and fo r the 
various crop s i s  cul tivate d .  

Cereal grain p roduction per acre for the p a s t  de cade has 
vari ed , but on an average has incre as e d  ove r 3 pe rcent annua l ly . 
Th i s  increas e has gene ral ly exce ede d  the growth rate  o f  the U . S .  
populat ion and expo rt demands , and the amount o f  cul t ivatab l e  l and 
us e d  has decreas e d  in th i s  p e r io d .  Bas e d  on U . S .  requi remen t s  fo r 
the predi c tab l e  future , the re i s  a po ten t i a l  s our ce  o f  indus t r i a l  
ene rgy from crops that coul d b e  p roduced  o n  the s e  unus e d  acres . 
Land l o s t  to non - crop us e could be  s i gn i fi cant in  the l ong - range 
p i c ture i f  divers i on were to cont inue at the p re s en t  rate . Th i s  
l o s s  i s  expected  to to tal ab out 2 0  mi l l ion acres  by 1 9 8 5 . For 
tunate ly , to date , mo s t  o f  the l o s s  has b een l and no t hi ghly s ui t 
ab l e  fo r cul tivated crop s . 

Us e as Pr imary Fue l s  

The growing o f  crop s sp e c i fi c a l ly for p r imary b urn ing fue l s  
i s  a po s s ib i l i ty . Yie lds o f  di fferent fiber  crops vary by s ev 
e r a l  hundred perc en t . The probab l e  maximum y i e l d  in  s e l e c t e d  
U . S .  regions i s  ab out 2 0  tons o f  dry ma t te r  p e r  a c r e  per  year . 
With thi s yi e l d , p roduc t i on co s t s per  ton o f  dry ma tter  ( 1 9 7 0 )  
woul d b e  i n  the order o f  $ 1 0 .  The heat o f  combus t i on per  ton 
wo uld b e  about 1 5  mi l l ion BTU ' s .  Thus , a ton o f  dry mat t e r  at  
$ 1 0  ( $ 0 . 6 7 per mi l l i on BTU ' s )  wo ul d b e  equiva l en t  to co a l  a t  
ab out $ 1 7  p e r  ton o n  a comparat ive BTU bas i s . U . S .  l and that 
coul d p ro duce 2 0  tons o f  dry mat t er per acre is l imi ted . No rmal 
yi e l ds of 50  p e rcent o f  th i s  we i ght are mo re  real i s t i c , and in
creased  y i e l ds are ene rgy intens ive . 

Thro ugh re s e arch , the deve l opment o f  h i gh - y i e l ding new indus 
trial energy crop s tha t  b e tter  uti l i ze s o l ar ene rgy may b e  a pos 
s ib i l i ty .  A s i gni ficant bre akthrough coul d have a maj or imp a c t  
o n  l and usage , e conomi cs  and agri cul ture ' s  contribut i on t o  the 
indus t r i a l  ene rgy supp ly . Th i s  is not exp e c t e d  to o ccur b e fo r e  1 9 8 5 . 

Cereal Grain Conve rs ion to Indus t r i al (E thyl) Al coho l 

A l o g i cal s equence o f  ene rgy convers ions i s  to use  the i d l e  
l and t o  p ro duce c e real  grain , wh ich i s  large ly carbohydr a te , and 
conve r t  the carb ohydrates  by fermentation to e thyl a l coho l - - a  
convenient comb us t ib l e  fue l . The convers i on t o  e thy l a l coho l 
by fermentat ion i s  techn i cal ly feas ib l e , and e thyl al coho l i s  
usab l e  a s  a mo tor fue l . One hundre d  mi l l ion o f  the unus e d  
acres wi th an ave r ag e  y i e l d  o f  7 0  bushe l s  o f  grain p e r  acre 
( app roximately  3 , 9 0 0  pounds ) would be equi va l ent t o  about 8 0  
b i l l i on gal l ons  o f  a l coho l - - or ab out 2 0  p e rcent o f  the s ome 9 0  
b i l l ion gal lons  o f  mo tor fue l that we re consume d in the Un i t e d  
States  i n  1 9 7 1 . The energy equivalent o f  e thy l a l cohol i s  ab out 
1 2 , 0 0 0  B TU ' s per pound o r  8 0 , 0 0 0  BTU ' s per gal lon . ( Fo r  gas o l ine , 
i t  i s  app roximately 1 3 5 , 0 0 0  BTU ' s per  gal lon . )  
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The co s t  o f  this e thy l a l coho l would currently b e  h i gher than 
pre s ent p e trol eum mo tor  fue l cos ts . However , when evalua t e d  
agains t  b a l ance o f  trade , as s i s tance t o  many U . S .  r e g i onal e cono 
mies , improved air p o l lut ion control and eng ine p e r fo rmance , fe r 
men tation alc oho l mus t be  cons i dered i n  future indus t r i a l  energy 
s tudi e s . 

The conve rs ion o f  s tarch and sugar s to e thy l a l cohol  i s  s hown 
1n F i gure 1 1 . 

(Cs H1 oOsln + nH20 
= 

nCs H1 206 
Starch Dex trose 
c1 2H22o1 1  + H2 0 2 Cs H1 206 
Maltose Dex trose 

Cs H1 206 2 C2 H50H + 2 C02 
Dextrose Ethyl Alcohol Carbon Dioxide 

Fi gure 1 1 . Conver s i on o f  S t arch and Sugars into E thy l A l coho l . 

The theore t i cal y i e l d  o f  al coho l from s tarch i s  0 . 5 6 8  pounds 
per pound of s t arch . The o re t i ca l ly , 1 8 0  pounds o f  dextro s e  s houl d 
yield  9 2  pounds o f  a l coho l . In ac tual prac t i c e , y i e l ds general ly 
are ab out 90 to 95 percent of theore t i ca l . 

Al coho l produc t ion i s  directly re lated  to the s tarch in the 
grain . I f ,  as shown in Tab l e  2 2 , the re spe c t i ve s tarch content 
of hard whe at , soft wh eat  an d corn i s  6 4 , 6 9  and 72  p e rcent 
(mo i s ture - free 1 respe c t i ve ly , the maximum al coho l that coul d b e  

TABLE 22 

AVERAG E PERCENTAGE COMPOSITION OF CER EAL G RA I NS* 

Other 
Grain Starch Protein Oil Fiber Constituentst 

H ard Wheat 64 1 4  2 2 1 8  
Soft Wheat 69 1 0  2 2 1 7  
Dent Corn 7 2  1 0  5 2 1 1  
Sorg h u m  7 1  1 3  3 2 1 1  

* Moisture-free basis. 

t Minerals, sugars, pentosans and vitamins. 
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produc e d  from a b us he l (wheat - - 6 0 pounds and corn - - 5 6 pounds ) 
woul d b e  2 1 . 8 ,  2 3 . 5  and 2 2 . 9  pounds . Trans l a t e d  to a 1 4 - p e r cent 
mo i s ture bas i s  and a prac t i cal 9 0 - p e rcent y i e l d  of a l coho l , the 
anhydrous a l coho l ob tained per bushel  wo uld be 1 6 . 9 ,  1 8 . 2  and 
1 7 . 8 pounds , r e s p e c t i vely , or 2 . 5 8 ,  2 . 7 5 and 2 . 7 1 gal l ons . 

The co s t  o f  e thyl a l coho l from wh eat and corn depends on many 
condi t ions , s uch as l o ca t i on , re gional l ab o r  r a t e s  and typ e o f  
whe at  us e d . Pas t s tudi e s  have shown that a prac t i c a l - s i z e grain 
fe rmen tat ion p l an t  coul d pro c e s s  ab out 2 0 , 0 0 0  b us he l s  p e r  day . 
Such a p l an t  at  curren t prices  would co s t  about $ 1 4 . 0  mi l l ion t o  
cons truc t . Anhydrous al coho l product ion woul d b e  about 1 7 . 5  mi l 
l i on gal l ons from 6 . 6  mi l l ion bus h e l s  o f  grain . Rep re s entat ive 
co s t  e s t imat e s  are shown in Tab l e  2 3  for wh e a t  and Tab l e  2 5  for 
corn . 

The grain co s t  p e r  gal l on o f  a l coh o l  woul d depend directly  
on  the grain p r i ce as shown in  Tab l e s  24  and 2 6 . 

E thyl al coho l has b e en us e d  as a comp onent in U . S .  mo tor 
fue l s  on a l im i t e d  s cal e . Al coho l w i l l  g ive accep tab l e  b l end and 
handl ing p e r fo rmance , p rovi de d  the b l end contains at l e a s t  1 0 -
pe rcent (by vo lume ) anhydrous al coho l . Lower b l ends might a l s o  b e  
us e d  with dua l and more expens ive fue l sys tems . The b a s i c  p rob lem 
has b e en un favo rab l e  e conomi c s . 

I t  woul d require about 3 . 4  b i l l i on b ushe l s  o f  cereal  gra ins 
annua l ly to p ro duce the 9 . 0  b i l l i on g a l l ons  of anhydro us a l cohol 
( 1 0 - percent b l end) . ( The 1 9 7 1  cereal produc t ion o f  whe a t , corn 
and sorghum was app roximately  1 . 6 ,  5 . 5  and 0 . 9  b i l l i on bushe l s , 
respe c t ive ly . )  Th i s  al coho l would co s t  mo re than $ 4  b i l l i on to 
produce from gr a in co s t ing $ 1  per  bushe l . App roximately  5 0 0  fe r 
men tation p l an t s  with a t o t al cap i ta l  inve s tmen t o n  the o rde r o f  
$ 7 . 0  b i l l ion woul d b e  require d .  (Pre s ent total  ins t a l l e d  p l ant 
capac i ty i s  1 5  to 20  mi l l i on bushe l s . )  Ab out 2 8  mi l l i on tons per 
year o f  by - p ro duc t fe e d  woul d be  produce d .  

The s i gni f i can t e ffe cts  o f  th i s  2 8  mi l l i on tons o f  b y - pro duc t 
fe ed on the mark e t s  fo r o ther grains  and cereals  have not  b e en 
evaluate d .  The s e  h i gh - p ro t e in by - p ro duct fe eds would not fi l l  the 
gap l e ft by remo va l o f  a h i gh p ropo r t i on o f  fe e d  grain from the 
marke t .  The s e  b y - product fee ds woul d a l s o  comp e te with  s uch 
ma te r i a l s  as s oyb e an me al , co t tonseed me al and o th e r  feed prote in 
concentrate s .  Bas i c a l ly , there coul d be  an exce s s  o f  p ro t e in 
fe eds but not  eno ugh carbohydr ate energy . 
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TABLE 23 

FERMENTATIVE CONVERSION COST OF 1 90° AND 200° PROOF A LCOHOL FROM WHEAT 
(Exclusive of Cost of Wheat) 

190° Proof, Alcohol ( 2.72 Gallons/Bushel) 

Base Conversion Cost 
Depreciation ($1 .45 mil l ion/year, 1 0  years, 1 7.2 mil l ion gallons) 

Total 

By-Product Feed Credit (6.5 1b/gal .  ale. at $1 00/ton )  

Net 

200° Proof, Alcohol (2.6 Gallons/Bushel) 

Alcohol ( 1 .048 gal. at 1 0. 1  �) 
Cost of Dehydration 

Total Cost, Exclusive of Wheat, Profit, Packaging and Sales Expenses 

* All  costs are expressed in constant 1 970 dollars. 

Cost/Gallon* 
(Cents) 

34.1 
8.5 

42.6 

32.5 

1 0.1  

1 0.6 
2.4 

1 3.0 

Source: Dwight L. Mi l ler, "Fuel Alcohol from Wheat," National Wheat Uti l ization Conference, November 3, 1 97 1 ;  updated 

to May 1 973. 

Wheat 
Price/Bushel 

(Dollars) 

1 .00 
1 .25 
1 .50 
2.00 
2.50 

TABLE 24 

EF FECT OF WHEAT COST ON ETHYL ALCOHOL COST 
(Basis: 2.6 Gal. 200° Proof Alcohol/Bushel ) 

Alcohol Cost/Gallon, (Cents) 

Wheat Conversion* 

38.5 1 3.0 
48.0 1 3.0 
57.7 1 3.0 
71.0 1 3.0 
96.3 1 3.0 

* Conversion costs are constant 1 970 dollars. 

t These costs do not i nclude profits, packaging and sales expenses. 

Total 
Base Costt 

5 1 .5 
61 .0 
70.7 
90.0 

1 09.3 

Source: Dwight L. Mi l ler, "Fuel Alcohol from Wheat," National Wheat Util ization Conference, November 3, 1 97 1 ; updated 

to May 1 973. 
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TABLE 25 

FERMENTATIVE CONVERSION COST OF 1 90° AND 200° PROOF 
ETHYL ALCOHOL F ROM CORN 

(Exclusive of Cost of Corn) 

1 90° Proof, Alcohol (2.82 Gallons/Bushel) 

Base Conversion Cost 
Depreciation ($1 .45 mi l l ion/year, 1 0  years, 1 7.7 mi l l ion gal lons) 

Total 

By-Product Feed Credit (6.8 lb/gal .  ale. at $60/ton )  

Net 

200° Proof, Alcohol (2.7 Gallons/Bushel ) 

Alcohol ( 1 .048 gal.  at 7.41,1) 
Cost of Dehydration 

Total Cost, Exclusive of Corn, Profit, Packaging and Sales Expenses 

* Costs are in constant 1 970 dollars. 

Cost/Gallon* 
(Cents) 

33.2 
8.2 

4 1 .4 

34.0 

7.4 

7.8 
2.4 

10.2 

Source: Dwight L. Mi l ler, "Corn and Its Uses," National Corn Growers Association, April 5 ,  1 972; updated to May 1 973. 

Corn 
Price/Bushel 

(Dollars) 

1 .00 
1 .25 
1 .50 
1 .75 
2.00 

TABLE 26 

E FFECT OF CORN COST ON ETHYL ALCOHOL COST 
(Basis: 2.7 Gal. 2000 Proof Alcohol/Bushel ) 

Alcohol Cost/Gallon, (Cents) 

Corn Conversion 

37.0 1 0.2 
46.3 1 0.2 
55.5 1 0.2 
64.8 1 0.2 
74.0 1 0.2 

* These costs do not include profits, packaging and sales expenses. 

Total 
Base Cost* 

47.2 
56.5 
65.7 
75.0 
84.2 

Source: Dwight L. Mil ler, "Corn and Its Uses," National Corn Growers Association, April 5, 1 972; updated to May 1 973. 
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Chap t er F ive 

SOLAR ENERGY 

SUMMARY 

Agr i cul ture repre s ents  a special  case  o f  ind i r e c t  s o l a r ene r 
gy convers ion . Other p o s s ib i l i t i e s  exi s t  fo r the d i r e c t  and in 
direct use o f  s o l ar ene rgy . Howeve r ,  as l ong as fo s s i l  fue l s  re 
ma in abundant wo r l dwide , even at sub s tan t i al ly h i gher p r i c e s , the 
ut i l i z at i on of s o l ar ene rgy wi l l  be conf ined t o  smal l exp e r imental 
ins tal l a t i ons  and un ique s it ua t i ons . 

Be caus e it  i s  s o  d i ffuse  and int erm i t t en t  when i t  reache s the 
e arth , s o l ar energy can be put t o  no fore s e e ab l e  l arge - s ca l e  use  
over the  next 1 5  years , even with appr e c i ab l e  improvements in t e ch 
no logy . 

The l arge are a  ove r  wh ich s o l ar energy mus t  b e  c o l l e ct e d  
and the c o s t  o f  the c o l l ec t i on and convers ion e qu ipment p revent 
the wide spread us e of such devices  as s o l ar e vaporat o r s , s o lar de 
s a l inators , s o l ar he aters , s o l ar cookers , s o l ar furnac e s , s o lar 
ce l l s ,  s o l ar hous e s , e t c . Ano ther factor wh ich d i s courage s the 
use o f  s o l ar energy i�  that fos s i l  fue l s  are ava i l ab l e t o  do the 
same j ob n i ght and day wi thout cl oud int e rference . 

The s i l icon c e l l , deve l oped ab out 1 5  ye ars 
to be  a re l iab l e  me ans for direct  conve r s ion of 
to e l e c t r i c i ty for  app l i ca t ions in out e r  s p ace . 
a s i gn i f i cant amount o f  powe r , howeve r , r e qu i re s 
of  an ext reme l y  l arge numb er o f  ce l l s . The h i gh 
o f  s i l icon c e l l  arrays r e s ul t s  in power c o s t s  o n  
$ 5  p e r  KWH . Thus , t h e  co s t  i s  ab out 1 , 0 0 0  t ime s 
power s ource s .  

ago , has p roved 
s o l ar radiat ion 

The generat ion of 
the conn e c t ion 
cap i t al co s t  
the o rder o f  $ 2  t o  
t h a t  o f  convent i onal 

Based  on current re s e arch l eve l s  on s o l ar ener gy c e l l s , no 
bre akthrough i s  an t i c ipated b e fo re 1 9 8 5 . The t ime when thi s u l t i 
ma te s ource o f  ene rgy w i l l  have to b e  used  t o  suppl emen t the 
dwind l ing supp l i e s  o f  o ther s ources remains ind e f in i t e  but could 
be  as s oon as the year 2 0 0 0 . When thi s  t ime comes , s o l ar energy 
wi l l  have to b e  used  no t only to produce powe r and heat  but a l s o , 
with the aid  o f  chemis t ry and other res ourc e s , to p roduce the 
fue l s  and lub r icants  for  mob i l e  equipment , as  we l l  as rubb e r , 
plas t i cs and o ther e s s ent i a l  petrochemi ca l s . Such conver s i on can 
be  achieved with the aid  o f  the hydrogenat i on o f  carb on monoxide , 
but atta inment o f  this  goal wi l l  requ ire  s everal  years o f  s ophi s 
t i cated r e s e arch and deve l opment . 

A greater recogn i t ion by gove rnment o f  the u l t imate  need 
for s o lar energy could oc cur in the next 1 5  years . I f  the use  
of  s o lar energy ut i l i z a t i on i s  ever to achi eve any prominence 
in the Un i t ed S t ate s , it woul d  appear that  i t s  deve l opment 
mus t b e  supported by gove rnment j us t  as atomic ene rgy was . 
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D I S CU S S I ON 

Had i t  no t b e en for the abundance o f  fos s i l fue l s - - co a l , o i l  
and na tural  gas - - we might today have a s o la r  e n e r gy e c o n o my j us t  
a s  e f fe c t ive and e f f i c i ent as our fo s s i l fu e l  e c o n om y . I f  n e e d  
had forced man t o  devo te  the phenomenal ingenu i ty and inven t ive 
ne s s  whi ch he has d i s p l ayed in t he p a s t  1 5 0  years t o  the deve l o p 
ment o f  devi c e s  f o r  t h e  ut i l i z at ion o f  s o l ar energy ins t ead o f  
fos s i l fue l s , w e  might today have huge s o l ar ene r gy p l an t s  and 
comp l exe s , s im i l a r  to our o i l  re fine ry and chemical  comp l ex e s , 
whe re the sun ' s  energy would b e  col lected , concentrated and s tored  
to produce not only e l e c tr ic power bu t a who l e  ho s t  o f  o ther 
thing s . 

I n  the s e  comp l exes  the t echnol o gy o f  p ro duc ing hydrogen and 
carbon monox ide from water and air  and from p l an t s  and o ther  car 
b on - c onta ining r e s ourc e s  would have been p e r fe c ted , and through 
the hydrogenat ion of the c arbon monox ide - - a pro c e s s  that is already 
we l l  known - -we would b e  produc ing hydro carbons ( synthe t i c  crude 
o i l  and gaseous mixture s )  from which we coul d d e r ive the s ame 
pe trochemicals  and the s ame lub r i c an t s  and fue l s  for mob i l e  e quip 
ment that we pro duce to day . 

Becaus e the s e  s o l ar c omp l exes  would have t o  b e  l o cated in the 
hot sunny areas o f  the wor l d - - d e s e r t s  and the l ike - - we m i ght have 
l e arned to t ransmit e l e c t r i ca l  energy over l ong d i s t ance s  mo re  
e ffe c t ive l y , wi thout wire s , perhaps . 

We would have improved the heat pump t o  supp l ement the sun 
for the heat ing and air  condi t ioning o f  hous e s  and b u i l d ings , and 
we would undoub tedly have cont inued the imp rovement o f  s o l ar c e l l s  
and the rmo e l e c t r i c  and the rmionic devi c e s  for the d i r e c t  conve rs i on 
o f  s o lar  energy t o  e l e c t r i c i ty .  Al s o , with improvements  in the 
me thods and co s t  of producing , s t o r ing and transpo r t ing hydrogen 
and oxygen , we m i gh t  b e  us ing fue l ce l l s  in the home s . 

We mo s t  as s uredly would have done a l o t  more on the s tudy o f  
pho tochemi cal  react i ons i n  wh ich may l i e the s o l ut ion t o  the prob 
l em o f  s to r ing s o l ar energy . 

Ava i l ab i l i ty o f  S o l ar Energy 

The re i s  p l en ty o f  s o l ar energy ava i l ab l e  to mee t  al l our 
needs . Al l of the energy that was consumed i n  the  Uni t e d  S t a t e s  
i n  1 9 7 0  ( about 6 8  x 1 0 15 BTU ' s ) could have b e e n  c o l l e ct e d  from 
the s un by a s ingle  c o l l e c t o r  only 2 7  m i l e s  in d i ame t e r  ( 5 7 0  
s quare mil e s  in are a) 5 p r o v iding that co l l ec t o r  was a s at e l l i t e  
ab o v e  the earth ' s  atmo sphere  and s o  s i tuated tha t i t  was expo s ed 
n orma l t o  t h e  s u n ' s  ray s a l l  o f  t h e  time . Under the s e  c i rcum 
s t ance s , the col l e c t o r  would rece ive 4 3 0 . 5  BTU ' s p e r  hour per  
square fo o t  which i s  known as the  s o lar c on s t an t .  

The e ar th ' s  surface , however , i s  not  expo s ed normal t o  the 
sun ' s  rays a l l  the t ime , and it is surrounded by an atmo s phere . 
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Thus , by the t ime the sun ' s  energy reache s the e ar th ' s  surface 
it  is so  di ffuse  and intermi t t ent that it is d i ff i cul t to regather 
it  t o  put i t  to us e ful work . 

Ab out half  o f  the sun ' s  energy i s  absorb e d  o r  r e f l e c t e d  
( s cat tered)  b ack t o  space by the c l ouds and t h e  a t oms and mo l e cul e s  
o f  the atmo sphere . 4  The re s t  i s  rece ived in t e rmi t t ent ly , from 
sunr i s e  to suns e t , wh ich var i e s  in durat ion from p l ace to p l ace 
and s e as on to s e as on . Mo s t  o f  the t ime the sun i s  conce a l ed and 
the re i s  no s o l ar ene rgy at al l .  

The figur e usual ly used for the s o l ar ene rgy rece ived b y  a 
ho ri zontal surface on an " average day the year round" b e tween 
the 4 0 th paral l e l s  of the e arth , which encomp a s s e s  the s outhern 
hal f o f  the Un ited  S t a te s , i s  1 , 5 0 0  BTU ' s  p e r  s quare foot  p e r  day . 1 3 
Thi s  corresponds t o  6 2 . 5  BTU ' s  per  hour p e r  s quare fo o t , wh ich i s  
14 . 5  p e rcent (one - s eventh)  o f  the s o l ar con s t an t . 

Pre s ent Us e s  o f  S o l ar Ene rgy 

What happ ens t o  the energy that doe s  reach the surfac e ? Some 
of it i s  reflect ed b ack to space ; part of it p r omo t e s  the growth 
o f  ve g e t a t i on through photo synthe s i s ; and t he re s t  makes  t he re 
ce iving sur fac e s  a few to s everal degree s  h o t t e r  than the s urround 
ing atmo s hpe re . 

Th i s  surface he at ing e ffe ct  can b e  incre a s e d  by p a in t ing the 
sur faces  b l ack to reduce refl e c t i ons  and fur the r inc r e a s e d  by 
cove ring the surface with a transparent s he e t  o f  g l a s s  o r  p l a s t ic 
whi ch l e t s the s o l ar wave l engths through bu t prevent s  the longer 
re flected wave l engths from pas s ing out . This  is  the h o t h o u s e  or 
gr e en h ous e e ffe c t . 

Solar Co l l ectors  

So l ar co l l e ctors  emb o dying b o th o f  the s e  fe atur e s  are  us e d  
to promo te the growth o f  p l ant s , to he at wat e r  and hous e s  and t o  
d i s t i l l  wate r . 

Such sys tems can on ly g enerate he at at  r e l a t ive ly l ow temp e r 
ature s - - 1 5 0  to 1 6 0 ° F t oo l ow for convent i onal  power gene r a t i on 
�urpo s e s - - and e ven the  mos t s imp l e  c o l l e c t o r s  are expens ive ( about 
$4  per s quare foo t ) . 

Thus , a 5 0 0  to 1 , 0 0 0  s quare foot c o l l e c tor on the r o o f  and 
s outh s ide o f  a s o l ar hous e mi ght cos t $ 2 , 0 0 0  t o  $ 4 , 0 00 ,  t o  which 
has  to b e  added ano the r $ 1 , 0 0 0  or so  to provide for the energy 
s torage that i s  r e quired to provide fo r the t ime when the sun 
i sn ' t  shin ing . A s imp l e  s torage sys tem may cons i s t  o f  a t ank t o  
s tore the s o l ar - heated  wat e r  w i t h  the t ank surrounded b y  r o c k s  en 
c l o s e d in a s e al e d  and insul ated enclosure in the b as ement us ing 
an air c i rcu l at ing sys t em to t ransport the heat from the t ank en 
clo sure to the var ious ro oms o f  the hous e . 
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I n i t i a l  co s t s  such a s  thi s  ( $ 3 , 0 0 0  t o  $ 5 , 0 0 0 )  c an b e  recove red  
in  fue l s avin g s  ove r  a period  o f  years , but  s uch c o s t s  coup l e d  
with the nui s ance o f  the ope rat i on and maintenance o f  the s o l ar 
sys tem are difficu l t  t o  j us t i fy ,  e spec i a l ly in c l imates  whe re  a 
supp l emen tary fue l - fired  sys tem has t o  be  ins tal l e d  anyway . 

The us e o f  co l l e ctors  o f  this typ e t o  d i s t i l l  and de s al inate  
water c an only  be  j us t i f i ed in p l aces  where  the  demand for  water 
is so sma l l  and the l and are a so cheap that a fue l - fired  p l an t  
cannot b e  j us t i f i e d . 

Solar  Furnace s  

To o b t a in t empe ratur e s  h i gh enough t o  b o i l  wate r ,  t o  make 
s t e am or to cook , l ens e s  or s o l ar r e fl e ctors  have to be us e d  to 
concentrate the energy . With s uch devices  e quipp e d  w i th movements 
t o  fo l l ow the sun , extreme ly h i gh temperature s  c an be  ob t a ine d - 
hot enough to me l t  r o cks  and re fractor i e s . 

Powe r Gene rat i on 

Much work needs t o  b e  done to imp rove the ab s o rp t i on and con 
centrat ion o f  s o l ar energy to incre ase  c o l l e c t o r  work ing temp e r 
ature s t o  the p o in t  whe re co l l e c tors can b e  u s e d  t o  gene rate s t e am 
for powe r gener a t iom purpo s e s . 

The use o f  s o l a r  c e l l s  t o  generate p ower in space  i s  we l l  
e s t ab l i shed but i n  that case , n e e d  was the paramount cons ide rat ion 
and cos t s e condary . The c o s t  o f  s o l ar ce l l  arrays fo r sp ace pur 
pos e s  i s  now about $ 3 0 0 , 0 0 0  per  k i l owat t with  a p ower output in 
space of about 10 wat t s  p e r  square fo o t  o f  p ane l area w i t h  the 
pane l s  fo l l owing the s un aut omatical ly . ( Th i s  i s  e quivalent to 
3 4 . 1 2 BTU ' s p er hour per  s quare foo t , whi ch is  about 8 p ercent 
o f  the s o l ar cons t ant . )  

On e ar th , in a hor i z ontal p o s i t i on on an "average day the 
ye ar round , "  the ce l l  output is ab out one - tenth of that in s p ace , 
i . e . , one wat t  p e r  s quare foot . I f  mas s produc t i on were to s e t 
in , the exp e r t s  b e l i eve that the co s t  o f  the ce l l  arrays m i ght b e  
reduced by one - third to $ 1 0 0  per  s quare foo t , and with  imp rovement s  
i n  c e l l s  and c e l l  arrangement s  i t  i s  fe l t  that t h e  ouput m i ght 
ul t imat e l y  b e  incre a s e d  by 50  percen t , re sul t ing in a y i e l d  o f  ap 
prox imately 1 . 5 wat ts  p e r  s quare foo t  o n  an average day the ye ar 

· round . 

Us ing the s e  figure s as a b as i s , one can rough out tha t one 
s quare m i l e  of s o l ar c e l l  arrays ( 2 8  mi l l i on s quare fe e t )  wou l d  
have a c ap ac i ty o f  4 2  MW and might b e  bui l t  with  an inve s tmen t 
o f  arround $ 3  b i l l i on . Th i s  i s  ab out $ 7 0 , 0 0 0  p e r  KW comp ared  to 
$ 1 5 0  t o  $ 2 0 0  per KW for fo s s i l - fue l p l an t s  and $ 2 5 0  t o  $ 3 0 0  p e r  
KW for nucl ear p l ant s . 
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Need for Re s e arch 

The l arge amount of cap i tal  inve s tment invo lved in ene rgy 
co l l e c t ion and s tor age .sys tems and the l arge  amoun t o f  l and area 
invo lved cons t itute the re asons why s o l ar ene rgy has not b e en 
ab le to compete  with our convenient and abundant fo s s i l fue l s . 
Had we really needed this energy , howeve r , i t  i s  qui t e  l ikely  that 
the technol ogy woul d have b e en deve l oped t o  imp rove the s e  e c onom
ics  mate r i a l l y . 

As i t  i s , the amount of  re s e arch that has b een done in the 
solar energy f i e l d  has b e en re l a t ive ly smal l ,  and for the mo s t  
part the devi c e s  that have b e en worked on have b e en obvious and 
re lat ive l y  crude . I t  take s l i t t l e  imag in at ion t o  u s e  magn i fying 
g l as s e s  and mirrors t o  concen trate and focus the sun ' s  rays o r  to 
us e ponds of wat e r  covered with g l as s  or p l as t i c s he e t s  ( the green 
hous e e ffe ct)  t o  c o l l e c t  s o l ar energy to h e at wat e r  or t o  e vap o r 
ate i t . 

The s e , howeve r , are the kinds o f  things that have b e en wo rked 
on . Smal l  s o l ar cookers (parab o l i c  o r  cyl indr i c a l  mi rror concen 
trat ors ) are s o l d  commerc ially  in India and e l s ewher e , and a l arge 
numb e r  o f  fairly l arge sol ar water heaters and s o l a r  s t i l l s  (water 
desal ters ) have b e en bui l t  in Japan , Afr i c a , Aus t ra l i a , I srae l and 
many o f  the Med i t erranean nat ions . H i gh - temperature s o l ar furn
aces have b e en bui l t  and there are s eve ral exp e r iment a l  s o l a r 
heated hous e s  in  ex i s t ence . The s e  dev i c e s  a r e  a l l  de s cr i b e d  in  
cons iderab l e  de t a i l  in the  s o l ar ene r gy l i teratur e . The b e s t  
revi ews o f  the s e  deve l opments  are l i s t ed i n  the b ib l i o gr ap hy . 1 ' 2 ' 
1 � ,  l s ,  1 6 •  I n  this  f i e l d , there has b e en no thing new for s everal 
years . 

Nature o f  So l ar Ene rgy 

A cert ain amoun t o f  s oph i s t icat ion has b e en d i sp l aye d in the 
s e le ct i on and preparat ion o f  certain co l l e ctor s ur fac e s  that are 
" s e l e ct ive to certain wave l engths , "  but except for this and fo r 
a smal l amount o f  work on pho tosyn the s i s and o ther pho tochemical  
react ions , s o l ar ce l l s  are re a l ly the only deve l opment that reco g 
n i z e s  s o l ar radiat ion for what i t  real ly i s - - a  s p e c t rum o f  quanta 
or pho ton s  e ach with cert ain speci fic  propert i e s . 

Quanta are indivi dual , d i s crete  packages o f  energy wh i ch are 
emitted  when one of the e l e ctrons surround ing the nuc l eus o f  an 
atom j ump s from one p o s i t ion or o rb i t t o  ano ther o f  l owe r energy 
leve l . Each atom has its own un ique e l e ctron con f i gurat i on , and 
there fore e ach has i t s own un ique s e r i e s  o f  quantum j ump s . The 
kind o f  photons that an atom or sub s t ance emi t s  ( o r  ab s o rb s )  are 
un ique for that atom and thus can b e  used t o  iden t i fy the nature 
o f  that mate r i al . 

When a b l ack (non - r e fl e c t ive ) b o dy i s  expo s e d  t o  s o l ar 
energy the mo t i on o f  i t s  mo l e cules  i s  increas e d , that i s , i t s  temp 
erature r i s e s . Thi s  i s  he at . In  addi t i on , c e r t a in a t oms o r  mo l -
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e cul e s  in that b o dy may abs o rb cert ain quan t a  from the inc i dent 
ray in which e vent the  atoms invo lved may b e c ome ac t iva t e d  t o  the 
po int whe r e  they wi l l  react  in a pho to chem i c a l  r e a c t ion l ik e  
p l ant pho t o syn the s i s . I n  s ome cas e s , the ab s orp t ion o f  a pho t on 
may caus e an e l e c tr on t o  l e ave the atom , in which  c a s e the  atom 
i s  l e ft with  a p o s i t ive charge ( i oni z e d) . Thi s  p ro c e s s  i s  the one 
that is invo lved in s o l ar ce l l s , pho toce l l s  and o ther  p ho t o e l e c t ric  
phenomena . 

Pho t ons  t r ave l at the speed o f  l i ght  ( 1 8 6 , 0 D O  m i l e s  p e r  s e c 
ond) unt i l  they are int e rcep t e d  or ab s o rb e d  by atoms and mo l e cul e s  
o f  the a i r  o r  sp ace o r  un t i l  they are re f l e c t e d  o r  ab s o rb e d  b y  
s o l i d  s ur faces . Be c aus e the s e  quanta  e xh ib i t  wave prop e r t i e s  
(wave length and frequen cy) they can b e  s eparated  from e ach o ther 
as  they are pas s e d through pr i sms , wa ter o r  o ther re frac t ing 
media . 

S o l ar Spe c trum 

When the sun ' s  rays are p a s s e d  through a p r i sm or through 
wate r  drop l e t s  in t he s ky , the sun l i ght that we norma l ly p e r 
ce ive a s  whi t e  b e come s s e p arated into a rainbow o r  s p e c t rum o f  
colors . That  i s , e ach quantum o r  photon i s  bent o r  refracted 
di fferently as i t  p as s e s  through the  p r i sm , and t ho s e  that appear 
red  to our eye s ( tho s e  o f  h i gher wave l ength and o f  l ower ene rgy 
and fre quency) are bunche d toge ther at one end o f  the s p e c t rum 
wh i l e  tho s e  that app e ar v i o l e t  ( tho s e  o f  shorter wave length and 
highe r ene rgy) are bunched toge ther at the o ther end wi t h  b lue 
and green in b e twe en . 

The s o l ar spec t rum ,  as s hown in F i gure 1 2 , r an g e s  from the 
ul travi o l e t  through the v i s ib l e range into t he infrared . Mo s t  o f  
the pho t ons  are within the v i s i b l e  range , predominan t l y  green and 
red . 

3 

2 

1 visible : infra-
range +-r-- red - - - 

I 
I 
I 
I 
I 
I 
I 

radiation from black body at 6000° K 

1 .0 1 .5 2.0 

Wavelength-1 o-4 em 

2.5 

(After Abbott and Langley.) 

F i gure 1 2 . So lar Spectrum .  
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The intens i ty o f  l i ght or o f  any c o l o r  i s  dependent upon the 
numb er o f  quanta of that p ar t i cu l ar wave l ength or fre quency that 
i s  involve d .  Our eye s are only a rough me asure of intens i t y . 
This is  an extreme ly sma l l  amount of ene rgi b e c aus e 1 0 0 quant a  o f  
vi s ib l e  l i gh t amount t o  only about 3 x 1 0 - 7 j ou l e  ( l e s s  than 3 x 
1 0 - 2 0 BTU ' s ) . 

In F i gure 1 2 , the he avy s o l id l ine repre s en t s  the quant a  d i s 
tribution in the s un ' s  rays as they re ach the e ar th , after p ar t  
of the quanta have b e en ab s orb e d  by c e r t a in mol etul e s  as t h e  ray 
or be am p a s s e d  through the atmo sphe re . The smo o the r and l i gh t e r  
so l id l ine  ab ove i t  rep r e s ents  the s o l ar spectrum ab ove t h e  a t 
mosphe re . The dotted l ine  repre s ents  the s p e c trum that one re 
ce ive d from any b o dy that has b een he ated  t o  6 , 0 0 0 ° K  ( 1 0 , 0 0 0 ° F ) . 
I t  i s  becaus e the s e  two upp e r  l ines are s o  s im i l ar that the sun 
i s  s aid t o  radiate l ike a b ody at 1 0 , 0 0 0 ° F .  

Our eye s can d i ffe rentiate b e twe en the various co l o r s  b e c ause  
certain sub s tance s in  the  re t inal react t o  one typ e of  quantum 
(one color)  and not  t o  the o thers . Thi s  i s  t rue a l s o  o f  o ther  
pho tochemical react ions as in color  pho to graphy and c o l o r  t e l ev i 
s ion tub e s . The fact that certain quant a  are ab s o rb e d  by c e r t a in 
atoms and not  b y  o the rs  s e rve s as the bas i s  for the who l e  s c ience 
o f  spectros copy through which var ious sub s t ances  can be iden t i f i e d  
b y  s imp ly no t ing which quanta or photons  they ab s o rb ( o r  emit ) 
and which they do n o t . 

Sol ar Ce l l s  

With s ome s ub $ t ance s ,  certain quanta c an c au s e  e l ectrons t o  
j ump comp le t e ly out o f  o rb i t - - that i t , t o  free thems e l ve s . The 
alkal i me t a l s  l i thium , s o d ium , p o t as s ium , rub i d ium and c e s ium 
are e sp e c i al ly e ffect ive emi tters , with c e s ium s e rv ing part icul ar 
ly we l l  with quanta in the vis ib l e  range . Thi s  p henomenon , c a l l e d  
pho toe l e ctric e ffe c t , i s  that invol ve d  i n  t h e  op e r a t i on o f  pho to 
cel l s  and s o l ar ce l l s  whi ch can conve rt l i ght  and o ther rad i at ion 
directly into e l e c t r i c i ty . 

When certain quanta s t r ike a ces ium - coated surface ( us u -
a l l y  p l aced i n  a vacuum tub e )  e l e ctrons a r e  r e l e as e d  from the sur 
face . The s e  can b e  c o l l e c ted , thus cre at ing an e l e c t r i c current 
through an e xternal c i rcuit conne c t ing the c o l l ec t or b ack to the 
coate d surface . 

A current can al s o  b e  produced in th i s  s ame manner , as shown 
in F i gure 1 3 , be twe en a thin l aye r o f  s emit ransparen t , l i ght - s en 
s i t ive mater ial depo s i ted  on a s o l id b a s e , such as s e l en i um on 
iron or cuprous ox i de on copp e r  and o the rs . The s e  are the photo 
e l e ct r i c  ce l l s  that are used t o  me asure l i ght inten s ity in pho tog 
raphy . 

I n  the s o l ar c e l l s  the act ive ingredient s are incorp o rated 
into  the  b ody o f  the  ce l l  mat e r i al . The  s o l a r  c e l l  cons i s t s  of  
a s andwich o f  ve ry pure s emi - conduc tor mat e r i a l , such a s  s i l i con , 
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F i gure 1 3 .  Phot o e l e c t r i c  C e l l  

with one face dop e d  with a few atoms o f  an e l e ctron dono r , s uch 
as ars en i c , and the o the r face doped with an e l e c tron accepto r , 
such as b oron . When the sun s hine s on one o f  the faces , e l e c 
trons that are re l e as ed mi grate through the j un c t i on o f  the two 
l aye rs  thus creatin g  a p o t en t i al and a current f l ow through an 
external c i rcu i t  conne c t in g  the two face s . 

Many comb in a t i on s  o f  s emic onductor and dop ing mater i a l s  have 
b e en t r i e d , but s o  far the e f f i c i ency o f  the s e  c e l l s  is s t i l l  
qui t e  l ow , and a great many o f  them mus t  b e  conn e c te d  toge ther 
t o  produce currents o f  prac t i c al magnitude . Becaus e the s emi 
conduc tor mat e r i a l s  mus t  be  very pure , the s e  c e l l s  are very e x 
pens ive , and they have thus far b e en us e d  only in s p a c e  app l i ca 
t i ons ( t o  charge b a t t e r i e s ) where  co s t  cons iderat ions are s e cond
ary . 

Nee d  for Soph i s t i cated Re s e arch 

I t  i s  e s s en t i al that such e s o teric  work as that done on s o
l ar ce l l s  recogn i z e  the mo re s ophi s t i cated nature o f  s o l ar radi a 
t i on and b e  accomp l i shed i f  we are ever t o  find the k ey t o  un l ock 
this vas t  s upp l y  of energy for future us e .  An exten s i ve amount 
o f  work woul d  b e  r e quired to deve lop mater ia l s ,  surfac e s  and 
chemical s that wou l d  react t o  more o f  the quan t a  that are con 
taine d  in the s o l ar spectrum ins t e ad o f  t o  j us t  a few . 

I n  addi t ion , s e r i ous cons i de rat i on s houl d b e  g iven t o  the 
work requi red t o  deve l op a s a t e l l i t e  sys t em to c o l l e c t  and con 
cen trate s o l ar ene rgy which can then b e  t ransmi t t ed to e arth in 
concent rated b e ams o f  s e l e c t e d  wave l engths to min imi z e  d i ffus ion 
and masking by the atmo sphere . Thi s  i de a  was sugge s te d  in 1 9 6 5 5 , 
and i t  has s ince b e en e xp anded u�on and shown t o  b e  fe as i b l e , 
even with pre s en t  t e chno l o gy . 7  1 A great deal  o f  r e s e arch and 
deve l opment wo rk would have to prece de such a s cheme b e fore  i t  
coul d b e  cons i dered  p ract i cal . 

Work s uch as this  c an resul t only from l ong - range , v i s i on 
ary p l anning . 
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F i gure 1 4 . So lar Energy C omp l ex . 

Solar Complex 

F i gure 1 4  s hows the k ind o f  so lar energy c omp l ex that we 
might s omeday end up with . I n  thi s p l ant , conc ent rated s o l ar 
beams ( o r , b e t ter  ye t ,  microwaves of  s e l e cted  wave l engths ) 
rece ived cont inuous l y  from a s e r i e s  o f  s a te l l i t e s  are s eparated 
into var ious group s  o f  quanta , e ach o f  which , after further con 
centrat ion , i s  dire cted to the proce s s  whe re i t  w i l l  do the mo s t  
good - - one t o  the pho t o e lectric  plant t o  b e  conver t e d  d i r e c t ly t o  
e l ectric  p ower , ano ther to a pho tochemical  p l an t  for t h e  produc 
t ion of  chemical s t o  s tore ene rgy o r  for o ther  u s e s , one t o  s o 
l ar furnace s  or s o lar ponds t o  produce heat  for pro c e s s ing 
purpo s e s  or for power generat ion , and o thers  for more spe c i f i c  
purpos e s  such a s  the d i s s o c i a t i on o f  wat e r  (with t h e  a i d  o f  a 
catalys t no t yet d i s covered) to pro duc e hydrogen and oxygen wh ich 
can b e  used as fue l  for fuel c e l l s  or as raw ma t e r i a l s  for  the 
manufac ture of fert i l i z e rs , synthe tic  hydro carb on fue l s , lub e s  and 
chemi cal s such as rubb e r , p l as t i cs , f i b e r s  and s o l vent s . 

Need tor So l ar Energy 

We canno t  affo rd to wa i t  too l ong to pursue the k ind o f  
work that i s  neede d  to make s o l ar energy pract ical  b e caus e , a s  
shown i n  F igure 3 ,  the demand f o r  energy . in t h e  future wi l l  con 
t inue t o  grow , 6 and not  l ong from now we are almo s t  sure t o  need 
s o l ar energy to he lp ful f i l l  the s e  requ i rement s . 

8 7  



B I B L I OGRAPHY FOR CHAPTER FIVE 

1 .  Dan i els , F .  "Direct Use of  the Sun ' s  Ene rgy , "  American 
Sci e n ti s t 55  ( 1 9 6 7 ) . 

2 .  Dan i e l s , F .  Dire c t  Us e of the Sun ' s  Energy . New Haven , Conn . : 
Yale Un ivers ity Pre s s , ( 1 9 6 4) . 

3 .  Dunn ing ,  J .  R .  and Paxton , H .  C .  Ma tter�  Ene rgy and Radi a t i o n .  
New York : McGraw-Hi l l , I nc . , ( 1 9 4 1 ) . 

4 .  Fritz , S .  " Transmi s s ion of  Solar Ene rgy through the Earth ' s  
Clear and Cl oudy Atmo sphere . "  I n  Pro ce edings of the Conference 
on So lar Ene rgy . The Sc ientifi c Bas is Un ivers i ty o f  Ar i z ona , 
(O ctob er 1 9 5 5 ) . 

5 .  Gaucher , L .  P .  "Ene rgy Sources of  the Future fo r the Un ited 
States . "  So lar Energy 9 ( 1 9 6 5 ) : 1 19 - 1 26 . 

6 .  Gaucher , L .  P .  "Ene rgy in Pe rspe ct ive . "  Chemica l Te chno logy�  
(March 1 9 7 1 ) . 

7 .  Glas e r ,  P .  E .  "The Future of Power from the Sun . "  I n  
In te rs o cie ty Energy Conversion Engineering Co nference . New 
York : I ns t i tute of  Ele ctri cal and Ele ct ron ics Engineers , 
( 1 9 6 8 ) . 

8 .  Glas e r ,  P .  E .  "Power from the Sun : I ts Future . "  Sc ience  
1 6 2 ( 1 9 6 8 ) . 

9 .  Glas e r ,  P .  E .  "Sate l l i te Solar Power Station . "  So lar Ene rgy 
12 ( 1 9 6 9 ) . 

1 0 . Glas er , P .  E .  
Solar Ene rgy . "  
(1 9 6 9 ) . 

"Beyond Nuclear Power- - The L arge Scale  Us e o f  
Transaction . New York Academy of  Sciences , 

1 1 . Glaser , P .  E .  " Space Re sources to Bene fit the Earth . "  Paper 
read at Conference of  New York Academy of Sciences , ( 2 9 Oct
ober 19 7 0 ) . 

1 2 . 

1 3 .  

Glas s tone , S .  Sourc ebook  on th e Space Sc ience s .  
N . J . : D .  Van Nos trand Co . ,  ( 1 9 6 5 ) . 

Hottel , H .  C .  "Re s i dential Us es of  So lar Ene rgy . "  
c e e dings � Wor l d  Symp o s i um on App l i e d  So lar Energy . 
Ar i z ona , (November 1 9  5 5 ) .  

Prince ton , 

I n  Pro 
Phoenix , 

14 . Uni ted Nations Department of  Economic and Social Affairs . 
New Sources  of Energy and Economi c Deve l opme n t .  ( 1 9  5 7 ) . 

1 5 . Yellott , J .  I .  "Solar Energy Progre ss Repor t - - 1 9 6 5 . "  
7rans acti ons of the A SME . (July 1 9 6 6 ) . 

1 6 . Ye l lo tt , J .  I .  " Solar Energy Progress - -A Wo rld Picture . "  
Me chani ca l Engi ne ering� (July 19 7 0 ) . 

8 8  



Chapter  S i x  

T I DAL ENERGY 

The us e o f  the energy in t i des to gene rate powe r g o e s  b ack at  
l e as t to the  1 1 th century when sma l l  t i dal mi l l s  were us e d  to grind 
co rn in  s eve ral E urop e an count r i e s . In  1 7 3 4 , at S l ades  Mi l l s  in 
Che l s ea , Mas s achus e t ts , a t i dal ins tal l at ion deve l o p ing 5 0  hor s e 
powe r was used fo r grinding spices . On Pas s amaquo ddy B ay in Maine , 
t idal mi l l s  were in op eration prior  to 1 8 0 0 . 

For the pas t s everal decade s , enthus i a s t s  o f  t i da l  p ower have 
studi e d  va rious pro j e c t s  in the Un ited  S t ates , Canada and Alaska . 
Phras e s  s uch as " r e l en t l e s s , "  "power ful and unchang ing" and " ma s s ive , 
untapped ene rgy po tent ial , "  al though poe t i c  and de s c ript i ve , fail  
to  provide any s ens e of the ava i l ab l e  quan t i ty of ene rgy and • the 
pract i cal i ty o f  i t s exp l o i tat ion . 

A fundamental  p ro b l em w i th t i de s  i s  tha t the range ( d i s t ance 
b e tween h i gh and low water l e ve l s )  var i e s  w i de l y  along the U . S .  
coas t .  F rom Eas tp or t , Maine , the tidal range decreas e s  from ab out 
18 fe e t  to 9 fe e t  at  the north shore of C ap e  C o d .  S o uth o f  C ap e  
Co d ,  the t i dal range i s  o n l y  4 fee t ,  and this  dimin i s h e s  to about 
2 fe et  o ff the coas t of F l o r i da . A notab l e  excep t i on to the Eas t 
Coas t trend i s  the app roximate 7 - fo o t  t i dal range in Long I s l and 
Sound . On the Gul f Coas t , the range i s  l e s s  than 2 fe e t . For the 
We s t  Coas t , the t i dal range increa s e s  from ab o ut 4 fe e t  at S an 
Diego to ab out 1 1  fe e t  at S e at t l e , Was h ington . Along the C anad ian 
Co as t , the range i s  about 1 2  fe e t , wh i l e  the Cook I n l e t  in Alaska 
expe riences ab out an 1 8 - fo o t  var i ance . Thus , excep t fo r sp e c i fi c  
b ays i n  Maine and Alaska , the t i dal range i s  too  l o w  to b e  prac 
t i cally us e ful . 

The importance o f  t i dal range in influenc ing the p ract i ca l i ty 
and e conomi cs o f  t idal power can b e  b e s t visual i z e d  through 
mathema t i c s . 

The incremental amoun t o f  ene rgy p e r  cyc l e  wh i ch can b e  ob 
taine d from t i da l  fl ow o f  wa ter depends on the fo l l owing equat i on : 

dE = gR (D . S . dR)  

whe re R i s  the t i dal range in fee t ,  D i s  the  wate r dens i ty ,  g the 
acce l e rat ion of gravi ty , and S is the are a o f  the enc l o s e d  bas in . 
I nte grat ion o f  the t o t al t idal range , as s uming S is  in dep endent 
o f  R ,  woul d l e ad to - -

E = D . g . S  

I f  powe r i s  gene rated when the enc l o s e d  b as in b o th f i l l s  and 
emp t i e s  with water ( doub l e  e ffe c t ) , the maximum ene rgy would b e  
given by- -
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The to tal annua l ( ab out 7 0 0  cyc l e s )  ene rgy in KWH whi ch c an 
b e  generated in a s ingle  b as in ,  doub l e  e ffe ct un i t  would b e - -

E
( KWH/Year)  = 0 . 0 1 7 . R2 . s 

Avai l ab l e  ene rgy var i e s  w i th the s quare o f  the t i da l  range  
and the  first  p owe r of  the  enc l o s e d o r  dammed t i dal a re a . A 2 0 -
fo o t  t i da l  range would require a barrage or dam enc l o s ing only 2 5  
percent o f  the are a re qui red fo r a 1 0 - fo o t  t i dal range . F o r  thi s 
reas on , i t  is  no t practical  to cons i de r  anything b ut l a rge t i da l  
ranges . The s i z e  o f  t h e  r�quired con fined t i dal b ay increas e s , 
and the cap i tal requi rements fo r the dam and gene rato rs woul d a l s o  
increas e sharp ly . A l o ca t i on having a t i dal range o f  2 5  feet  
could theore t i cal ly generate ab out 10  KWH annual ly p e r  s quare foo t 
o f  sur face . Thus , 1 0  b i l l ion KWH annua l ly would re qui re ab out 3 0  
s quare mi l e s  o f  impounded wate r .  

The b as i c  p a t te rn o f  t i dal ris e and fal l  can b e  changed by 
lo cal condi ti ons s uch as a rive r es tua ry , a pen insula  o r  an o ff 
shore i s l and . The outl ine an d geography o f  a sho r e l ine can 
concen trate t i dal range to a l eve l where  i t  can b e  much l arge r . 
Certain bays and inl e ts whi ch have a t i me characte r i s t i c ma tch ing 
th at o f  the to tal ocean wave l en g th can have mo re drama t i c  t i dal 
e ffe cts . Such a l o c a t ion occurs at the B ay o f  Fundy b e twe en New 
B runswick and Nova S co t i a . For examp l e , a t  Yarmouth , Nova S co t i a , 
near the entrance to the Bay o f  Fundy , a max imum t i dal range o f  
ab out 1 7  feet  o c cur s . I n  the head o f  the b ay near Cape Tenny and 
E conomy P o in t , Nova S c o t ia , the maximum t i da l  range i s  as h i gh as 
50 fe e t . The re i s  an amp l i f i cat ion facto r o f  ab.out 3 b e caus e the 
l ength o f  the bay ( 1 8 5  mi l e s )  is approxima t e ly one - fo ur th the wave 
l ength o f  the lunar iemi - diurnal ( twice - da i ly) component ( 7 4 0  
mi l e s ) . 5  Th i s  i s  th e phenomenon o f  res onance and i s  s i mi lar  in 
princip le to tha t o ccurring in the mo t ion of s ound and e l ectro 
magne t i c  wave s . 

On a yearly ave rage , the t i dal range at  the head o f  the Bay 
o f  Fundy i s  ab o ut 3 5  fe e t . Th i s  range i s  s i gn i f i can t ly h i gher than 
e l s ewhere on the North Ame r i can continent and has thus a t tracted  
mo s t  a t tention a s  a p o tential  s ource o f  t i da l  power . I n  the 
Un i t e d  S t at e s , Pas s amaquo ddy Bay , wi th a range o f  1 8 - 2 4  fe e t , has 
also  re ce ived much a t tention . 

I f  1 5  fe e t  is  a s s ume d to b e  the l owe s t  t i dal rang e wh i ch mi ght 
be  deve loped in the  next 3 0  years , then only the  Pas s amaquoddy 
Bay re g i on in Ma ine can qua l i fy .  S ince thi s  b ay i s  b oun ded by 
Canada and Maine , deve l opment wo uld ne c e s s a r i l y  be a j o int  ven ture . 
Ac tua l ly , Pas s amaquo ddy i s  a sma l l  b ay whi ch is  a p ar t  o f  the 
larger Bay of Fundy . Tab l e  2 7  s ummari z e s  e s t ima t e s  o f  ene rgy 
poten t i a l  wh i ch have b e en made for s e ve ral are as . 

Th e amoun t o f  ene rgy that woul d b e  p o t en t i a l ly ava i l ab l e  from 
the U . S .  Pas s amaquo ddy Bay is very low .  Larger amoun t s  o f  energy 
ranging from 1 3  b i l l ion KWH to p e rhap s as h i gh as 5 0  b i l l ion KWH 
per  ye ar coul d b e  ava i l ab l e  from the Canadian Bay o f  Fundy . The 
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l arge po tent i al o f  1 7 5  b i l l i on KWH i s  a t t ract i ve but canno t 
prac t i cally  b e  cons i dered in the shor t - range . 

TABLE 27 

POTENTIAL TIDAL E N ERGY 

Passamaquoddy Bay, U.S./Canada-Selected Scheme 
Cook In let, U.S.-Kustatan-Nikishka 
Bay of Fundy, Canada 

3 Sites, Single Effect 
3 Sites, Double Effect 

Total Potential, Bay of Fundy 

Bill ion KWH/Yr. 

1 .8 
75 

1 3.4 
1 6.8 

1 75 

Source 

3 
6 

7 
7 

1 ,  7 

The amoun t o f  po tential  t i dal ene rgy can b e  compared w i th the 
electrical  re qui rements whi ch have b e en fo recas t for the C anadian 
Mari t ime and the New Eng l and Census D ivi s i on o f  the Uni t ed S ta t e s  
(Tab l e  2 8)  . 

TABLE 28 

E LECTRICAL EN ERGY REQUI R EMENTS FOR CANADIAN MAR ITIME 
AND U.S. NEW ENGLAND D I VISION 

(Billion KWH)  

1 970 
Actual 1 975 1 980 1 985 1 990 

Maritime Provinces Power Pool, Canada 
New England, U.S. 

Total 

7.0 
58.3 

65.3 

1 0  
80 

90 

1 5  
1 1 0 

1 25 

23 
1 52 

1 75 

Source: J. G .  Warnock and J. A. M. Wilson, "Acres Limited'; paper del ivered at I nternational Conference on the Util ization 
of Tidal Power, Hal ifax, Nova Scotia, May 1 970. 

31 
21 0 

241 

I f  the thre e s i t e s  in the Bay o f  Fundy wh i ch were extens ively 
s tudi e d  by the A t l an t i c  T i da l  Power Programming B oard (ATPPB)  are 
deve loped by 1 9 8 5 , 1 3  to 18 b i l l ion KWH woul d be ava i l ab l e . Thus , 
the s e  s i t e s  could s upp ly about 9 percent o f  the proj e c t e d  e l e c t r i c  
power fo r the Canad i an Mar i t ime and New Engl and b y  1 9 8 5 . 

Mo s t  o f  the s cheme s which have b e en propo s e d for t idal energy 
invo lve the gene ration o f  a peaking s upply o f  powe r . Th i s  i s  
cons is tent with the nature o f  t i des . Powe r woul d b e  d e l ive re d  in 
rel at ively l arge b l o cks , perhap s fo r only 1 to 2 hour s  p e r  day : 
Re lative ly l arge cap ac i ty coul d b e  bui l t  in to a t i dal fac i l i ty i f  
i t  were only t o  op e rate a t  a 5 - t o  1 0 - p e rcent cap ac i ty factor in 
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a pe aking role . F o r  examp l e , two Bay o f  Fundy s i t e s  on Shep o dy 
Bay and Cumb er l and Bas in could contribute a 5 , 0 0 0  MW b l ock  o f  
power . The three s i t e s  i dent i f i e d  in the ATPPB rep o r t  have a p o 
tent i al cap aci ty o f  9 , 0 0 0  MW . 5  

T i da l  ins t a l l a t ion could contribute a s i gn i fi can t b l o ck o f  
the t o t al c apac i ty fo r the Mar i t ime P rovinc e s  an d New Englan d  fo r 
the futur e . Tab l e  2 9  s ummar i z e s  a proj e c t ion on the p eak demand 
powe r fo r the s e  areas . 

TABLE 29 

PEAK POWER DEMAND 
(Megawatts) 

1 970 
Actual 1 975 1 980 1985 1 990 

Maritime Power Pool 1 ,307 2,200 2,700 4, 1 00 5,500 
New England 1 1 ,800 1 7,000 22,000 30,000 41 ,000 

Total 1 3,107 1 9,200 24,700 34,1 00 46,500 

Source: J. G .  Warnock and J. A. M.  Wi lson, ·"Acres Limited," paper del ivered at I nternational Conference on the Util ization 
of Tidal Power, Halifax, Nova Scotia, May 1 970. 

As prop o s e d  in a re cent p ap e r , 4  t i da l  p owe r could p rovi de a 
5 , 0 0 0  to 1 0 , 0 0 0  MW b l o ck o f  the 4 6 , 5 0 0  wh i ch might b e  neede d  by 
1 9 9 0 . Howe ver , the to t al fraction o f  ac tua l ene rgy p rovided by 
the t i da l  faci l i ty woul d be much mo re mo de s t .  Rea l i s t i ca l l y , a 
1 0 , 0 0 0  MW b lo ck wo uld only s upp ly 5 to 1 2  pe rcent o f  the requi red 
energy . 

At p re s ent , the only op erating t i da l  fac i l i ty i s  in Franc e . 
On the Engl ish  Channe l ,  the 9 0 - mi l e - long Co ten t in Peninsula fo rms 
a re flector  fo r the incoming Atlan t i c  tides . D e f l e c t ion and re s o 
nance ra i s e s  the wa ter l eve l t o  4 4  fe e t  in the Rance Rive r . The 
French hy dro e l e c t r i c  fac i l i ty near S t . Ma lo  was b u i l t  at a c o s t o f  
$ 9 0  mi l l ion and cons i s t s o f  2 4  un i t s  total ing 2 4 0  MW . P l ans ex i s t  
to incre a s e  the cap ac i ty t o  ab out 3 2 0  MW . The co s t  o f  the F rench 
fac i l i ty i s  ab out $ 3 5 0  per  KW . The French sys tem makes us e o f  
re ve r s ib l e  turb ine s in s ta l l e d  in l o cks . 

In O c tob er 1 9 6 9 , ATPPB comp l e te d  a rep ort  on the feas ib i l i ty 
o f  t i dal power fo r the B ay o f  Fun dy . Twenty - thre e s i tes  were e x 
amined , and three s i t e s  wh i ch app eared t o  o ffe r the b e s t  p o s s ib i l i 
t i e s  were s tudi e d  in con s i derab l e  de tai l .  I t  was found th at  the 
th ree s i te s  in the Bay o f  Fundy coul d be deve l op e d  to p roduce in 
exc e s s  o f  1 3  b i l l i on KWH annual ly . A re cent p ap e r  has s t ated  that 
at l e as t one of the s i t e s  on the Bay o f  Fundy could p rovide e l e c 
trical energy at  5 . 6  mi l l s  p e r  KWH . The par t i cular s cheme woul d 
invo lve 6 4  gene rat ing un i t s  wi th a total  cap a c i ty o f  2 , 1 7 6 MW at  
a cap i tal co s t  o f  $ 4 7 4 mi l l ion o r  $ 2 2 0  p e r  KW . S ome of  the  s i te s  
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we re cos t l i e r  than th i s , presumab ly due to d i f fe rences  in t i dal 
range , l ength of dam and water dep th s in the are a . The Pas s ama 
quoddy pro j e c t  in Ma ine has b e en e s t imated to b e  ab out $ 1 , 0 0 0  per  
KW . 

Accordingly , t i dal powe r i s  hi gher  in cap i ta l  co s t s than o ther 
peaking de vices  s uch as the rmal p l ant s , pump e d  s t orage  and gas 
turb ine s .  

Many eng ine e r ing prob l ems woul d b e  invo lved in deve lop ing 
tidal powe r e ven in a re l a t ively favo rab l e  area s uch as  the Bay 
o f  Fundy . Sma l l - s c al e deve l opmen t in the Cape Tenny and Cap e  
Maringouin a r e a s  wou l d  encounter  wa ter dep ths o f  no mo re  than 6 0  
fe et . Wat e r  dep th near S t . John woul d b e  up to 2 5 0  fe e t . A t  the 
mo uth of the bay near Yarmo uth , Nova S co t i a , and J one s po r t , Ma ine , 
wa ter dep ths woul d be ab out 6 0 0  fe e t . Thus , p l ans to tap the 
ul t imate po tent i al o f  the Bay o f  Fundy and the Pas s amaquo ddy area 
woul d have to cope w i th the l arger s c a l e  p ro b l ems of de ep e r  wa t e r  
an d the confinement o f  l arger  areas o f  the b ay .  Howeve r ,  eng in e e r 
ing feas ib i l i ty undoub t e dly exi s t s , gi ven the ne c e s s ary amount o f  
cap i tal . 

S imi l ar p rob l ems w i th water dep th woul d o c cur near A l a s ka . 
Wh i l e  interior  p o r t ions o f  the Cook I n l e t  are no mo r e  than 1 2 0  
fe e t  deep , the mouth o f  the inl e t  has depths o f  3 0 0  fe e t . The 
remo tenes s of the Alaska area and the p re s ence  o f  dr i ft i c e  and 
s i l t ,  toge ther with a po s s ib i l i ty o f  ear thquake s ,  make s i t  unl i kely 
that Alas kan t i dal power will b e  deve l op e d  in the next 20  years . 

The prac t i ca l  po tent i a l  for tidal powe r in the N o r theas t i s  
prob ab ly n o  mo re than 30  to 5 0  b i l l i on KWH . The ul t imate  p o t en t i a l 
in the Pas s amaquo ddy - Fundy area i s  s e ve ral t i me s  thi s , but may not 
be prac t i cal to harne s s . The po ten t i a l  inf luence on o c ean currents , 
we athe r and l o ca l  f i sh - l i fe cyc l e s  in the immed i a te area mus t a l s o  
be cons i de re d .  The magni tude o f  deve lopmen t ,  including a maj o r 
portion o f  the B ay o f  Fundy , wi l l  requi re exten s i ve and long - term 
eng ineer ing and o ce anograph i c  s tudi es . 

The potential  for annual t i dal energy i s  l im i t e d . N one the 
l e s s , the s ummat i on o f  t i dal energy over many years  b e comes s ig 
ni ficant . For  e xamp l e , the generat i on o f  5 0  b i l l i on KWH annua l ly 
at the B ay o f  Fundy wou l d  corre spond to 2 4 0 , 0 0 0  b ar re l s  o f  o i l  p e r  
day , o r  ab out 2 . 6  b i l l ion b arre l s  over a 3 0 - ye a r  p e r i o d .  Thus , 
the cos t s  for equivalent fue l o i l  over a 3 0 - year p e r i o d  woul d b e  
in the range o f  $ 7  to $ 1 0  b i l l i on . Cap i t a l  co s t s  for dams and 
equipment would perhap s  be in the $ 4  to $ 7  b i l l ion r ang e . Accord
ing ly , the ove r a l l  total  co s t  fo r tidal energy app e ar s  s omewhat 
lower . 

Tide s  do provide a re l en t l e s s , b ut l imi te d ,  s upp ly o f  p o ten
t i al energy . Re al is t ical ly , if  deve l oped to the  p ra c t i cal l imi t , 
t i dal energy coul d p rovide only a smal l frac tion  o f  a p e rcent 
( 0 . 2  pe rcen t )  of the ene rgy re qui red in the Un i t e d  S t a t e s  by the 
ye ar 1 9 8 5 . As the energy requi rement s of Canada an d the Un i te d  
S tates  have grown , the s i gn i fi cance o f  the t i dal ene rgy p racti ca l ly 
avai lab l e  in th i s  country has b e en l e s s ened . 
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Chap ter Seven 

ENERGY FROM MUN I C I PAL TRASH 

Some 2 0 0  m i l l ion tons o f  trash are c o l l e c t e d  yearly by towns 
and c i t i e s  in the Un i t e d  States . The comp o s i t i on o f  th i s  was t e 
i s  shown in Tab l e  3 0 . 

Paper, Paperboard 

I ron and Steel 

A l u m i n u m  

G lass, Ceramics, Rocks 
Garbage, Yard Wastes 
Plastics, Textiles, M i sc.  

TABLE 30 

COMPOSITI ON OF MUNICIPA L  TRASH 

By Weight 
(Percent) 

5 0  

9 

1 0  

20 
1 0  

From 7 5  t o  8 0  percent o f  the c o s t  o f  ut i l i z ing was t e s  l i e s  
in c o l l e c t ion ; only 2 5  percent o f  the c o s t s  ar i s e  from d i s p o s a l . 
The reason for this  i s  that a l arge frac t i on o f  mun i c ip a l  was t e s  
are now s imp ly p l aced  i n  inexpens ive l and f i l l s . 

One s imp l e  appro ach t o  recovery o f  energy from was t e s  l i e s  
in inc inerat ion , with re covery o f  energy e i ther as  e l e c t r i c  power 
or s te am .  A numb er of incinerators are in u s e  in the Un i t e d 
States , and o ther de s i gns are be ing deve l oped . The c i ty o f  S t . 
Loui s has succe s s fu l ly ut i l i z e d wa s t e in the ir  b o i l e r s  to pro 
duc e s t e am for e l e c t r i c  power . 

One o f  the mo s t  advanced des igns for recovery o f  energy from 
was t e s  i s  the app ro ach o f  the Combu s t ion Powe r Comp any in S an 
Diego . Thi s  devel opment wa s f inanc i a l l y  b acked by the Department 
of  He alth , Educ a t i on and We l fare (HEW) . Combus t ion Powe r des i gn 
(CPU - 4 0 0 )  wi l l  c onsume 4 0 0  t ons per day o f  s o l id wa s t e s . Re fu s e  
is f i r s t  shredded , c l a s s i f i e d  b y  air t o  s eparate me t a l s and g l as s , 
and i s  fina l l y dried and fed to a f luid b e d  c ombus t i on chamb e r . 
Thi s  des i gn i s  s im i l ar to b o i l e r s  wh ich are under development for 
the comb ined cyc l e . 

The CPU - 4 0 0  de s i gn , us ing a gas turb ine to dr ive e l e c t r i c a l  
gene rators , ob t a in s  1 5 , 0 0 0  KW o f  e l e c t r i c  p ower and 8 2 , 3 0 0  pounds  
o f  s t eam per  hour . Thi s  i s  a total  e n ergy s y s tem w i t h  an ove ral l 
heat e ffic i ency o f  about 7 5  percent . 

The energy content o f  mun i c ipal trash  i s  ab out 8 m i l l ion 
BTU ' s  per t on , making a t o t al poten t i a l  of 1 , 6 0 0  t r i l l ion BTU ' s  
per year i f  a l l  2 0 0  m i l l ion tons o f  c i ty and t own t rash  in the 
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Un ited  S t a t e s  was c o l l e c ted fo r powe r genera t ion . I f  the CPU -
4 0 0  de s i gn i s  extrapo l ated to ut i l i z e  a l l  o f  the U . S .  mun i c ip a l  
trash , t o t a l  e l e c t r i c al powe r generat ion woul d  b e  2 1 , 0 0 0  MW 
cont inuous , equival ent t o  6 2 8  t r i l l ion BTU ' s  p e r  ye ar . I f  ave r 
age p l ant heat  e ff i c iency i s  7 5  percen t , t o t a l  heat  output wou l d  
b e  1 , 2 0 0  tr i l l ion BTU ' s  per  year w i t h  5 7 2  t r i l l ion BTU ' s  re covered 
as s te am to heat bu i l d ings o r  factor i e s . Total  h e a t  re covered 
repres ents ab out 1 p e rcent of  total U . S .  energy demand for  1 9 8 5 . 

Power generat i on o f  1 5 , 0 0 0  KW for the CPU - 4 0 0  de s i gn from 
4 0 0  tons o f  trash  p e r  day repre s ents a heat rate  o f  l e s s  than 
8 , 9 0 0  BTU ' s  per  KWH i f  the heat content o f  the trash  i s  8 mi l l ion 
BTU ' s  per  ton . Thi s  i s  a very l ow heat rate  for a conven t i onal  
l arge s te am p l ant . 

I t  i s  o f  cour s.e impo s s ib l e  t o  c o l l e c t  and e ff i c i en t l y  burn 
for powe r genera t i on al l 2 0 0  mi l l ion tons per year of U . S .  mun i 
c ipal trash . I f  th i s  cou l d  b e  done , the 2 1 , 0 0 0  MW o f  e l e c tr i c a l  
power would repre s en t  ab out 3 percent o f  t h e  F e d e r a l  Powe r Com 
mi s s ion ' s  1 9 7 0  pro j e c t i on for 1 9 8 0  ins t al l ed c apac i t y . 

As with agr i cul tural  and o ther was t e  mat e r i al s , c o l l e ct ion 
co s t s are qui t e  h i gh for  muni c ipal  was t e s . S ince  the  ma t e r i al 
mus t  b e  co l l e c ted  for wha tever me thod i s  us ed for i t s  d i sp o s al , 
the s e  co s t s  are no t properly chargeab l e  to the co s t  o f  re covered 
energy . The co s t s  o f  me t a l  s eparat ion and inc ine rat ion are 
expected  to b e  in the range of $ 5  to $ 1 5  per t on . 

As s uming the energy content of  trash i s  8 mi l l i on BTU ' s  p e r  
t on , energy c o s t s  are from $ 0 . 6 0 t o  $ 2 . 5 0 p e r  mi l l ion BTU ' s . 
Th i s  wi l l  repre s en t  an attrac t ive c o s t  range a s  the c o s t o f  a l 
ternat ive fue l s  g o e s  up . An increas ing u s e  o f  energy from mun i 
c ipal  was t e s  i s  l i kely in the next few ye ars . A s i gni f i c an t  
frac t i on o f  the energy in was t e s  (about 6 5  percent ) i s  t h a t  from 
the contained p aper . I f  c e l lul o s i c fibers  are r e c ove red  from 
paper , the energy in the was t e s  will  be con s iderab ly reduc e d . 
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Chap ter E ight 

COMB I NED E LECTR I C GENERAT I ON 

BRAYTON -RANKINE COMB I NED CYCLE 

The ut i l i zat ion of gas turb ines in comb inat ion with s t e am 
turb ines i s  the te chno l o g i cal  innova t i on mo s t  l i kely  to pro -
mo te e ffic ient u s e  o f  fo s s i l fue l s  in the genera t i on o f  e l e c 
t r i c i ty . Comb ine d - cyc l e  ( Brayton - Rankine ) p l an t s  ut i l i z e the 
pres ently was t ed hot exhaus t from gas turb ine s to generate s t e am 
for convent ional s t e am - e l e c t r i c  gene rato r s . An add i t ional in 
crement o f  e l e c t r i c i ty i s  thus obta ined with the s ame l eve l of  
fue l  consump t ion . Th i s  impr ovement in the  e ff i c iency o f  energy 
ut i l i z ation in s t e am - e l e c t r i c  p l ants i s  c ommonly expre s s e d  in 
terms of the heat rate . Changes  in the nat ional average o f  the 
heat rate w i l l  be s l ow due to the fac t that s o  much ins t a l l ed 
capac i ty ex i s t s  and that the ul t imate repl acement o f  cur rent 
power p l ants and tho s e  on o rder through 1 9 8 0  wi l l  not  o ccur unt i l  
we l l  b eyond the year 2 0 0 0 . 

Comb ined - cyc l e  p l ant capac i ty i s  l ikely  t o  grow r ap i dly from 
zero in 1 9 7 2  to ab out 9 0 , 0 0 0  MW in 1 9 8 5  ( s e e  Tab l e  3 1 ) . By 1 9 8 5 , 
the comb ined - cycle  coul d account fo r over one - th i rd o f  the new 
fo s s i l - fuel p l ant capac i ty .  

Heat rate improvement in the gas turb ine from 9 , 2 0 0  BTU ' s  
per KWH in 1 9 7 2  t o  7 , 0 0 0  BTU ' s per KWH in 1 9 85 app ears  reason
abl e . A more rap i d  improvement in  effic iency i s  a s s umed in  the 
1 9 7 5 - 1 9 8 0  period , presumab ly as new al loys , ce ram i c s  and c o o l ing 
techn ique s are app l ied to gas  turb ine s .  I mprovements  would be 
s l owe r in the 1 9 8 0 - 1 9 9 0  period , appro aching a mat e r i al s l im i t  o f  
about 7 , 0 0 0  BTU ' s  p e r  KWH i n  1 9 8 5 . 

TABLE 31 

H EAT RATE TR END FO R CONVENTIONAL AND COMBINED-CYCLE 
FOSSIL-FUEL, STEAM-E LECTRIC PLANTS 

Annual 
Annual Brayton- Annual 
Rankine Rankine Heat Rate New 

Cycle Heat Rate Cycle Brayton- Fossil 
Plant Rankine Plant Rankine Plant 

Additions* Cycle Additions* Cycle Additions" 
(MW) (BTU/KWH) (MW) (BTU/KWH) (MW) 

1 972 22,000 9,800 0 9,200 22,000 
1 975 20,000 9,800 2,000 8,600 22,000 
1 980 1 5,000 9,600 8,000 7,300 23,000 
1 985 1 5,000 9,300 9,000 7 ,050 24,000 
1 990 1 5,000 9,000 1 0,000 7 ,000 25,000 

* Annual new plant addition rates shown were assumed for the purpose of projecting limits of reduction in the national average heat 

rate for fossil-fuel steam plants. 
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The averag e  heat  rate o f  a l l  fo s s i l - fue l p l an t s  ins t a l l e d  
in  1 9 7 2  was as sumed t o  b e  9 , 8 0 0  BTU ' s p e r  KWH (bas ed on S O  p e r c ent 
fo r coal  at  9 , 0 0 0  BTU ' s per  KWH , 30 p ercent for r e s i dual  o i l  at 
1 1 , 0 0 0  BTU ' s  per  KWH , and 20  percen t  for gas at  1 0 , 0 0 0  BTU ' s  
per KWH) and was as sumed t o  s t ay c ons t ant for  ins t a l l e d  s t e am 
p l an t s  through 1 9 7 7 . The use  o f  cool ing t owe rs  and s t ack gas  
s crubb ing for environmental pro tect ion purpo s e s  w i l l  t end t o  p e r 
petuate r e l a t ive ly h i gh heat  rat e s . 

Aft e r  1 9 7 8 , the heat rate o f  convent ional Rankine cyc l e  s t e am 
p l ants  shou l d  b e g in t o  improve due t o  the introduc t i on o f  h i gh e r  
pres sure s t e am ( ab out 1 9 7 S ) and the use  o f  flui d - b e d  combus t i on 
for r e s idua l o i l  and coal  b o i l e r s  ( about 1 9 8 0 ) . Howeve r ,  the  
use o f  re s i dual oil  c ont a ining sod ium and vanadium wi l l  t end t o  
keep t h e  overal l e ff i c i ency o f  the s t e am cyc l e  l ow unl e s s  re s i d 
ual o i l  i s  gas i f i e d  o r  u s e d  in fluid -bed  b o i l er s . Gas i f i c a t i on 
te chno l o gy coul d l e ad to more rap id improvement s  in the Rankine 
cyc l e . 

He at rate t rends are s hown in F igure 6 .  I t  has b e en as 
sumed that fo s s i l - fuel  p l ant cap ac i ty o f  3 0 0 , 0 0 0 MW exi s te d  in 
1 9 7 1 , w i t h  a heat  rate of 1 0 , 6 6 6  BTU ' s  per KWH . The annual op 
erating factor for this  capacity was a s s umed t o  b e  6 0  percen t  in 
1 9 7 2 , decreas ing t o  40 percent in 1 9 9 0  due to incr e a s e d  ut i l i z a 
t i on o f  the newer , more e ff i c i en t  fo s s i l - fue l and nuc l e ar 
p l ant s . The convent ional Rankine cycl e  cap a c i ty added a f t e r  
1 9 7 2  w a s  as sumed to have an annual ope ra t ing f a c t o r  o f  7 0  pe rcent , 
as opp o s e d  to S O  percen t  for the comb ined cyc l e . 

Bas e d  on the s e  a s s ump t i ons , the nat ional he at rate  wi l l  de 
creas e from 1 0 , 6 6 6  BTU ' s per  KWH in 1 9 7 2  t o  9 , 7 9 8  BTU ' s  p e r  KWH 
in 1 9 8 S  and 9 , 0 S 7  BTU ' s  per  KWH in 1 9 9 0 . Thi s  rep r e s e nt s  an im 
provement in the ove r a l l  e ffic iency o f  fo s s i l - fue l p l an t s  o f  
about 8 per cent ove r the 1 3 -year p e r iod . 

The rate o f  ins t a l l at i on o f  new fo s s i l - fue l ed p ower p l an t s  
shown i n  Tab l e  3 1  and reflect ed i n  the t rends i n  heat  r a t e s  in 
F i gure 6 was s e l e cted  as a max imum rate fo r the purp o s e  o f  analy 
z ing the e ffect  o f  imp roved energy convers ion on the nationa l 
average he at rate . The numb er o f  fo s s i l p l an t s  may b e  l e s s  than 
that a s s ume d , depending on such factors as the r e l a t ive c o s t s  o f  
fue l s , required c ap t i al inve s tment , and the l e ad t ime s for  
cons truc t ion and re gul atory approval by gove rnmen t  o f  var ious 
type s o f  p l an t s . 

As s hown in F i gure 6 ,  the average heat rate  for the comb ine d 
cyc l e  p l ants  in 1 9 9 0  would b e  about 7 , 3 0 0  BTU ' s  p e r  KWH . Thi s  i s  
an opt imi s t ic s chedu l e  f o r  the ins t a l l e d  c apac i t y  and e ff i c i ency 
t rends for  comb ine d - cyc l e  p l ants . Desp i t e  the opt im i sm , it i s  
read i l y  s e en that the change in the nat ional heat  rate over an 
1 8 -year p e r i o d  i s  re l at ive ly smal l . 
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LOW- BTU GAS FROM COAL 

Background 

Low- BTU gas do e s  not have a very prec i s e  d e f in i t ion . I n  
the context o f  this  report , i t  i s  cons idered t o  b e  the gas re 
sul t ing from reacting coal  wi th air and s t e am .  Low - BTU gas  i s  
unl ike high- BTU gas o r  convent ional natur a l  ( o r  p ip e l ine ) gas  
in  that i t  contains  a low conc entrat ion o f  me thane , and in ad 
d i t i on , a h i gh conc entrat ion o f  ine r t  ingredien ts - - carbon d i o x 
ide , water and ni trogen . Typ i cal comp o si t i on f o r  l ow - BTU gas 
made from coal i s  as f o l l ows : 

1 1 %  Carbon dioxide 
1 2 %  Carbon monoxide 
1 7 %  Hydro gen 

2 %  Me thane 
3 1 % Ni tro gen 
2 7 % Wat e r  ( s t e am) 

The heat ing value ranges  from 1 2 0  to 1 5 0  BTU per  cub i c  fo o t . 
Thi s  he a t ing value i s  only a frac tion o f  p ipe l ine gas . F o r  this  
reas on , i t  is  generally  accep ted that low- BTU gas cann o t  e conom
ically be s h ipped l ong d i s t anc e s . The h i gh concent r a t i o n  
of  carbon monox ide a l s o  make s i t  uns a fe fo r re s iden t i a l  and gen 
eral use . Howeve r ,  when c ons idered for indu s t r i a l  o r  powe r 
p l ant use , l ow - BTU gas could f ind app l icat ion i f  e c onom i c s  and 
othe r factors are properly r e s o l ved . 

Prior t o  the abundance o f  o i l  and gas in  the Uni ted  S t a t e s , 
extens ive indus t r i a l  u s e  was made o f  producer gas  from coal . For 
example , in 1 9 2 6 , 1 1 , 0 0 0  gas producers e x i s ted  in the Un i te d  
States , providing ab out 2 percent o f  the U . S .  annual ene rgy 
requi rements . In 1 9 4 8 , the number of gas produc e r s  had decreased  
to about 2 , 0 0 0 . Of  this  number , 5 0  pe rcent were us e d  in the 
s t e e l  indus try , 2 5  percent in g l a s s  p l ants  and the r ema inder in 
l ime - calc inat ion , p o t t e ry and chemi cal p l ant s . The t o t a l  annua l  
energy supp l i ed by g a s  producers i n  1 9 4 8  w a s  about 1 x 1 0 1 4 

BTU ' s  per ye ar - - about 0 . 3 percent o f  the U . S .  total . 

Becau s e  o i l  and gas became ava i l ab l e  at low c o s t , gas  pro 
ducers  neve r achi eved any prominence in the Uni te d  S t a t e s . They 
suffered from a numb er of l im i t at ions - - h i gh hydro g en sul f i de emi s 
s ions , tar and pheno l ent rainment , wat e r  p o l lut ion , c o a l  and 
ash part icu l ate  emi s s ions and atmospheric  pr e s sure operat ion . 
The latter  l imi t a t i on me ant that capac i ty o f  gas i fi e r s  was l ow ,  
requir ing a l arge numb e r  o f  un i t s  for l arge s c a l e  genera t ion 
of gas . 

SUMMARY 

Te chno l ogy for  ga s i ficat ion of  coal to low - BTU gas i s  ava� l 
ab le but i s  not wide ly used . As shown in Tab l e  3 2 , f ixed - b e d  
gas if icat ion to l ow - BTU g a s  prior  t o  the c omb ined cyc l e  wou l d  
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TABLE 32 

ESTIMATES ON AVAI LABI LITY OF COMMERCIAL 
TECHNO LOGY FOR ENERGY CONVERSION 

Combined Cycle* Using C l ean Foss i l  Fuels 
Fixed-Bed Gasi ficati on of Coal to Low-BT U  Gas 
Gas Turbine- Brayton Cycle ( C l ean Foss i l  Fuels) 
Fixed-Bed G asification of Coal and Combi ned Cycle* 
Fuel Cel l s  Using R eformed M ethane 
Combi ned Cycl e* Using Clean Foss i l  Fuels 
Fixed-Bed G asificati on of Coal and Combined Cycl e* 
Gas Turbi n e- Brayton Cycl e ( C l ean Fossi l  Fu els) 
Fl u id - Bed Co mbustion Coal or R esidual  O i l - R a n k i n e  Cycl e 
Fl u id-Bed G asi fication of Coal to Low-BT U  Gas 
Sta nd -Alone M H D  
Fl u id - Bed G asi fication of Coal and Combined Cycle* 
Combined Cycl e* Using Clea n  Foss i l  Fuels 
Gas Turbi ne- Brayton Cycle ( C l ean Fossi l  Fuels) 
M H DcTopped Power Plant 
Ther mionic To pping Fossi l -Fuel Power Pl ants 
Fl u id-Bed Gasi fication of Coal and Co mbined Cycl e* 
Fl u id-Bed G asificati on of Coal and Combined Cycle* 
M H D·Topped Power Plant 

* Brayton-Rankine.  

t Chemical energy efficiency. 

Electrical 
Thermal Efficiency 

(Percent) 

40 
80-85t 

28 
40 

40-45 
45 
45 
34 

38-41 
90-95t 
20-25 

40 
48 
38 

50-52 
45 
45 
48 

55-60 

When 
Available 

1 972 
1 97 2  
1 97 2  
1 975 
1 97 6  
1 97 8  
1 97 8  
1 978 
1 980 
1 980 
1 980 
1 982 
1 985 
1 985 
1 985 
1 985 
1 988 
1 992 
1 995 

re sul t in an ove rall  thermal e ffic i ency o f  4 5  percent by 1 9 7 8 . 
Cap i t al co s t s  o f  coal  gas i f i c at ion p l ants  wi l l  b e  $ 7 5  t o  $ 8 5  
per KW us ing tha ava i l ab l e  Lur g i  te chno l o gy . Deve l opment o f  flu 
id -bed proc e s s ing for  c oa l  gas i f icat ion t o  l o w - BTU gas  i s  
about 1 0  years behind the Lurgi  fixed -bed t e chno l o gy .  I f  suc 
ce s s ful , the s e  R&D programs might reduc e c o s t s  to $ 6 0  t o  $ 7 0 per  
KW for l arge p l ants  ( 5 0 0  t o  1 , 0 0 0  MW range ) . There  i s  s ome 
probab i l i ty that cos t s  wi l l  be higher and may even exc e e d  the 
cos t s  of the Lurg i  p ro ce s s  wh ich has s ome l at i tude for c o s t re 
duc t i on . 

Stack g as s crubb ing proce s s e s  have b een e s t imated t o  add an 
addit ional $ 8 0 per  KW to the cos t o f  convent ional s t e am p l ants  
( see  page 2 5 6 , U . S .  En ergy Ou t l o o k ) . Gas i f i c a t ion and c l e anup 
c o s t s  in the range of $ 6 0  to $ 1 0 0  per KW indi c at e  that low- BTU 
gas from coal w i l l  be an attractive a l t ernat ive for e l e c t r i c  
ut i l i t i e s . C l e anup c o s t s  repre s ent about 2 5  per cent o f  the total  
co s t s . The r e l at ively  l owe r co s t  for  making l ow - BTU gas  is  due to  
the fac t that  gas i f i c at ion and sulfur removal o c cur under p re s -
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sur i z e d cond i t ions . Sul fur removal u s e s  we l l - kn own t e chno l o gy for 
hydrogen sul fide (H2 S )  removal under concentrated p r e s sure con
ditions . 

In  general , gas i f i c at ion o f  coal  t o  low�BTU gas  for ex i s t ing 
bo i l e r s  and l arge indus t r i a l  u s e r s  of ene rgy is not l ike ly t o  be 
economical prior t o  1 9 8 5 . Some l arge powe r p l an t s  wh ich have 
re l at ive ly e ffic ient cyc l e s  ( 8 , 5 0 0  to 9 , 5 0 0  BTU ' s  per  KWH) may f ind 
that retrofit t in g  of coal  gas i f i cation is e c onom i c a l l y  fe a s ib l e  
aft er 1 9 8 5 . The e conom i c s  would vary for e ach in s t al l a t i on de 
pending on l o ad fac tor , s i z e o f  p l ant , ava i l ab i l i ty o f  l and and the 
local cos t of coal . Cap i tal c o s t s  to make l ow - BTU gas from coal  
for  sma l l  users  o f  energy will  l ikely b e  at l e as t $ 1 0 0  per KW . 
Cons ider ing the s e  c o s t s , the us e o f  r e f ined p e t r o l eum fue l s  o r  even 
synthe t i c  fue l s  from coal  w i l l  tend to be p re ferred energy forms . 

I t  i s  l ike ly that coal  gas i fi c a t i on can b e  u s e d  e conomi c a l l y  
in con j unc t i on with newly con s t ructed comb ined - cyc l e  p l an t s . F i g 
ure 1 5  provides s eve ral powe r c o s t  curves for comb ine d - cyc l e  
p l ant s , g iven five di fferent as sump t i ons ab out p l ant c ap i t a l  co s t s  
and operating co s t s . As with mo s t  fo s s i l - fu e l  p l ant s , i t  c an b e  
s een that power c o s t s  are c l o s e ly re l ated  t o  fue l  co s t s . 

Techn i cal Review 

A b as i s  for t e chn i c a l  and econom i c  comp ar i s on i s  the Lur g i  
Clean Fue l G a s  pro ce s s  wh ich h a s  re cently b e en o ffered for com
mercial  avai l ab i l i ty in the Un i ted Stat e s . The proce s s  i s  p a t 
terned after the c o al gas i fi c a t i on pro ce s s  and comb ined - cy c l e  pow
er  pl ant whi ch has recently  b e en cons truc t e d  at  the Ke l l e rman pow 
er s t at i on in Lunen , We s t  Ge rmany . Operat in g  exp e r i ence w i th this  
p l ant wi l l  b e  ob s e rved with great  in tere s t  ove r the  next  few ye ars . 

Pl ans are now fairly we l l  advanced by Commonwe a l th Edi s on t o  
bui l d  and operate a Lurgi  c o al gas i fi cat ion uni t  near  Ch i c ago . 
Plann in g , eng ine ering , con s t ruct ion and t e s t in g  o f  a uni t  to p owe r 
a 1 2 0 - MW s t e am p l an t  and generator are exp e c t e d  to b e  comp l e t e d  by 
the b e g inning of 1 9 7 6 . Th i s  un i t  wi l l  t e s t  the  adap t ab i l i ty o f  
the Lurgi  t e chnol o gy t o  Ame r i c an coal s , and i t  i s  expected  that 
thi s  te s t  wil l b e  o f  great importance to the ut i l i t i e s  and p o s 
s ibly  the l arge industr ial  consume rs o f  energy . 

The Lurgi gas i f i e r  i s  no t adequat e for s t rong l y  caking Eas t 
ern b i tuminous coal s . Al s o , fine coal canno t b e  ade quat e ly gas 
ified , and a l arge quan t i ty o f  tar ac ids and l ow - t empe rature t a r  
is  produced i n  the l ow temp e ratur e s  ( 1 0 0 0  t o  1 2 0 0 ° F ) whi ch ex i s t  
at the t op o f  coun ter - current gas i f i er s . Re cen t l y , the Bur e au o f  
Mine s h a s  succe s s fully  g as ified  P i t t sburgh s e am c o a l  in the i r  own 
modifi cat ion o f  the fixed -bed  gas i f ier . Thi s  gas i f i e r  succe s s ful 
ly handl e d  the s trongly c aking P i t t sburgh s e am c o a l , with n o  ap 
parent d i ffi cul t i e s . However , uni t s  o f  a l ar g e r  s i z e  such a s  would 
b e  needed in  a l arge  power p l ant generat ion  of gas  h ave no t b e en 
adequate ly te s te d  in the Un ited  S t ates . 
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F igur e 1 5 . Power C o s t s  o f  Int ermedi ate - Typ e P ower P l ants - -
1 9 7 5 - 1 9 8 5 . 

S e ve ral vers ions o f  flui d- b ed and entrain e d - b e d  gas i fi e rs 
have b een p ropo s e d  and te s t e d  to vari ous degrees . The Kopp e r s 
To t z ek Proces s has b e en w i de ly us ed around the worl d ,  but this  has 
not been us e d  in an a i r - b lown ope rat ion on s t rongly caking E as tern 
coal s .  The us e o f  o xygen rathe r than a i r  woul d re s ul t in h i gher 
he at ing va lue gas ( 3 0 0  to 3 5 0  .BTU ' s )  at a c o s t no t s ub s t an t i a l ly 
mo re than low- BTU g as ( 1 0 0  to 1 5 0  BTU ' s ) p rovide d by the a i r 
blown p ro c e s s .  S ince  the Kopp e rs - To t zek  P ro c e s s  ut i l i z e s  h i gh 
temp e rature s ,  i t  has the advant age that no tars and tar a c i ds are 
made . The atmo sphe ric  op e ration wo ul d s ugge s t  that gas  c l e anup 
wi l l  be mo re expens i ve than p ro ces s e s  wh i ch ope rate a t  2 0 0  t o  
5 0 0  p s i . The BCR (B i tumin ous C o a l  Re s e arch) , Syn thane , C S G  
(Cons o l i dat ion Synth e t i c  G as ) , and Hy - Ga s  proce s s e s  have a l l  b e en 
propo s e d  fo r us e wi th air to make a low - B TU gas . I t  is doub t ful 
tha t any o f  the s e  p ro c e s s e s coul d resul t in a commercial  s i z e g as 
i fi e r  much b e fo re 1 9 8 0 , howeve r . The e conomi cs o f  the s e  l at t e r  
proce s s e s  i s  very speculative s ince they us e te chno l o gy that i s  
not vet p roven . 
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The genera l ly cons ervat ive e l e c t r i c  ut i l i ty indus t ry wi l l  r e 
qui re the demons tra t i on o f  gas i fi cat ion at  the 2 0 0  to 5 0 0  MW 
(thermal ) l eve l for s everal years b e fore the re  i s  any general 
trend to gas i ficat ion of coal . 

E conomi c s  o f  L ow- BTU Gas Genera t ion 

Acco rding to Commonwe a l th Edi s on , ant i c ip a t e d  cos t s  o f  th e 
Lurg i - type gas i f i e r s  fo r l arge power p l ants  are exp e c t e d  to b e  
i n  the range o f  $ 8 5  to $ 9 5  p e r  KW ( e l e c t r i ca l )  once op erat i onal  
probl ems have b e en wo rke d out . I n  th i s  analys i s , i t  has b e en 
as sume d th at l ar ge ins tal l a t ions w i l l  have somewhat h i gh e r  co s t s 
o f  about $ 1 44 p e r  KW ( e l e c trical)  in 1 9 7 6 to accoun t  fo r normal 
in fl at ion factors , and a l s o  fo r the fact that the heat rate ( BTU 
coal re quire d per  KWH o f  e l e c t r i c  powe r)  wi l l  be no lower than 
about 1 0 , 0 0 0  for s ome years to come . Th i s  corre sponds to a 
cap i tal requi rement on a gas ene rgy output o f  $ 6 0 0  p e r  mi l l ion 
BTU ' s per  day . Cap i t al requi remen ts o f  smal l ins tal l a t i ons are 
expected to b e  h i gher , p e rhap s  of the orde r  $ 8 0 0  per  mi l l ion BTU ' s 
per day . 

A numb er o f  e conomic  parameters  are s ummar i z e d  i n  Tab l e  3 3 . 
For examp l e , ut i l i t i e s  havin g coal de l ivery by un i t  train have 
lowe r co s t  coal  than indus t r i a l  users , and the range o f  c o a l  
co s t s re fl e c t  the importance o f  de l ive red c o a l  co s t s . The the rmal 
efficiency of the current Lurgi te chno l o gy is taken as 80 percen t , 
and i t  i s  ant i c ipated  tha t an improve d  ho t gas  c l e anup o r  o ther 
he at recovery t e chn ique s can achi eve an e f fi c i en cy of 90 pe rcent . 

The cap i tal requi rement s  per  un i t  o f  ene rgy in low- BTU 
gas in 1 9 7 6  corre spond to the current Lurgi o r  fixed - b e d  t e ch 
no logy . I t  is  e s t ima ted  that a 2 5  p e rcent re duc t i on in cap i tal  

TABLE 33 

ECONOMIC PARAMETERS 

Coal Costs, t/MM BTU 

30¢, 40¢, 50¢, 60¢ 

Heat Rate of Electrical Generation 

1 976- 1 0,000 BTU/ KWH 
1 985- 7,500 BTU/ KWH 

Thermal Efficiency of Gasification 

1 97 6-80 Percent 
1 985-90 Percent 

Capital Requirements, $/KW 

1 976-large-scale $ 1 44, s m a l l-sca l e  $ 1 92 
1 985- large-sca l e  $ 8 1 , s ma l l -sca le $ 1 08 

1 0 3  

Annual Operating Factors 

Base l oad-70 Percent 
I ntermed i ate l oad-40 Percent 

Operating Costs 

1 97 6-20¢/MM BTU 
1 985- 1 0¢/ M M  BTU 

Total of Capital Charges 

1 5  Percent-Uti l ity o pe rati on 
20 Percent- 1 ndustrial  o peration 



co s ts may b e  p o s s ib l e  by a new gas i fi e r  and gas  c l e anup conc ep t .  
Th i s  coul d b e  accomp l i s hed by a comb ination o f  t e chn i cal  deve l o p 
ments , al l o f  wh i ch a r e  no t eas i ly quan t i f i e d . Howeve r ,  in that 
gas i fi cation , air comp re s s ion , and s ul fur - removal rep r e s ent the 
maj o r  cos t s  o f  l ow- BTU gas manufac ture , a cos t reduc t i on is p o s 
s ib l e  thro ugh an entrained- b e d  o r  fluidi z e d - b ed gas i fi e r , h i gher 
pre s s ure op eration , l arge r di ame ter gas i fiers , e t c . Th e 2 5  p e r 
cent po ten t i a l  reduc t ion i s  regarded a s  op t imi s t i c , howeve r .  

The annual op e rat ing fac tors repr e s en t  ran g e s  for  bas e - l o a d  
powe r p l an t s  ( 8 0 p e r cent) to interme di a t e - l o ad powe r  p l an t s  
( 4 0  percent ) . The 4 0  pe rcent l o a d  fac tor shoul d al s o  rep r e s en t  
the annual indus trial  s i tua t i on , whe re in the maximum o utp ut o f  
ene rgy may typ i c a l l y  have to b e  twice  the ave rage requi rement s . 
Spare cap ac i ty wi l l  b e  needed in the typ i cal app l i c at ion t o  a l l ow 
fo r up s e t s , down t ime for maint enance and the no rmal fluc tuat i on s  
fo r energy demand . 

Ope rat ing co s t s are e s t imated  to b e  about $ 0 . 2 0 p e r  mi l l i on 
BTU ' s in 1 9 7 6 , w i th a po s s ib l e  de c reas e to $ 0 . 1 0 p e r  mi l l i on BTU ' s 
fo r the imp rove d  new te chno l o gy .  The t o ta l  o f  annua l  cap i t a l  
ch arges o f  1 5  pe rcent and 2 0  pe rcen t rep re s en t s  the typ i cal  
uti l i ty or indus t r i a l  manufac ture o f  l ow - BTU gas . 

Tab l e  3 4  s ummari z e s the ant i c ipated co s t  rang e s  o f  low- BTU 
gas for b o th u t i l ity and l arge indus t r i a l  generat i on o f  ene rgy . 
I n  genera l , low- BTU gas  gene rat i on looks  qui t e  a t t r ac t i ve under 
ut i l i ty - type c ondi t i ons . The cos t of low- BTU gas , whi ch i s  gen 
erated under b a s e - l o ad condi t i ons , s hou l d  b e  about $ 0 . 5 0 p e r  mi l 
l ion BTU ' s h i gher than the c o s t  o f  the s t art i ng c o a l . The s e  
co s t s  can b e  broken down a s  3 5  p er cent - - cap i t al , 4 3  p e r cent - 
energy co s t s  and 2 2  p e rcent - - op erat i onal cos t s . Re tro f i t t ing 
coal gas i f i c a t i o n  t o  o l der , low- e ff i c i ency s t eam p l an t s  whi ch have 
poor l o ad fact o r s  i s  not l ik e ly to be pract i cal or e conomi c a l . 

On the o ther hand , the s e l f - gene ration o f  l ow - BTU gas  do e s  
no t app e ar e conomical  for s ma l l e r  non - ut i l i ty indus t r i a l  u s e i s  o f  
energy . The non - compe t i t i vene s s  i s  due t o  the r e l a t ively  h i gh 
cap i tal c o s t s  fo r s e l f - gene rated ene rgy . The load  factor fo r 
s e l f - gene ration o f  low - B TU gas from coal  wo uld p rob ab ly b e  no 
higher than 40 to S O  percent , and low- BTU gas wo ul d typ i ca l ly 
have cos t s  $ 1 . 0 0 to $ 1 . 3 0 per mi l l ion BTU ' s h i gher  than the 
de l i ver e d  coal co s t . 

Conven t i onal l i quid p e t ro l eum fue l s - - synth e t i c  l i qui ds o r  
synth e t i c  p ipe l ine gas - - are l i ke ly to b e  cons i de rab ly l owe r in 
co s t  fo r many years , and l ow- BTU gas may not be comp e t i t i ve for 
indus t ry . 

Aft e r  1 9 8 5 , generat i on o f  l ow - B TU gas on a large indus trial  
s c ale i s  l ikely to b e  mo re at trac t ive near  s o urces  of  low- co s t  
coal . 
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TABLE 34 

ESTIMATED COSTS FOR LOW BTU GAS FROM COAL 

Capital- Energy- Total 
Coal Capital Annual Related Related Operating Delivered Cost 
Cost Requirements Load Costs Costs Costs of Low-BTU Gas 

( ¢/MM BTU ) ( $/MM BTU/Day) Factor (%) ( t/MM BTU ) ( �/MM BTU ) ( C/MM BTU ) ( ;/MM BTU ) 
--

1 976 Technology, Large Util ity Operation, 1 ,000-2,000 MW (th ) 

30 600 80 31 38 20 89 
40 600 80 3 1  50 20 1 01 
40 600 40 62 50 20 1 32 

1 976 Technology, Small I ndustrial Operations 

f-0 I 40 800 80 55 50 20 1 25 0 
(J1 40 800 40 1 1 0 50 20 1 80 

50 800 80 55 62 20 1 37 
50 800 40 1 1 0 62 20 1 92 

1 985 Technology, Large Util ity Operation 

40 450 80 23 44 1 0  7 7  
40 450 40 46 44 1 0  1 00 
50 450 80 23 55 1 0  88 
50 450 40 46 55 1 0  1 1 1  

1 985 Technology, Small I ndustrial Operations 

50 600 80 4 1  55 1 0  1 06 
50 600 40 82 55 1 0  1 47 
60 600 80 4 1  66 1 0  1 1 7 
60 600 40 82 66 1 0  1 58 



Appl i cat ion of Low- BTU G as and the Comb ined Cycl e  

Pres s ure gas i f i c a t ion o f  coal  t o  make low- BTU gas  p e r f e c t l y  
comp l ement s  t h e  requirement s  o f  a comb ined - cycl e  (gas  turb ine -
s t e am turb ine ) power p l ant d i s cu s s e d  in this  chap t e r . F i gure 6 
(p . 1 7 )  i l lus t r a t e s  the trends for e ff i c i ency o f  e l e c t r i c  power 
genera t i on from fo s s i l fue l s  wh ich have b e en gaining momentum from 
many s ource s . Thi s  i s  partly due t o  the more gener a l  r e c o gn i t i on o f  
the gas  turb ine as  a r e l i ab l e  devi ce by the power indus t ry . The s e  
trends a r e  a l s o  due t o  a growing recogn i t ion amon g  the ut i l i t i e s  
that none o f  the s t ack gas pro c e s s e s  are c ap ab l e  o f  r emoving s u l fur 
oxide at l ow co s t . S crubb ing sma l l  vo lumes o f  gas e s  o f  hydro gen 
sul fide whi l e  the gas  i s  under pres sure is  l ik e l y  to r emain a su
perior t e chnical  and more e conomical s o lut ion t o  that o f  s crubb ing 
l arge vo lume s of gas e s  of sul fur ox ides  a t  a tmo spher i c  p r e s sure . 
I n  add i t ion , s crubb ing o r  ab s o rp t ion t e chni ques  are l ik e l y  to b e  
superior  to e l e c t ro s t a t i c  te chn ique s par t i cu l ar l y  f o r  the removal 
of the very smal l part i cul ate  matt er . Other advantage s for l ow-
BTU gas  are tha t fl ame temperature s  are l ower , and extreme ly l ow 
concentrat ion o f  n i t r i c  oxide should be mo re  r e ad i l y  a ch i evab l e . 
F ina l ly , the p l ants are r e l a t ive ly compact and have low co o l ing 
wat e r  requirement s .  

The ove ra l l  e ff i ciency o f  the fixed - b e d  coal  gas i f i ca t i on , 
when appl i ed t o  the comb ined cycl e ,  i s  about 3 6  per cent in 1 9 7 2 . 
Th i s  i s  b a s e d  on the Ke l l e rman p l ant in Lunen , Wes t Ge rmany . A 
gas turb ine w i th an in l e t  temperature o f  about 8 2 0 °  C ( 1 5 0 8 ° F )  
i s  us e d  in this  p l ant . C a l cul a t ions have shown �hat i f  inte r 
me diate  s up e rhe a t ing o f  s te am is us ed i n  the s t e am p o rt ion 
of the cy c l e , ove r a l l  e ff i c i ency of the p l ant wi l l  be 40 pe rcen t  
(he at rate o f  8 , 5 0 0  BTU per KWH) . Thi s  i s  an extreme l y  h i gh e f 
f i c i ency whi ch a l re ady exceeds that o f  super - cr i t i c a l  h i gh - p r e s sure 
s te am cyc l e s  with coal . Wi th s uch a l ow heat rate , co s t s  p e r  
KW o f  e l e c t r i c a l  generation wi l l  be  reduced . 

I t  s houl d b e  no ted  tha t  comb ined- cycl e p l ant s  wh i ch are 
o ffered fo r s a l e  in th i s  country are no t as e ff i c i ent as  comb ined
cyc l e  un i t s  in E urop e and J apan . Howeve r , the U . S .  un i t s  us e 
low- co s t  s te am b o i l e r s  that g ive a r e l a t ively p o o r  u s e  o f  g a s  
turb ine exhau s t  h e a t  and d o  no t have rehe at t e chnique s on the 
s t eam turb ine s .  

An ove r a l l  imp rovemen t in e ff i c i ency and e c onomi cs o f  coal  
gas i ficat ion w i th the  comb ine d  cycle  can b e  fore cas t for the 
future . Th i s  is b a s e d  on a var i e ty o f  te chno l o g i c a l  events , many 
of wh i ch are a l re ady far advance d .  Some o f  the te chno l o g i cal  
trends that wi l l  a f fe c t  thi s  app ro ach to powe r gene r a t i on are  
no t e d  in  Tab l e  3 5 . 

Us ing the exi s t ing te chno l o gy as a b a s e  cas e , Tab l e  3 6  
summar i ze s  prob ab l e  e conomic and te chno l o g i ca l  l imi ts  ove r  the 
next 1 5 - year p e ri o d .  

I n  gene ra l , improvements  in economi cs and t e chno l o gy can 
come in a var i e ty of ways . Howeve r ,  the mo re s i gn i fi cant imp rove -
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TABLE 35 

TECHNO LOGI CAL TR ENDS AND LEVE LS I N  COAL GASI F I CATION, 
AND COMBI NED CYCLE POWER GENERATI ON 

Level 1-Heat and Energy Recovery 

I mproved generati on of steam and heat recovery 
fro m stea m, water and low-BTU. gas 

Opti m i zation of a i r  f low i n  gasification and gas 
turbine co mbustion 

Opti m i zation of air and steam flows i n  gasifica
tion and steam cycles 

Level 1 1 -Gas Turbine Technology 

Larger gas turbi nes ( GT) 

I mproved meta l l u rgy and u se of cera m i cs i n  GT 

Transpi ration-cool i ng i n  GT 
Design of G T  specific for power generation 

New GT cycles 

H igher-pressure staging 

Air-fuel  f low management in G T  cycles 

TABLE 36 

Level I l l -Coal Gasification and General 

Larger d i a meter gasifiers 

I m proved gas-scrubbing techn iques 

H igher pressure gasifiers 

F I u id-be d  gasification 

Hot gas clea n u p  tech n iques 
Larger tra i n  gas  clea n u p  stages 

Larger gasification p lants 

Automation of gasificatio n  

Cryoge n i c  generation 

Larger power plants 

SUMMARY-TECHNOLOGICAL AND ECONOMI C  LI MITS TO 1 985 

Level ! -Current Coal Gasification 

$600/MM BTU/Day 
80 Percent Gasification Eff iciency . 

Heat Rate = 1  0,000 BTU/ KWH 
$ 1 44/ KW 

Level 1 1-With Heat Recovery I mprovements, 1 980? 

$600/MM BTU/Day 
90 Percent Gasification Eff iciency 

Heat R ate=9,000 BTU/ KWH 
$ 1 30/ KW 

Level I l l -With Gas Turbine I mprovements, 1 982? 

$600/MM BTU/Day 

90 Percent Gasificati on Efficiency 

Heat R ate=8,000 BTU/ KWH 
$ 1 1 5/ KW 

Level I V  -With Gasification I mprovements, 1 985? 

$450/ M M  BTU/Day 
90 Percent Gasif ication E fficiency 
H eat R ate=7, 500 BTU/ KWH 
$8 1 / KW 

ments are only po s s ib l e  through gas turb ine t e chno l o gy and gas i fi 
er deve l opmen ts . 

I n  the pas t two years , the re has been a gene ral con s en s us in 
many c i rc l e s  tha t the route to improvement of l ow - BTU gas gene ra
tion lies  in  en tr aine d - b eds , flui d - b e d  gas i f i e rs and  te chn i que s to  
clean gas  of  sul fur and p a r t i culates at h i gh temp e rature s .  Howeve r , 
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the h i gh - tempe rature c l e anup rep re s ents  only one route to imp rove d 
economi c s  as  in dicated  by T ab l e  3 5 . 

B e c aus e coal  gas i fi cation and gas c l e anup rep r e s en t  a l a rger 
frac t i on of the cap i tal requi rements fo r l ow - BTU gas  generat ion 
than they do for h i gh - B TU s yn th e t i c  p ip e l ine gas manufac ture , 
theo r e t i c a l ly there  exi s t s a greater p o t en t i a l fo r i mproved 
te chno l o gy and e conomi cs . A mo re p ractical  viewpo int mi gh t  b e  
that coal  gas i fi cation i s  qui te comp l ex and i s  the re fo re l i ke ly 
to remain at about $ 6 0 0  pBr  mi l l ion BTU ' s o r  h i gher for mo s t  
coals  fo r the inde fin i t e  future . Even w i th the s e h i gh gas i f i cat ion 
co s t s , the gas i fi c a t ion of coal w i th the comb in e d - cyc l e  repre s en t s  
much p romi s e  fo r t h e  us e o f  c o a l  i n  power g en e rat ion . 
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Chap ter Nine 

TOTAL ENERGY SYSTEMS 

SUMMARY 

To tal energy s ys tems are de f ined as pr ime move r s  dr iving 
e l e c t r ical generators  with heat re covery t o  mee t  al l energy needs 
in res iden t i a l , comme r c i a l , in s t i tut ional and s ma l l  indus t r i a l  
e s t ab l i s hment.s .  The ir  economic app e al re s t s  on h igh sys tem 
fue l e ffic i ency (up to ab out 75  percen t )  and low energy co s t s  
o f  s e l e cted fue l s  versus ne two rk e l e c tr i c i ty . Natural gas  
reciprocat in g  and d i e s e l  eng ine s and natur al gas  turb ine s  are 
the usual pr ime mover s .  The number o f  t o t a l  ene rgy in s t al l at ions 
in the Un ited  S t ate s enj oyed a rap id growth r a t e , from near 
z e ro in 1 9 6 0  t o  s everal hundr ed in the late 1 9 6 0 ' s ,  promo t e d  
ch iefly b y  natural gas  ut i l ity compan i e s . The growth r a t e  i n  
the l ate  1 9 7 0 ' s  may b e  augmented by the re ady ava i l ab i l i ty o f  
compact gas  turb ine s ,  bui l t  for use  i n  he avy t rucks , i n  s i z e s  up 
to about 5 0 0  ho r s epower . 

A prob ab l e  U . S .  l imit  o f  ab out 1 4 , 0 0 0  t o t a l  ene r gy p l an t s  
i s  pro j e cted , averaging about 2 , 0 0 0  KW o f  e l e ct r i c a l  c ap ac i t y  
i n  p l ace i n  1 9 8 5 . The e f f e c t s  woul d be a r educ t ion o f  1 7 0  
t r i l l ion BTU ' s  per  year o r  l e s s  in fue l use  by e l e c t r i cal 
ut i l i t ie s , and an incre ase of 58  t r i l l ion BTU ' s  per ye ar o r  
l e s s  in use o f  natur al gas  and d i e s e l fue l in t h e  re s i den t i a l , 
commerc ial , ins t i tu t i onal and indus t r i a l  s e c to r s . 

Be cause o f  the in creas ingly l e s s  favorab l e  e conom i c s  
expe cted beyond 1 9 7 5  f o r  natural g a s  and t h e  marginal r a t e  o f  
re turn o n  inve s tment o f  many current in s t al l a t ions , i t  i s  n o t  
expe cted that t h e  propor t i on o f  total  ene rgy ins t a l l at i on s  
t o  total  U . S .  bui l d in g  cons t ruc t ion w i l l  incre a s e  after  1 9 7 5 . 

D I SCUSS I ON 

Al though , in p r in c ip l e , fo s s i l - fue l e d  mob i l e  equipment 
( e . g . , automob i l e s )  and many l arge indus t r i a l  p ower s ta t ions are 
total energy sys tems , ne i ther of  the s e  extreme s  in ene rgy demand 
are with in the s cope o f  thi s  chap t e r . The t o t a l  ene r gy s y s tems 
who s e  e ffects  on energy r e s our ce  demand d i s t r ibut i o n  r emain to 
be e s t imated  are tho s e  that may supp l an t  ne twork e l e c tr i c i ty in 
hous ing , comme r c i al e s t ab l i shments , ins t i tu t i on s  and s ma l l 
industrial  p l an t s . 

A total energy sys tem centers  around a pr ime mover , usual ly 
e i the r a d ie s e l  or gas eng ine o r  a gas turb ine . D i e s e l  fue l or 
natural gas  i s  the usual fue l . The pr ime mover d r ives  a gen e r a 
tor . Eng ine coo l ing and/ or exhaus t h e a t  i s  r e c l a ime d t o  provide 
space heat ing , usua l ly ab s o rp t ion air cond i t ioning , and i f  
ne eded , s t e am .  Aux i l i ary b o i l er s  and/or d ir e c t  f i r ing int o  the 
exhaus t sys tem o f t en are provided to b a l ance heat l o ad s . Coo l ing 
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tower s  o r  ponds frequen t l y  are included . Many var i a t ions  are 
po s s ib l e , includin g  the o ccas ional use  of b o i l e r s  and s t e am tur 
b ines ins t e ad o f  engine s . 

The advan t age o f  t o t al ene rgy sys tems i s  the i r  p o t en t i a l  
ove r a l l  the rmal e ff i c iency - - as h igh a s  7 5  p e r cent unde r  f avorab l e  
condi t i on s . I t  i s  nete s s ary for high e ff i c i ency that sys t e m  
l o ads b e  p r e d i c t e d  accurately  and that thermal l o ads b e  r e l a t ive ly 
l arge in comp ar i s on t o  e l ectrical  l o ads and vary in p ropor t i on 
to e l e c t r i c a l  l o ads . Thi s  exp l a ins the usual p r e fe r ence for  
ab s orp t i on a i r  cond i t ion in g . E f f i c i ent u s e  o f  was t e  h e a t  is  the 
key e l ement . A t yp i cal  s up e rchar ged d i e s e l  t o t al ene r gy sys tem 
may produce 1 . 2 5 t o  1 . 7 5 BTU ' s  o f  r e c l a imed heat per B TU con 
ve rted  t o  e l e ct r i c i t y ; the ratio  i s  ab ove 4 : 1  for  typ i cal gas  
turb ine sys tems . Re c ipro cat ing eng ines are p r e ferred  when heat  
requ irement s  are  comp ar ab l e  in  magni tude t o  e l e c t r i ca l  r e quire 
ment s  and in sma l l  sys tems . 

Re l i ab i l i t y  i s  ano the r ne ce s s i ty .  I t  i s  ach i e ve d  by the 
cho i ce o f  dur ab l e  eng ines  and by the prov i s i on in p r ac t i c al ly 
all  sys tems o f  s t andby cap ac i ty and s chedu l e d  maintenance . 
Demand charge s usua l l y  forb i d  conne c t i on t o  u t i l i ty p ower for  
b ackup purpo s e s . 

E l e ctrical  cap ac i t i e s  o f  t o tal  ene r gy p l ant s  vary w i de ly , 
from b e l ow 5 0  k i l owat t s  t o  ab ove 1 0  meg awat t s . The va s t  maj or i ty 
have b e en in the r ange o f  1 5 0  t o  1 , 5 0 0  KW . Mo s t  ins t al l at ions 
have b een in o ff i ce and ap ar tment b u i l d ing s , hosp i t a l s , s ch o o l s ,  
sma l l  fac to r i e s  and comme r c i a l  comp l exes s uch as re t a i l  me rchan 
dis ing centers . B e c ause  o f  the sma l l  and h ighly varying l o ads , 
and corre spondingly  h i gh fixed co s t s  and l ower e f f i c i ency , t o t a l  
energy h as made few inroads into p r ivate dwe l l in g s  and sma l l  com 
me r c i a l  b u i l d ings . 

As ide from the ne ce s s i ty for properly b a l anced heat / e l e c t r i c a l  
demands i n  o rder t o  ob t a in h i gh system e ffi c i ency , t h e  e conomics  
o f  t o t a l  energy are  cr i t i ca l ly dependent up on the  comp e t i t ive 
co s t s  o f  ne twork p owe r . The e conomics  o f  t o t a l  energy sys t ems i s  
dis cus s e d  i n  a l at e r  s e ct i on o f  thi s  chap t e r . 

At p r e s ent , l im i t e d  supp l ie s  o f  natural  gas  are h inder ing 
promo t i on of gas - fue l ed t o t a l  ene rgy . For the futur e , the co s t  
o f  new natural gas  t o  l arge  industrial  or ut i l i ty cus t ome r s  i s  
expected  t o  incre as e t o  about $ 0 . 7 0 p e r  mi l l ion BTU ' s  by 1 9 8 0 . 
The c o s t  t o  sma l l e r  u s e r s  w i l l  b e  h i ghe r . Low - s u l fur d i s t i l l a te  
fue l s  for d i e s e l s  o r  gas  turb ine s alre ady co s t  more than that . 
But the 1 9 8 0  co s t  o f  nuc l e ar fue l to ut i l i t i e s  i s  exp e c t e d  t o  
b e  equ ivalent t o  ab out $ 0 . 4 5 per  m i l l ion BTU ' s , and t h a t  o f  
l ow - sulfur coal  in t h e  We s t  w i l l  not b e  much h i ghe r . 

C oup l ed w i th the l imited  ava i l ab i l i ty o f  gas  for indu s t r i a l  
cus tome r s , the s e  fue l  e conomics  wi l l  s evere ly l im i t  the growth o f  
gas - fu e l e d  t o t a l  ene rgy ins tal l at i ons a f t e r  about 1 9 7 5 . Howeve r , 
in the middle 1 9 7 0 ' s  and b eyond , gas  turb ine engines apparently 
wil l b e  produced in quant i ty for he avy trucks . They w i l l  be  
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de s i gned to use d i s t i l l ate  fue l s  and wi l l  b e  e a s i ly adap t ab l e  to 
s t ationary use . They w i l l  b e  ava i l ab l e  in s i z e s  up t o  ab out 
5 0 0  hors epower (hp ) , and at l ow we i ght per hp and probab ly l ow c o s t  
per hp compared t o  p r e s ent indus trial  g a s  turb i ne s . Thi s  deve lop 
ment i s  expe cted t o  improve the economics  o f  t o t a l  energy and may 
offs e t  the adve r s e  e ffect  o f  re s tricted  supp l y  o f  natural gas . 

Vigorous promo t i on o f  total  ene rgy b eg an in the e ar ly 1 9 6 0 ' s  
with natural gas ut i l i t i e s  in the forefron t . I t  was e s t imat e d  
that ab out 3 0  t o tal  energy p l an t s  ( as defined above ) were in  p l ace 
in the Nat i on by 1 9 6 2 . Th i s  number grew t o  a few more than 1 0 0  
by 1 9 6 5 , ove r 2 0 0  by 1 9 6 6 , more than 3 0 0  b y  1 9 6 7 , and ab out 
5 0 0  by 1 9 7 0 . The growth rate , in numb e r s  of p l ant s , was s emi l o g a 
ri thmi c up to a t  l e as t  1 9 6 7 and would have r e s u l ted  in  nearly 
2 , 0 0 0  U . S .  ins t a l l a t i on s  by 1 9 7 0 , 2 2 , 0 0 0  by 1 9 7 5  and 3 0 0 , 0 0 0  by 
1 9 8 0 . A 1 9 6 7  s tudy for the  group t o  Advance Total  Ene rgy showed 
s ome 3 2 , 0 0 0  exi s t ing bui l d ings in wh i ch total  energy cou l d  b e  
economical ly attract ive , and expected cons t ruct ion dur ing the 
5 - ye ar per iod of 1 9 6 7  through 1 9 7 1  of  ab out 4 0 , 0 0 0  s u i t ab l e  bu i l d 
ings , not includ ing indus t r i al p l ant s . 

Predictions made as  l ate  as 1 9 6 9  o f  the numbe r  o f  t o t a l  ene r 
gy ins t a l l a t ions by 1 9 7 5  have ranged from 2 5 , 0 0 0  t o  1 3 5 , 0 0 0 . 
I f  the f i gure o f  4 0 , 0 0 0  s u i t ab l e  non - indus t r i a l  con s t ruction  proj 
ects  in the 1 9 6 7 - 1 9 7 1  p e r i o d  i s  accep t e d  and i f  thi s  e s ca l a t e s  
to 6 0 , 0 0 0  for the next 5 - year p e r iod , s ome 1 0 0 , 0 0 0  s u i t ab l e  
s it e s  might b e  avai l ab l e . To this  mus t  b e  added s ome numb e r  o f  
indus t r i a l  s i tes , certainly not mo re than e qual . The t o t a l  num
ber  o f  suitab l e s i t e s , from the s t andpo int o f  de s i gn f e as ib i l i ty ,  
probab ly wi l l  no t exceed 2 0 0 , 0 0 0  by 1 9 7 5 . Con s idering the 
usual ly marginal pro f i t ab i l i ty o f  the inves tmen t , the l ower pro 
j e ct ion o f  2 5 , 0 0 0  total  energy ins tal l at ions in 1 9 7 5  app e ar s  t o  
be the maximum numb e r  that might reas onab ly b e  expe c t ed . A con 
t inuing ins t a l l a t i on rate o f  2 , 0 0 0  uni t s  per  ye ar b eyond 1 9 7 5  
al s o  app e ars to b e  as l arge as could b e  hyp o the s i z e d . 

D i s regarding indu s tr i a l  ins tal lat ions o f  l ar g e r  than 5 MW 
demand , the average ins tal led e l ectr i c al demand fo r t o t a l  energy 
sys tems des cribed in the l i t e rature has b e en about 9 0 0  KW . The 
t o tal ins t a l l ed U . S .  total - energy - p l ant c ap a c i ty in 1 9 7 5  ( at 
1 , 0 0 0  KW per  s i t e )  would not b e  expe cted  t o  exce e d  2 5  mi l l ion. 
KW . Average e l e c t r i ca l  power use  in t o t a l  energy s ys tems app e ar s  
to b e  about 7 0  percent o f  ins t a l l e d  demand . Total  U . S .  on - s i t e  
power generat ion by t o t a l  energy sys tems wou l d , the re fore , not 
exceed about 1 . 5  x 1 0 1 0  KWH per year . Thi s  is  equival ent t o  a 
reduct ion o f  about 1 7 5  x 1 0 12 BTU ' s per  year in  fue l us e by 
ut i l i t ie s , whi ch may be comp ared t o  1 9 7 5  predict ions of about 
2 3 , 0 0 0  x 1 0 1 2  BTU ' s per year total  fue l us e by e l e c t r i ca l  ut i l 
i t i e s . The max imum impact  on U . S .  e l e c t r i c  ut i l i ty fue l  us e 
would b e  we l l  under 1 p e rcent . Howeve r , i f  h i s t o r i cal p a t t e rn s  
pers i s t , a disprop o r t i onate s hare o f  t o t a l  ener gy sys tems w i l l  
b e  located i n  PAD D i s tr i ct I I  (East  North Central  C ensus  D iv i s ion) . 

The e ffects  in r e s i den t i al and commer c i al u s age o f  fue l s  would 
include add i t ion of the fue l  needed for e l ec t r i c a l  p ower and 
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displ acement o f  s ome re s i dual o i l  in thi s  s e c t or b y  d i s t i l l at e  
fue l s  and gas . The l at t e r  e ffect  mus t  b e  d i s counted  sub s t an t i a l l y  
b e caus e o f  the s h i ft s  o f  the s ame kind that w i l l  b e  engendered 
by sul fur - content re s tr i c t i ons . 

Total  ene r gy sys t ems may ave rage 7 0 -percent ove ral l e ff i c ien 
cy , and produce c l o s e  t o  3 0 - p ercent e l e c t r i cal  output in r e c ip 
rocat ing engine s y s t ems or ab out 1 3  percent in gas  turb ine sys t ems 
on the b a s i s  of he at input . Re covered - he at/wa s t e - h e at r a t i o s , 
the re fore , are as good as  in convent i onal h e at ing sys tems , and the 
in cremental fue l requ i rement s  for t o t al energy ins t al l a t ions in 
incrementa l  fue l requirement s  for e l e c t r i c i ty i s  us e d  at  c l o s e  
t o  1 0 0 - per cent e ff i c i ency . On thi s bas i s , increment a l  g a s  and 
di s t i l late  r equi r ement s for t o t a l  ene rgy ins t a l l a t i ons in 1 9 7 5  
might b e  a s  h i gh a s  about 5 0  x 1 0 1 2 BTU ' s  p e r  year . Th i s  i s  
t o  b e  comp ared wi th predicted 1 9 7 5  r e s ident i a l  and commer c i a l  
us age o f  about 1 5 , 0 0 0  x 1 0 1 2 p e r  year . The increas e i s  about 0 . 3  
percent , far smal l e r than the uncert ainty o f  the forecast . 

Addi t i onal proj e c t i ons for the max imum g r owth case  are 
shown in Tab l e  3 7 . 

There i s  evi dence that the growth rate o f  t o t a l  ene rgy in 
s t al l at i ons  s ince 1 9 6 6  has  b e en much l e s s  than the s e  proj e c t ions 
imp ly . The s emi l o gar i thmi c  growth rate dur ing that t ime cor 
responds t o  a doub l ing p e r i o d  o f  about 5 ye ar s . I t  i s  known that 
nearly 10 p e rcent of p r i o r  ins tal l a t i ons h ave b een ab andoned o r  
conne cted t o  ne two rk powe r , pr imar i l y  b e caus e o f  d i s app o int ing 
economic  r e s ul t s . 

A mo re  real i s t i c  pro j ect ion o f  the growth o f  t o t al ene r gy 
would a s s ume for the futur e the s ame r a t i o  o f  new ins tal l a t i ons  
to bui l d ing s t ar t s  as  in the 1 9 6 6 - 1 9 7 0  p e r i od , inasmuch as  en 
g ine e r in g  expe r i ence and accur ate e conomic b ackgr ound are now 
gene ral ly ava i l ab l e . I t  has b e en predicted  that bu i l ding 
rates mus t incr e a s e  as  much as two fo l d  in order t o  ac commodate  
hous ing needs , and commer c i a l  building can b e  expected  t o  in 
creas e in c l o s e  propor t ion . A more prob ab l e  growth cas e , b as e d  
o n  the s e  cons iderat i ons , a l s o  appe ar s  i n  Tab l e  3 7 . 

Th i s  case  a s s ume s that ave rage annual bu i l d ing s t art s  in the 
1 9 7 1 - 1 9 8 5  p e r iod w i l l  be at twi ce the ave rage r a t e  for the 1 9 6 6 -
1 9 7 0  p e r iod . I t  as sume s , as in the f ir s t  case , that ave r age 
ins tal l ed c apac i t y  per un i t  wi l l  increas e .  ( E conomi c s  wi l l  b e  
mo s t  attr act ive i n  l ar ge ap artment o r  comme r c i al comp l exe s r e 
qui r ing mul t ip l e  eng ine s o f  s everal hundred HP , where  the in 
cremental  c o s t  o f  a s in g l e  s t andby engine - gene rator  w i l l  b e  
l e as t  s ign i f icant . )  

The e ffects  o f  the probab l e  growth cas e on di s t r ibut ion o f  
energy re s our ces  i n  1 9 7 5  are negl i g ib l e  and r i s e  i n  1 9 8 5  t o  
approxima t e ly t h e  s ame l evel predicted by the max imum growth 
case for 1 9 7 5 . 
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TABLE 37 

PROJECTED GROWTH AND ENERGY SOURCE E F FECTS OF TOTAL ENERGY PLANTS I N  UNITED STATES* 

Avg. Elec. On-Site Power Central Station F uel I ncremental On-Site 
No. of Units Capacity Generated Replaced Fuel Used 

Installed (KW) ( KWH/Yr.)t (BTU/Yr. l=t (BTU/Yr.)§ 

Maximum Growth Case 

1 975 25,000 1 ,000 1 .5 x 1 01 0  1 75 X 1 01 2  5 1  X 1 01 2  

1 980 35,000 1 ,500 3.2 X 1 01 0  350 X 1 01 2  1 1 0 x 1 01 2  

f--1 I 1 985 45,000 2,000 5.5 X 1 01 0  550 X 1 01 2  1 90 X 1 01 2  
f--1 
(J.I 

I 
Probable Growth Case 

1 975 1 ,500 1 ,000 9.4 X 1 08 1 1  X 1 01 2  3 X 1 01 2  

1 980 4,600 1 ,500 4.3 X 1 09 47 X 1 01 2  1 5  X 1 01 2  

1 985 1 4,000 2,000 1 .7 X 1 01 0  1 70 X 1 01 2  58 X 1 01 2  

* Not including large industrial installations; i.e., more than about 1 0  MW. 

t At average load of 70 percent of insta lled generating capacity. 

t At heat rates of 1 1 ,700 BTU/KWH in  1 975; 1 1 ,000 in 1 980; 1 0,000 in 1 985. 

§ At 1 00-percent efficiency for e lectrical load. 



ECONOM I C S  OF TOTAL ENERGY SYSTEMS 

The de s irab i l i ty o f  t o t al energy sys t ems i s  very much depen
dent on the part i cu l ar needs  o f  the power us e r  invo l ve d .  F a c t o r s  
such a s  r e l at ive amount s  o f  power and s te am r e quired  and how the s e  
requirements vary with t ime are important cons iderat i ons  fo r the 
individual  ins t al l a t ion . Thus , an e conomi c  analys i s  of t o t a l  
ene r gy was c arr i e d  out o n  a par t i cular , fai r l y  typ i c a l , 4 5 0 - KW 
natura l  gas - fue l ed sys t em op erat ing at a rather op t im i s t i c  l eve l 
or 7 5  p e rcent overal l the rmal e ffici ency , and at a more p robab l e  
leve l o f  5 5  pe rcent . The e l e c t r i ca l  powe r  generat ing e f f i c i ency 
was as sumed t o  be 30 percent . * F i gure 16 ind i ca t e s  the e ffect  
o f  fue l  co s t  and was t e  heat  ut i l i zat ion on the  co s t  of  powe r 
generated by this  $ 1 0 0 , 0 0 0  cap i tal co s t , 4 5 0  KW , gas  recipro cat ing 
total energy sys t em .  Thi s  figur e wou ld indicate  that i f  a l l the r e 
coverab l e  was t e  h e at coul d b e  ut i l i z e d  ( 4 5  p e rcent o f  input powe r )  
a t  today ' s  gas eous fue l  co s t  o f  about 4 0  c e n t s  p e r  thous and BTU ' s 
pur cha s e d  power co s t s  would have t o  b e  ab out 1 3  m i l l s  p e r  KWH 
or h i gher to r e s u l t  in an e conomic incent ive t o  ins tal l this  4 5 0 -
KW t o t a l  energy sys t em . Thi s  analys i s  used  an annua l  cap i t a l  re 
covery factor  o f  1 5  per cent . Thi s  may b e  s omewhat low fo r such 
a r e l a t ively smal l inv e s tment , but 1 5  percent was u s e d  for con
s i s tency with the  o ther sys t em analy s e s  p e r fo rmed in  t h i s  s tudy . 

The t e chno l o gy nece s s ary for total  ene r gy p l ant s us ing i n 
ternal combus t ion eng ine pr ime move rs  i s  we l l  deve loped . The 
growth of t o t a l  ener gy wi l l  depend pr imar i ly upon i t s  e conomi c s  
i n  e s s ent i a l ly i t s  p r e s ent form . Although s ome te chno l o g i c al 
improvements are probab l e , they wi l l  only mo de s t l y  modi fy the c o s t  
o f  t o t a l  ene r gy as compared t o  that o f  ne two rk e l e ct r i c i ty . The 
reason is made c l ear in Tab l e  3 8  (Chap t e r  1 3 ) . The c o s t s  o f  'o ther 
me thods of e l e ct r i cal generation depend heav i l y  o n  cap i t a l  inve s t 
ment . Improvements e i ther i n  the i r  the rmal e ff i c i ency o r  i n  the 
efficiency or uni t  c o s t  of the ir  components are r e f l e c t e d  d i r e c t l y  
in the i r  generated powe r co s t s . The e f f i c i ency o f  t h e  t o t al ene rgy 
cyc l e  i s  no t open to s i gn i f i cant imp rovement . I n  fact , the 7 5 -
percent e ffic i ency a s s umed in Tab l e  3 8  wi l l  only rarely  b e  real 
i z ed . Component co s t s  wi l l  b e  reduced comp e t i t ively  only by l e s s  
exp ens ive pr ime - move r s , such a s  the adap t at ion t o  s t at ionary use  
o f  mas s - produced h i ghway truck turb ine s ,  po s s i b ly i n  the l a t e  
1 9 7 0 ' s .  Thi s  co s t  reduc t ion wi l l  affect t o t a l  energy power co s t s  
only i n  proport i on t o  the i r  rel at ive l y  sma l l  dependence o n  cap i tal  
charge s . 

A maj o r  comp e t i t ive d i s advantage o f  t o t a l  ene r gy i s  i t s  l ab o r 
inten s ive n ature . Pe r iodic  maintenance and d a i l y  operat ing c o s t s  
l o om much l arger i n  the s e  sma l l  generating fac i l i t i e s  than in 
l arge central s t at i ons  and are not  sub j e c t  to much reduc t i on ,  

* The bas i c  informat i on used  fo r the ana lys i s  i s  cont ained in  
"Total  Ene rgy : A So lut ion t o  the Pro f i t  Sque e z e , "  A m e r i c a n  G a s  
A s s o c i a t i o n  Mo n th l y �  No . 5 2 �  pp . 1 8 - 1 9  (May 1 9 7 0 ) . 
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F i gure 1 6 . T o t a l  Ene rgy - G as Reciprocat ing Eng ine - - Effect  
o f  Fue l Cos t and Was t e  Heat  U t i l i z a t i on . 

except as they vary inve r s e ly with p l an t  s i z e . The r e turn on 
inve s tment nece s s ary for pr ivately  owned fac i l it ie s  o ften i s  
relative ly h i gh , in  compar i s on t o  ut i l i t y - typ e  rat e s  o f  r e turn . 
Howeve r ,  th i s  may b e  o ffs e t , in s ome cas e s , b y  the h i gh f in an c i a l  
leverage that i s  cus t omary in l arge apartment and comme r c i a l  
cons truc t i on . 

An important l im i t a t ion on growth o f  t o t a l  energy may b e  i t s  
dependence o n  c l e an ( gas or  p e t r o l eum d i s t i l l at e )  fue l s .  I f , 
in the futur e , r e gu l at i on s  b e come mor e  s tr ingent r e garding d i s 
charge s o f  n i trogen oxides  from smal l s t a t i onary s our c e s ,  an 
add i t i onal p enal ty wi l l  b e  imp o s ed by the c o s t  o f  i t s  contro l . 
Re gardl e s s  o f  this , the co s t  p e r  mi l l i on B TU ' s  o f  d i s t i l l at e  
fue l s  i s  alre ady about twi c e  t h e  fue l c o s t  a s s umed in Tab l e  3 8 , 
and p ipe l ine gas p r i c e s  are expected t o  e s c a l a t e  s harp ly in the 
next de cade . The ave r age co s t  o f  t o tal energy p owe r gen e r a t i on 
the refore wi l l  e s calate  app r e c i ab ly mor e  rap i dly than that o f  
network p ower . Even a l l owing for de l ive ry c o s t s  o f  ne twork 

1 20 

powe r , to tal ene r gy i s  now s e ldom more than mar g in a l l y  p r o f i t ab l e . 
The comparat ive e conomi c s  are expected  t o  b e c ome incre a s ing ly 
unfavo rab l e  t o  t o t a l  ene rgy . 

At l e a s t  three p aths o f  deve l opmen t ar e open for  t o tal  
ene rgy sys t ems . One of  the s e  i s  e l iminat ion o f  mechan i c a l 
e l ectrical  c onve r s ion  in favor o f  fue l  c e l l s , thermi oni c s , o r  
o ther dire c t  conve r s ion devic e s , s t i l l  w i t h  s c avengin g  o f  
was t e  heat . Except fo r the fue l  c e l l  route , wh ich i s  d i s cus s e d 
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s eparate l y  he re inafte r , the conver s ion e f f i c i enc i e s  o f  d i r e c t  
conve rs ion devices  are too  l ow t o  adm i t  them t o  con s ider a t ion 
for wide s p r e ad t o t al ene rgy app l ic at ions . 

A s e cond p ath o f  deve l opment would adap t eng ine - powe red  
total  ene r gy sys tems t o  us e l owe r - qual ity fue l s  s uch as min ima l ly 
up gr aded c o a l  extracts , de sul fur i z e d  p e t r o l eum b o t tom cut s 
or synthe t i c  crude o i l s  from t ar s and or o i l  shal e .  As s uming a 
pr i c e  o f  about $ 4  per  b arre l for the s e  fue l s ,  the c o s t p e r  m i l l ion 
BTU ' s  is about doub l e  that assumed in Tab l e  38 ( Ch ap t e r  1 3 ) , 
and the R&D inve s tmen t , therefore , i s  unat tract ive unl e s s  i t  c an 
b e  j us t i fi e d  for us e in remo t e  l o cat i ons . The e conomics  o f  the 
deve loped sys tem , . in comp e t i t ion with n e two rk p owe r , wou l d  b e  
wor s e  than tho s e  shown i n  Tab l e  3 8 . 

A third deve l opmental  path would emp l oy comb ined cycl e s , 
such as thermioni c - t opp e d  gas turb ines o r  gas  turb ine - s te am 
turb ine s ,  t o  y i e l d  h i gh thermal e ff i c i ency w i thout dep endency 
upon r e l a t ively h i gh and cons t ant was t e  heat  l o ad s . Al though the 
comp l exity and maintenance co s t s  of such sys t ems make s them un 
attract ive for common smal l - s cale  use , i t  s e ems l ikely  that s ome 
s uch sys tems wi l l  be eng ine ered and bui l t  for  r e l a t ive ly l arge  
t o t al ener gy or on - s i te e l ectrical  power ins t a l l a t i on s . 

G iven the l owe r gene r at ing c o s t , and e sp e c i a l l y  the l ower 
maint enance and o ther l ab o r  requirements ,  o f  cent r a l  s t at i on 
power g eneration versus t o t al ene rgy p l ant s , b r o ad entry o f  
e l e ctrical  ut i l i t i e s  into owne rsh ip o f  t o t a l  ene r gy p l ant s  
i s  n o t  p rob ab l e . Some ut i l i t i e s  have entered into  a few s uch 
arrangements , app aren t ly under cond i t ions that are not l ikely  
t o  b e come genera l . 

I t  app e ars  unl ikely that the fue l  cons erva t i o n  advant ages  o f  
total  ener gy sys tems wi l l  outwe i gh the i r  mar g inal  t o  negat ive 
economics  and the i r  pro l i ferat ion of s t at ionary air p o l l ut ion 
source s ,  in cons iderat i ons of pub l i c  po l i cy .  Thi s  is true 
part i cu l arly  b e cau s e  they are increment a l  u s e r s  o f  the s ca r ce s t  
fue l s . The re fore , unl e s s  as  a result  o f  a bro ader government 
p o l i cy to provide inc ent ive s for  fue l  cons ervat ion , no treatment 
especially  favorab l e  to the deve l opment o f  t o t al ene r gy i s  exp e c t ed . 
Thi s would app ly b o th t o  government encouragement o r  fund ing o f  
R&D and t o  inve s tment incent ive s . 

I n  s ummary , t o t al ene rgy p l ants b as e d  on internal - c ombus t i on 
engine s  are not now usua l ly e conomical ly comp e t i t ive w i th n e t 
work e l e ct r i cal p owe r . Trends in fue l supp ly and co s t  w i l l  make 
them l e s s  compe t i t ive in the future . Re s e arch and deve l opment 
canno t appre c i ab ly imp r ove the i r  e conomic  p o s i t ion . Othe r ene rgy 
convers ion device s ,  with the p o s s ib l e  excep t ion o f  fue l ce l l s , 
cannot e c onomi cally  d i s p l ace eng ine generators  in t o t al ene r gy 
p l ant s . Alternat ive l ower - quality  fue l s  are  no t a ttract ive . 
No incent ive exi s t s  for pub l i c  po l i cy de c i s i ons that would en 
courage o r  s ub s i di z e  the p ro l i ferat ion o f  t o t al energy . The r e fo re , 
the growth o f  t o t a l  energy ins t a l l ations , as a fr act ion o f  Uni te d  
States  energy s upp ly and fue l ut i l i z at ion , i s  n o t  exp e cted  t o  
b e  s ign i f i cant . 
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Chap ter Ten 

MAGNETOHYDRODYNAM I CS 

SUMMARY 

The p o t ent i a l  impact o f  magnetohydrodynam i c s  (MHD ) on our 
energy requi rement s is a function of i t s  p romi s e  o f  ach i ev ing h i gher 
thermal effi c i ency , with the result  that l es s  pr imary energy would 
be requi red for e l ec tr i c  power  g ener at i on . I n  add i t ion , the h i gher 
e l ectrical conduc t i v i ty of combus t ion produc t s  from coal  has o ffered 
the prom i s e  o f  a s imp l e  convers ion devi c e  wh i ch i s  i de a l  for our 
mo s t  abundant fo s s i l  fue l . 

Much R&D work on MHD was spons o r ed by p r ivate  indus t ry and 
government in the 1 9 5 5 - 1 9 6 5  per iod . The work then t apered o ff 
after 1 9 6 5  to the p o int where only one r e l at ive ly mode s t  U . S .  effort 
on prac t ic al power generat ion remained in operat ion in  1 9 7 1 . 

Many maj or technical  and eng ine er ing probl ems r emain b e for e  
MHD c an emerge a s  a practical  and r e l iab l e  power device . Maj o r  
prob l ems inc lude combus t i o n  and gas i ficat ion , t h e  devel opment o f  
high - temper ature preheater s , recovery o f  s e ed , deve l opment o f  l ong 
l i fe MHD channe l s  and e l ectrode s , corro s ion prevent ion and means 
to cope with  high n i t r i c  oxide l evels . 

Combus t ion produc ts  from fuel s  such as p e tro l eum d i s t i l l a t e s  
and natural  g a s  g ive l ow e l e c t r i cal conduct ivity in MHD duc ts . 
The thermal eff i c i ency o f  MHD - topped p l ant s  with p e t r o l eum fue l s  i s  
s i gni f icantly l ower than with coal or coal - gas as a fue l . Whi l e  
effi c i ency can b e  improved by incre a s ed t emp er ature and l arger 
magne t s i z e , even greater probl ems c an b e  created . I mprovement s  
i n  the comb ined B rayton- Rank ine cyc l e , whi ch a r e  l ikely t o  o ccur 
before 1 9 8 5 ,  o f fer s er ious comp e t i t i on for MHD . For  thi s reas on 
the e l ec tr i cal equipment , ut i l i ty and e qu ipment i ndus t r i e s  t od ay 
show only l imi ted int e re s t  in MHD conver s i on . 

I t  appears that the MHD concep t  c an f i r s t emerge  as a p e aking 
or emergency power p l an t  with d i s t i l l at e  o r  r e s i dual fue l s . W i th 
adequate fund ing , a l arge p ro to type p eaking p l an t  mi ght b e  ava i l ab l e  
by 1 9 7 8 . 

For  MHD t o  ·be  app l i c ab l e  to bas e l o ad p l ant s f i re d  by coal , 
a long - t erm and co s t ly program extend ing b eyond 1 9 8 2  s e ems l ike ly . 
Even if suf f i c i ent fundi ng o ccurs , s ome p robab i l i ty ex i s t s  that 
eng ineer ing prob l ems wi l l  not be so lved in a way tha t  w i l l  be 
prac t ically o r  economica l ly acceptab l e . Wh i l e  comp e t i t ive and l ower 
cap i tal co s t s have b e en proj ected  for MHD - t opped s t e am p lant s , r e 
l i ab l e  econom i c s  mus t  awai t  the demons tration  o f  MHD o n  a l arg e 
s c a l e  fo r long durat ion . Bas e load MHD - t opp e d  p lant s  f i red by coal  
are far from succ e s s fu l  deve lopment . S ince p e aking p l an t s  have 
only a smal l e ffect on our total energy r equi rement s , no s i gni f ic ant 
effect from MHD s e ems l ike ly b efore 1 9 8 5 . 
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Magnetohydr odynamics  wi l l  have l i t t l e  e ffe c t  on our t o tal  
ene rgy r e quirements in the  1 9 7 0 - 1 9 8 5  p e r i o d . Furthermo r e , MHD 
shou ld not  influenc e the r e l a t ive mix of our ener gy f o r  e l e c t r i c  
powe r produc t i on i n  this t ime perio d .  The fo l l owing a r e  the 
reas ons fo r the s e  c onc lus i ons : 

• No r ec o gn i z ab l e  widespr e ad int e r e s t  in the MHD conc ept for 
e l ec tr i c  power produc t i on exi s t s  in the e l e c t r i ca l  m anu 
fac turing indus t ry ; the coal , o i l  o r  gas  indu s t ry ; the 
e l ec t r i c  ut i l ity indus t ry or government . 

Interes t i s  ext r eme ly i s o lat ed and i t  i s  b e l i eved that far  
more s uppo r t  and int e re s t  is  requi red  t o  have any c hanc e 
o f  a s i gni ficant thrust  forward in the 1 9 7 0 - 1 9 8 5  p er iod . 

• From a technical  viewpo int the advantages  o f  MHD over 
exi s tent o r  prospec t ive power p l ants when o i l  o r  gas  i s  
used  as  a f u e l  s e em qu i t e  smal l . Advant ages  are p ecul i a r  
to c o a l  and thus s upport  wi l l  cont inue t o  b e  i s o l a t e d . 

• The t o t a l  nat i ona l e f fo r t  on MHD i s  qu i t e  sma l l  and the 
announc ed and p lanned dur ation of the r e s e arch and deve l op 
ment program wi l l  ext end b eyond 1 9 8 0  and p erhaps even 1 9 8 5 . 

• Many maj o r  t e chni cal  and eng ine e r ing prob l ems  r emain to b e  
s o lved be fo re  MHD can emerge as a r e l i ab l e  d e v i c e  fo r c o m 
merc ial  power produc t i on . There i s  s ome p ro b ab i l i ty that 
att ainab l e  eng ineer ing s o lut ions w i l l  not be e conomic a l ly 
o r  prac t ic a l ly acceptab l e . 

• The evo lut ion o f  MHD to the po int o f  b a s e - l o ad p l ants w i l l  
b e  t ime c onsuming and co s t ly . I n  order t o  insp i r e  the 
confidence fo r wide s p read accep t ab i l i ty ,  l ong - dura t i on 
t e s t ing with  l arge un i t s  and a var i e ty o f  c o a l s  wi l l  b e  r e 
qu ire d . Re l iab i l i ty o f  MHD b a s e  load wou ld have t o  app ro ach 
the r e l i ab i l i ty s t andard of  o ther fos s i l  p l ants and nuc l e ar 
p l ant s wh i ch c an evo lve in the 1 9 7 0 - 1 9 8 5  p e r iod . 

• The normal  6 - to 7 - year delay in cons t ruc t ion o f  e l ec t r i cal  
powe r p lant s would of  i t s e l f  sugge s t  MHD could not have 
any s ignificant e ffect in the period  b e fore  1 9 8 5 . 

A s igni f i cant and un ique problem o f  MHD i s  the high n i t r i c  
oxide l eve l . Al though n i t r i c  a c i d  p l ant s are  b e ing prop o s e d  fo r 
i t s  d i spo s al , i t  i s  b e l i eved that this prob l em wi l l  o f  i t s e l f  s l ow 
the entry o f  MHD i f  the power aspects  are succ e s s ful ly deve l op e d . 
Nitric  acid  d i sp o s a l  as  fert i l i z er wi l l  b e  extreme ly vexing 
i f  MHD generat ion occurs i n  the populated areas o f  the e a s t ern 
Un i ted S t a t e s . 

The who l e  idea o f  MHD c a s t s  electric  power generat ion in a 
new l i ght . I ns t ead o f  on ly e l ec t r i c  power p roduc t ion and fue l s 
prob l ems , the opera t i on t akes on the aspect o f  a chem i c a l  c omp l ex . 
Thi s i s  s o  dra s t i c a chang e that it  i s  unl ike ly t o  o ccur s i gni fi 
cant ly in any 1 5 -year p er iod . 
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The MHD concept s e ems mo s t  readi ly achi evab l e  for p eaking o r  
emergency p l ant s wi th r e l a t iv e ly c l ean fue l s . T h e  MHD concep t 
do es no t appe ar t o  b e  adap t ab l e  to cyc l ing p l ant s . S ince  b as e 
load p l ants are proj ected  furthe s t  into the future , and p e aking 
p l ants have a smal l impact on t o ta l  energy g ener a te d ,  no s i gni f i 
cant effect s eems l i kely b e fore  1 9 8 5 . 

Comp e t i t ive s o lut i ons now exi s t  for c o a l  at  a l ower e f f i c i ency 
than that prom i s ed for MHD . Al terna t ive s o lut ions t o  the  prob l ems 
of coal combus t i on wi th a compromi s e d  e f fi c i ency o f  4 3  to 4 5  p e r 
cent are now b e ing res e arched . A cr i t i ca l  t ime for MHD and the 
alt ernat ives woul d appear t o  b e  dur ing the 1 9 7 8 - 1 9 8 0  p e r iod . 
Trends b eyond 1 9 8 5  wi l l  depend on the r e l at ive s uc c e s s  o f  MHD and 
the a l t ernat ives up to that t ime . 

GENERAL DESCRI PT I ON OF MAGNETOHYD RODYNAMI C S  

When any conduc tor moves  thr ough a magnet i c  f i e l d , an e l e c t r i c  
curr ent i s  generated . Thi s  princip l e  i s  t h e  s ame whether t h e  c o n 
duc tor i s  a s o l id ,  l iqu id or gas . The gene ra t i on o f  e l e c tr i c  cur 
rent when the conduc tor i s  a l iqu id o r  a gas  has come to b e  known 
as magnetohydrodynamics , or MHD . Convent iona l generators  dep end 
on the high conduc t iv i ty of copper to produc e current at high 
vo l t age s . So  i t  i s  that a l i quid or gas  c an b e  moved in a magne t i c  
f i e l d  t o  produce e l e c t r i c  power i f  t h e  c onduct iv i ty o f  t h e  fluid 
is  h i gh enough . 

A part i cu l ar c l a s s  o f  MHD generator has l a t e ly attrac t ed much 
attent ion . I t  us e s  the comb u s t ion g as e s  from f o s s i l  fue l s  in an 
open cyc l e . Open cyc l e  i s  d i s t inct ive from a c l o s e d  cycl e  in that 
the fluid i s  rep l en i s hed and exhaus t ed in a cont inuous manner . 
Thi s  report i s  confined t o  open- cyc l e  MHD us ing fos s i l  fue l s , 
s ince i t  is  c ommonly agreed that the c l o s e d - l o op typ e wi l l  b e  
p ecul i ar to h i gh - t emp erature nuc l ear r e a c t o r s  us ing confined 
hel ium and i s  fur ther into the future . 

The us e o f  combus t i on gas e s  to generate e l e c t r i c  current 
directly from fo s s i l fue l s  i s  compl icated by the fact that the p eak 
temperatur e s  reached in combus t i on are  too  l ow t o  g ive h i gh con 
duct ivity '. The peak temperature when fos s i l fue l s  are burned in 
amb i ent air  range s  from 3 , 0 0 0  t o  3 , 5 0 0 ° F .  However , t emp e ratures  
o f  4 , 3 0 0  to 4 , 7 0 0 ° F ,  w i th the  gas  addit ional ly dop e d  with  p o t a s s ium 
or ces ium ions , are required to give high enoug h conduc t ivity for  
MHD . 

One appro ach t o  h igh t emperatures i s  t o  us e pure oxygen o r  a i r  
diluted wi th s ome oxyg en .  Th i s  effe ct ively r educ e s  t h e  n e e d  t o  
heat up nitrogen in a i r , and h i gher t emp e ratur e s  can b e  reache d .  
Ano ther appro ach i s  t o  u s e  the hot ex i t  gas from the MHD g enerator 
to preheat incoming a i r . For examp l e , i f  a i r  i s  p r eheated t o  about 
2 , 2 0 0 ° F ,  the p eak combus t i on temperature w i t h  a i r  and fue l s  wi l l  be 
about 4 , 5 0 0 ° F .  Even at  this t emp erature , the conduc t iv i ty o f  
equ i l ibr ium combus t i on gas e s  i s  too low . Concent rat i ons o f  
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p o tas s ium o r  c e s ium i ons mus t b e  in the rang e o f  0 . 5  t o  1 . 5  p e r c ent 
by we i ght o f  the t o t a l  mas s  flow . S ince air  i s  the maj o r  part  o f  
the mas s  f l ow , s e ed mat e r i a l  r ep r e s ent s f rom 1 5  t o  2 5  we i gh t  p e r 
cent o f  the fue l  f l ow ,  and i t s  recovery and r eu s e  i s  e conom i ca l ly 
e s s ent i al . 

The o ft e n  c i t e d  advantage o f  MHD over convent ional m e thods  fo r 
power produc t i on i s  i t s  s imp l i c ity . E l ectrical  p ower  i s  g enerated  
direc t ly wi thout any need t o  go through any int erme d i a t e  s ta g ing . 
For examp l e , the common s t e am- turb ine metho d  o f  e l e c t r i ca l  g enera 
t ion go e s  t hrough four s tages in the conver s ion  o f  t he chemic a l  
energy o f  t h e  fue l  t o  e l e c t r ical  energy . The MHD app ro ach actua l ly 
us e s  three s tages , but two s t ages  are conduct e d  a lmo s t  s imu l t aneous 
ly s o  that only two energy conve r s i ons are invo lved ( F i gure 1 7 ) . 

The convent i onal s t e am bo i l e r - s t e am turb ine method o f  e l e c t r i 
c a l  gene rat i on has evo lved to t he po int o f  having an e c onomi c a l , 
max imum therma l e f f i c i ency o f  about 4 1  p ercent for  c o a l  and 3 7  per 
c ent for g as and o i l . S t e am - turb ine - inl e t  temp eratures  are l im i t e d  
to ab out 1 , 0 5 0 ° F  f o r  co a l  and g a s  b o i lers  and ab out 1 , 0 0 0 ° F  f o r  
res idual  o i l  cont a ining vanad ium . The l ow eff i c i ency o f  t he c on 
vent i onal me thod i s  no t real ly re l at e d  to t h e  numbe r  o f  s t ag e s . 
Rather i t  i s  due to the fact that the energy i s  a l l owed t o  d e grade 
o r  incre a s e  in entropy b e fore  any at t emp t a t  convers ion  i s  made . 

The d i agram s hown in F i gure 1 7  sugg e s t s  t hat  MHD i s  a r e l a 
t ively s imp l e  way t o  g enera t e  e l ec t r i c i t y . But t h i s  s imp l i c i ty 
i s  far from correct in the practical  app l i cat ion o f  MHD . 

Conduc t ivit i e s  whi ch c an be re ached with preheat e d  a i r  and 
seed  ions are s t i l l  qui t e  marginal for MHD a l one to g enerat e 
e l e c t r i c i ty at high e f f i c i ency . The reas on for  this  i s  that the 
expans ion of the g a s  in the MHD channel  caus e s  it t o  co o l  t o  the 
po int that the conduc tivity decreas e s . P ower output of t he duc t  
decreas e s  w i t h  conduc t iv i ty , and even though the e x i t  g a s  i s  s t i l l  
very hot , direct  p ower  canno t p ract ical ly b e  ext racted from t he 
gas . Ac tual effic ienc i e s  o f  even fai r ly advance d  MHD duct s  , range 
from 2 0  to 30 percen t . To  obtain high e ff i c i enc i e s  of 5 0  t o  6 0  
perc ent , a combined cyc l e  i s  typ i ca l l y  p ropo s e d , the exit  gas e s  
from MH D  b e ing pas s e d  through convent ional s t e am p l ant s . The MHD 
asp ect  i s  only u s e d  as a topp ing devi c e , a p o r t ion o f  the e l e c tr i 
cal output b e ing o b t a ined in a b o t toms s t eam p lant . 

I t  i s  thi s nece s s i ty to add and re cover s ee d , preheat a i r  t o  
high t emperatur e s  and t o  p a s s  p o t ent i a l ly damag i ng s eed mat e r i a l  
through s t e am p l ants  a s  we l l  as the pos s ib l e  n e e d  t o  recover 
sulfur i c  ac i d  and n i t r i c  acid whi ch move s  MHD from a r e l a t ively 
s imp l e  concept  t o  a comp l ex one . 

RESEARCH AND DEVELOPMENT 

I n  the period  prior  t o  1 9 5 5  pract i c al l y  no intere s t  ex i s t e d  
in MHD , a s  evidenced by the smal l amount o f  l i t e rature o n  the 
sub j e c t . We s t inghous e  s tudied the MHD concep t  in the p e r i o d  from 
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F i gure 1 7 . MHD Generat ion o f  E l e c t r i c i ty 

1 9 4 1  to 1 9 4 6 . Although a fairly soph i s t i cat e d  MHD g enerator  was 
cons tructed  at  thi s t ime , no prac t i c a l  amount o f  u s ab l e  power s e emed 
p o s s ib l e . Intere s t  in  the energe t i cs o f  p l asma from the v i ewpo int 
of  rocket propul s i on provided a b e t t e r  unde r s t anding of the e l e c tr i 
cal proper t i e s  o f  ho t gas e s  in the p e r i o d  after  the war . Thi s  
bas ic  wo rk s e emed t o  provide an intense  prac t i ca l  int e re s t  i n  MHD , 
as evidenced by a l arge vo lume o f  reported  wo rk in  the 1 9 5 9 - 1 9 6 6  
period . I n  this  peri od , a number o f  MHD generators  we re  bui l t  whi ch 
demons trated the t e chni cal feas ib i l i ty o f  d i r e c t  gene r a t i o n  o f  
e l ectr i c  power . Al though mo s t  o f  the mode l s  were sma l l  device s ,  
one re l a t ive ly sma l l  duc t  deve loped a powe r o f  about 3 0  me gawa t t s . 
Smaller  generators  have b e en operated for s everal  hundre d  hour s 
durat ion with no apparent l imi t on longer durat i o n . 

A s ign i f i cant port ion o f  th e smal l - s ca l e  wo rk has b e en confined 
to the s tudy of p lasma proper t i e s . Al s o ,  l iquid oxygen has b e en 
widely us ed ins t e ad o f  air . Th i s  option p ermi t s  the required h i gh 
temp erature wi thout the need for a preheat e r . For  much o f  t he work , 
relat ively  c l e an fue l  o i l s  have b e en used . As noted  by the rec ent 
Office o f  S c i ence and T echno l ogy (OST)  r ep or t , the MHD work t o  
date has n o t  adequat e ly faced the prob l em on the us e o f  c o a l  o r  
coal - der ived char as a fue l . s 
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In  the p e r i o d  from 1 9 6 6  to pres ent , only l im i t ed dev e l opment 
wo rk has b e en accomp l i s hed in the Un ited  S t a t e s . An extens ive 
numb e r  of p apers  have app e ar ed , but the s e  have mos t ly b e en c o n 
fined to r ev i ews o f  p as t  MHD work and prop o s al s o r  s o lut ions to  
some of  the p rob l ems . Some wo rk has b e en o c curr ing in  J ap an , 
Rus s ia ,  P o l a nd and E as t  G e rmany . 

The only s i gn i f i c ant r e s earch and deve lopment now b e ing c on 
duc ted w i th a power g ener a t i on goal  i s  the e ffort  by Avco Ever e t t  
Re s e arch L abo rat o ry , I nc . in Evere t t , Mas s achus e tt s . One program 
j o intly sponsored by Avco and the e l e c t r i c  u t i l i t i e s  would have 
invo lved about $ 8  mi l l ion over a 5 - year p e r iod  from 1 9 7 0  to 1 9 7 6 . 

A na t i onal  R&D program invo lving s everal op t io ns has r e c en t ly 
b e en propo s ed by Avc o . The Office  o f  Coal  Res e arch i s  a l s o  n ow 
s tudy ing var ious p l ans fo r an MHD program for  c o a l . One l ike l i 
hood i s  that the ove ra l l  U . S .  program wi l l  amount t o  about $ 4  
mi l l ion p e r  year over the 1 9 7 1 - 1 9 7 5  period . T e s t ing o f  burners , 
coal  MHD channe l s , s ee d  recove ry equipment and p r eheaters  would 
make up the  firs t 3 - ye ar e ffort . A sma l l - s i z e un i t  operat ing on 
coal - - app roximately 2 t o  3 MW- -would b e  t e s ted  from 1 9 7 3  t o  1 9 7 6 . 
A large - s i z e uni t  o f  about S O  MW would then b e  des igned and 
op erat ed on coal  in the 1 9 7 6  to 1 9 8 0  per iod . The fu l l  R&D program 
through 1 9 8 0  woul d  c o s t  about $ 6 8  mi l l ion . The succ es s fu l  c om 
p l e t i on o f  the p l anned ful l - p l ant program wi l l  depend o n  the succ e s s  
o f  c omponent r e s e arch . 

Suc ce s s fu l  deve l opment o f  a pro t o typ e MHD p l ant wi l l  d ep end 
on the s t e ady evo lut ion of succes s of the nat i onal program . As s um ing 
that such a program culminates  in the suc c e s s  of a p i l o t  p l ant in  
1 9 8 0 ,  i t  i s  a r e asonab l e  c er ta inty that  l arger equipment mus t a l s o  
b e  demons t rated . D emons trat ion o f  a 3 0 0 - to 5 0 0 - MW un i t  may b e  
nec e s s a ry for s everal years . D e l ays  with s o lu t i ons  to eng ineering 
prob l ems and the ava i l ab i l i ty of funds w i l l  mo s t  l ikely force  
l arg e - s c a l e  MHD b eyond 1 9 8 5 . Already there  has  b een a d e l ay o f  
the e l ec tr i c  ut i l i ty program by ab out 1 y e ar , and the nat i ona l p ro 
gram may a l s o  b e  de l ayed ab ou t 1 year . 

D eve l opment o f  a l arg e - s c a l e  MHD un i t  i s  p r o c e e d ing in Rus s ia , 
and the J ap ane s e  are fo l l ow ing with a s omewhat sma l l er s c a l e  p r o 
gram . The B r i t i s h  and French p ro grams on MHD have b e en d i s c o n 
tinued . The Bri t i s h  e f fo r t  had b e en qu i t e  int en s e  but on a s ome 
wha t sma l l er s ca l e  than the 1 9 5 9 - 1 9 6 6  U . S .  e f fo r t . Var ious r e a s o ns 
have b e en g iven for the cur t a i lment o f  the B r i t i s h  and French 
programs . The B r i t i sh have b e en s ai d  to have made a c ommi tment 
to nuc l e ar energy . But the c omment s  of at l eas t s ome of the peop l e  
conne c t e d  with the B r i t i sh effort are that the prob l ems a r e  t o o  
difficu l t  and woul d  require  a l ong development t ime . 

Any ove r a l l  viewpo int o f  the e l e c t r i c  ut i l i t i e s toward MHD 
i s  d i fficult t o  gauge . S ome of the MHD deve l opment work in the 
pas t has b e en s pons ored  by the e l e c t r i c  ut i l i t i e s . A r e l a t ive ly 
recent program aimed at a p eaking or emergency power p l ant has 
been ac t iv e ly s pons ored by s ome of the Eas t ern ut i l i t i e s  and 
Ed i s on E l ec t r i c  I ns t i tute . 
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Much o f  the direc t ion and int er e s t  for MHD cont inues  t o  c ome 
from the Offi ce of Coal  Re s e arch . The nat ional program now b e ing 
s tud i ed and c on s idered by the Office o f  Coal Re s e arch has , as  a 
po tent ial  goa l , MHD bas e - load p l ants burn ing c o a l  o r  c o al product s .  
Th is  intere s t  i s  r e l at ed t o  the greater te chn i c a l  advantages  for 
carbon - r i ch fue l s . 

Becaus e MHD has the aspect  o f  b e ing p ecul iar ly mos t  advant a 
geous t o  coal  and s ince many o f  the prob l ems appe ar t o  b e  o f  
long - rang e and bas i c  nature , no widespread intere s t  s eems t o  ex i s t  
among c ombus t i on and e l ec t r ical  equipment manufac turer s . I t  i s  
perhap s for t h i s  reas on that the rec ent OST r ep o r t  re commended 
that federal funding cont inue to support  MHD . I n t e re s t  s eems t o  
b e  increas ing again in  MHD , for i t  appe ars tha t  i t  may o ffer s ome 
add i t iona l s o l ut ions to the environmenta l  prob l em s . The n i t r i c  
ox ide prob l em o f  MHD i s  s e l f - cre ated , however .  

No crash R&D pro gram on MHD is  ther e fore  l ik e ly . Unt i l  s i gn i f i 
cant advanc e s  are made i n  the s o lut ion t o  s ome o f  t h e  eng inee r ing 
prob l ems , there i s  l i t t l e  l ike l ihood of any s i gn i f i c ant finan c i a l  
support b y  private indus try . 

STATE OF TECHNOLOGY ON MHD 

The fo l l ow ing s ec t ion revi ews the s t a t e  o f  t echno l o gy on MHD . 
Some o f  the areas which  need further deve l opment are cover e d . 

Combu s t i on and Gas i f i ca t ion 

For the MHD conc ept to b e  succ e s s fu l , c ombus t i on mus t  be 
extreme ly inten s e  and under p re s s ure with l i t t l e  o r  no heat l os s es 
by radiat ion . The p r e s sure i s  required b e c aus e the MHD duc t  ope r 
ates  a t  4 t o  1 0  atmo sphere s , s imi lar t o  a gas  turb ine . Combus t i on 
pres sure would have t o  b e  about 5 to 1 1  atmo s p he re s , which d o e s  not 
appear di fficult  t o  achi eve . Inten s e  and rap id c ombus t i on i s  a l s o  
nec e s s ary to keep the cos t o f  the combus tor  nominal . 

Cons iderab l e  r e s earch and devel opment on int ens e c ombus t i on 
has b e en carr i ed out b o th in the Un i t ed S ta t e s  and Europ e . I n  
Europ e a par t o f  the incent ive fo r pres sure c ombu s t ion ha s b e en 
tied to MHD . I n  this  country there has b een a g ener a l  e conomic 
inc entive to reduc e the overall  c o s t s  of bo i l er s . Sma l l  int ens e 
combus t i on b o i l e r s  are alr eady ava i lab l e  fo r naval  ve s s e l s , but 
the s e  have maintenanc e  prob l ems . 

The t emp erature o f  combus t ion in MHD i s  cons i derab ly h i gher 
than in b o i l ers . Peak t empe ratures  may be 4 , 3 0 0  to 4 , 5 0 0 ° F , in 
contras t to about 3 , 0 0 0 ° F  fo r ordinary flame t emper atur e s . 

How to de s i gn a combus t o r  and keep heat l o s s e s  down i s  a 
very demanding prob l em . I n  a conventi onal bo i l e r , the mo l t en s l ag 
part i c l e s  are purp o s e ly a l l owed to radiate t o  wat e r - co o l e d  wal l s , 
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and l o s s  o f  s ens ib l e  heat with ash i s  usual ly qui t e  l ow .  I n  s ome 
of the MHD propo s a l s , mo l t en s l ag i s  withdrawn from a mul t i - s t age 
combustor  b e fore  the combus t ion gas e s  go t o  the MHD duc t . Th i s  
s ep arat e s  mo s t  o f  the s l ag ( 8 5  t o  9 0  percent)  from the mo r e  
vo l at i l e  s ee d . Whi l e  some typ e  o f  h e a t  re covery from the s l ag 
may b e  p o s s ib l e ,  it  appears that some new concep t s  and deve l o p 
ments are required . A l aye r o f  mo l ten s l ag a long the c ombus t o r  
wal l  i n  cyc l one s coul d s erve a s  an insulator and prevent h e a t  l o s s  at 
low t emperatur e s  of 3 , 0 0 0 ° F , However , at MHD t emp e r atur e s  the 
s l ag l ayers wi l l  b e  h i ghly fluid and w i l l  no t act as a good insul 
ator . The typ e o f  combus tor woul d  l ikely b e  p e cul i ar t o  a s p e c i f i c  
coal . 

I n  the B r i t i sh exper i ence with MHD , heat l o s s in  the burners  
with s l a g - fre e  fue l s  was  s a id to b e  5 t o  7 p e r c en t . P r e s umab ly , 
high hea t  lo s s  was exp e r i enc ed due to ho t wal l  rad i a t ion . 

Avec has sugge s t e d  that a heat l o s s  o f  2 t o  2 . 5  p e r c ent s hould 
b e  achi evab l e . Heat l o s s  mus t  b e  kept to a minimum s o  that high 
temp er a ture and c onduc t i vi ty are  pos s ib l e . 

To a l leviate  s ome o f  the problems ant i c ipated w i t h  a s h  in the 
MHD combus t o r  and duc t ,  gas i f icat ion of the c o a l  p r i o r  t o  e l e c t r i c  
g enera t i on h a s  b e en p ropo s e d . The manufac ture o f  a p roduc er gas , 
i f  i t  could b e  done at  high thermal e ff i c i ency , could  a l l e vi at e  
s ome o f  the s l ag pro b l ems . S ome o f  the deve l opment work on c o al 
gas i f i c a t ion whi ch wi l l  b e  proce eding s imul t ane ous ly in  the 1 9 7 0 -
1 9 8 0  p e r i od m i ght provide some s ugge s t ions . The us e o f  a s ynthe t i c  
p ip e l ine gas for MH D  i s  o f  c our s e  rul e d  out b e c au s e  the the rmal 
e ff i c i ency of this  k ind of gas i f i cation s tep is no mo r e  than 6 0  to 
7 0  percen t . 

Air Preheators 

Prob l ems w i th prehe aters  are ma inly tho s e  o f  l ack o f  s u i t ab l e 
ma t e r i a l s  o f  c ons truc t ion . H i gh - temp erature s t e e l s  m i ght a l l ow 
preheaters  t o  b e  operated t o  about 1 , 6 5 0 ° F . Ab ove the s e t emp e r a 
tures  re frac tor i es mus t b e  us ed . Magne s i t e , o r  o the r re fract o ry 
che ckerwo rk , beds  o f  pebb l e s  and heads o f  mo l t en s l ag have b een 
propos e d  and t e s ted t o  varying degre e s . The mo s t  p romi s ing mat e r i al 
i s  pure magnes i t e . Avec has  s hown that re frac t o r i e s  such as 
magne s i t e  can b e  suc c e s s ful ly emp loyed t o  t emp er a ture s  of 2 , 0 0 0 ° F  
wi th ash and s ee d - l aden gas e s  and up t o  3 , 0 0 0 ° F  i f  the ash i s  ab 
s ent from the ga s .  

The a i r  p reheater s are o f  the regener at ive s t orage  o r  re 
cup erat ive typ� and addit ional work i s  required t o  e va lu a t e  the b e 
havior in l ong - t erm running w i th inorgan i c  s a l t s  a s  found i n  c o a l . 

I f  c o a l  i s  u s e d  a s  a fue l  and s ee ding i s  with the p o t a s s ium 
s a l t , a 2 , 0 0 0 ° F  pr eheat t emperature could a l l ow e f f i c i en c i e s  o f  
S O  p ercent f o r  t h e  comb ined cyc l e . The us e o f  char and c e s ium 
s e ed would a l l ow a maximum effi c i ency o f  about 5 2  p e r c ent at  the 
s ame preheat t emperature .  Any increas e in preheat t emper ature 
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wou ld al low an even h i gher the rmal e ff i c i ency . E ach 2 0 0 ° F  increa s e  
i n  preheat tempera ture wou l d  add about 1 . 5  p ercent increment t o  
e ff i c i ency . At a 3 , 0 0 0 ° F  p reheat temper ature , overal l e ffi c i enc i e s  
could approach 6 0  percent . 

The key to the suc c e s s  o f  the prom i s ed h i gh e f f i c i enc i e s  in  
MHD l i e s  in  the  d i r ec t ion of  improvement in  p r eheat ing te chn ique . 
Obvious ly much wo rk remains to b e  done b e fore  i t  c an b e  s hown that 
preheat ing c an be made to wor k  for l ong p er i ods o f  t ime wi th a 
var iety o f  fue l s . 

There is  no need t o  have a prehea t e r  i f  pure l iquid oxygen 
is us ed . Thi s  op t ion a t ta ins the requir ed h i gh t emperatures  wi th
out the  need  fo r preheat ing . It  s eems t o  b e  a wide ly he l d  view , 
however , that pure oxygen cannot econom i c a l ly b e  us ed . Th i s  can 
be s e en when i t  i s  real i z ed that the ener gy requi red t o  s eparate 
oxygen from a i r  i s  about 3 2 6  KWH p e r  ton . Thi s  is  about 9 perc ent 
of the heat g enerated when fue l s  are burned in oxyg en . Thi s value 
mus t be sub tracted from the output o f  the generato r . For  examp l e , 
i f  the heat o f  combus t i on o f  a fue l  i s  Q ,  the e f f i c i ency o f  an 
advance d - model MHD duc t  is ab out 3 0  p ercent w i th an output o f  . 3 0Q . 
The sub tr ac t ion o f  the energy required to manu fac ture pure oxygen 
would p l ace the effic i ency of the MHD duct at 2 1  p e r c ent . 

There may b e  s ome cond i t ions under whi ch a i r  w i th s ome oxygen 
could be us e d  to comprom i s e  the required h i gh t emp er ature in the 
preheater . The use  o f  chemical  regenerat ion has a l s o  b een p ropo s e d  
to bypas s the n e e d  for  a p rehea ter s ec t ion . Th i s  l a t t e r  t e chn ique 
has not b e en exp l o red , however .  

S eed Recovery 

To achieve h i gh e l ectrical  conduc t ivi ty o f  4 t o  6 mho * p e r  
meter i n  the 4 , 0 0 0  t o  4 , 6 0 0 ° F  rang e ,  i t  i s  n e c e s s ary to a dd 0 . 5  t o  
1 . 5  percent b y  weight o f  t h e  t o t a l  gas  as e i ther a potas s ium o r  
ces ium s a l t . the ch l o ride s a l t s  canno t b e  us ed b e c aus e they have 
a detrimenta l e ffect  on conduct iv i ty o f  the p l asma . Sal t s  s uch as 
potas s ium ?U l fate  (K2 S0 4 ) or carb onate are usua l ly cons idered for 
s e ed . Ces ium s a l t s  are hi gher in c o s t  but g ive app rox ima t e ly a 
two fo l d  inc r e as e in  conduc t iv i ty a t  comp arab l e  conc entrat i ons . 
Pol luc i t e  ore containing about 2 8 - p ercent c e s ium has b een sug g e s ted . 
The co s t  o f  the o r e  i s  e s t imated to b e  about $ 0 . 6 0 p e r  pound o f  
cont ained ces ium . According ly , recovery o f  c e s ium mus t  b e  about 
9 9 . 8 percent whi l e  a recovery o f  p o t a s s ium o f  about 9 8 . 5  p er c ent 
woul d b e  r e qu ired . A large depo s i t  of po l luc i t e  o r e  ex i s t s  in 
Mani toba and thi s may have s ome l o g i s t i c  advantage  for app l icat ion 
to tar s ands o r  Wes t e rn coa l s . 

* Mho i s  the prac t ical  un i t  o f  conduc t ance equal t o  the 
reciprocal of the ohm . 
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Recovery o f  s eed by e l ec t ro s tatic  prec ip i t a t i on at  h i gh 
e ffic i ency s e ems  readi ly p os s ib l e . Thi s  has b een d emons trated  in 
a l im i t e d  amount of wo rk . The h i gh e l ec t r i c a l  conduc t iv i ty o f  gas  
l aden w i th s e ed should b e  an advantage in  e l ec t ro s t a t ic r emova l . 

The s ucc es s ful wo rk on e l e c t ro s ta t i c  pre c i p i t a t ion has b e en 
conduc ted  at  low t empe ratur e . The assumpt ion has b e en made that 
the s e ed and ash wi l l  be a l l owab l e  through the comp l e t e  b o t t oming 
s t e am p l ant and would b e  s eparated at  convent ional s tack t emp er a ture s 
o f  5 0 0  to 8 0 0 ° F .  I t  i s  di fficu l t  to b e l i eve that a s h  and p o ta s s ium 
s a l t s  c ou l d  b e  transported  from t he ex i t  o f  the MHD duc t and 
through a s t eam - b o t toms p l ant wi thout c aus ing s ome s t icking , c o r 
ros i on or depo s i t p rob l ems . To b e  ab l e  t o  us e the heat  in the ex i t  
gas more effect ively , s e ed s eparat i on should o ccur a t  1 , 6 0 0  t o  
2 , 0 0 0 ° F .  Cons iderab l e  deve lopment work i s  ne c e s s ary to a s sure tha t  
this  could b e  done economical ly wi thout corro s ion . The a l t e rnat ive , 
o f  cours e ,  i s  that a deve lopmen t pro gram on b o i l er s  and sup erheater 
arrays b e  carr i ed out . 

Ash s l a g  p o int s fo r coals  can vary from 2 , 0 0 0  t o  3 , 0 0 0 ° F .  
H i ghly vi s cous l iqu ids  and s t i cky s o l ids exi s t  for Kz S0 4 .

and 
vanadium sul fa t e  (V2 S04 ) to very l ow t emperatures .  D es p 1 t e  the 
fac t that res i du a l  o i l s have a l ow ash cont ent , the pha s e  and 
corro s ion problems ca l l  for add i t i onal development work . 

Prob l ems on S t e am - B o t t oms P l ant 

How s imp l e  the s o l ut i ons w i l l  be for the b o t tom part  o f  the 
comb ined MHD cyc l e  wi l l  d ep end on the typ e o f  ash in the fu e l  
burned and the effec t ivene s s  o f  the a s h  and s e e d  s eparat ion . I t  
has b e en commonly p rop o s ed to s eparate the a s h  from the s e ed 
mater i a l  at �b out 3 , 4 0 0 ° F . At thi s  tempe rature the s ee d  wi l l  
b e  a gas , and s o l i d ash s hould b e  s eparab l e  by a ho t cyc l one . S ome 
prob l ems are ant i c ipat ed be caus e it  is not exp e c t e d  that comp l e t e  
s eparat ion wi l l  o ccur . D epo s it i on o f  s ome s l ag and s e ed mi ght 
then o ccur on s ome of the heat - t rans fer surfac e s . 

The pre s ence o f  such a h i gh concent ration o f  alkal i sulfate  
salts  pos e s  a c omp l e t e l y  new prob l em for the  b ot toms - p l ant bo i l er . 
When one c onsiders  the d evel opment whi ch has gone into sp e c i f i c  
kinds o f  bo i l er s  f o r  vari ous k inds o f  co a l s , i t  i s  c l ear that s ome 
devel opment mus t be accomp l i s hed fo r MHD downs tr e am equ ipment . 
Vanad ium and po tas s ium sulfates  cont inue to remain in a l iquid 
form as l ow as 6 0 0 ° F . The ab i l i ty to cope with the s e  prob l ems 
requires  extens ive add i t ional wo rk . 

S ome writers  have sug g e s t e d  that the only new p i e c e  o f  re 
quired equ ipment in the MHD cyc l e  i s  the g ener ator  duct . This  
does  no t appear to b e  correct . Many deve l opment p robl ems are y e t  
to b e  s o lved on t h e  b o t t oms p l ant . I f  e l e c t ro s tat i c  s e e d  s ep arat ion 
can occur at  1 , 6 0 0  to 2 , 0 0 0 ° F , fewer pro b l ems  m i ght be invo lved 
with downs tream heat - t rans fer surface s .  Howeve r , thi s  a l s o  wi l l  
r equire  a deve l opment pr�gram .  
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MHD Duc ts and E l e c trodes 

Cons iderab l e  progre s s  has b e en made in the deve l opment o f  
the MHD duct and e le c t rodes . I ndeed , i t  i s  probab ly t rue that 
this aspect of the t e chno l o gy is furthe s t  along . Long dur at ion 
o f  duc t  confi gurati ons is nece s s ary for a s h - cont aining fue l s . The 
duct wal l s , e l e ctrodes  and insul ating mat e r i a l s  w i l l  be s ub j ected  
to 4 , 3 0 0  to 4 , 7 0 0 ° F  t emp erature s .  Structural chan g e s  due t o  chem
ical att ack and at t r i t ion by the corro s ive gas e s  and mo l t en s l ag 
are pos s ib l e  in  long - t e rm running . · In  add i t ion t o  thi s , e l e ctrical  
int e gr i ty o f  both  insulators  and e l e c t ro de s mus t  b e  maint a ined . 
The mo s t  prom i s ing mat e r i a l s  for e l e c trodes  are z i r coni a , s i l icon 
carb ide and r are e arth boride s . In  s ome t e s t ing , vapo r i z at ion o f  
z ir conia has o c curred , and i t  has been ne ce s s ary t o  add z i rconia 
in the gas to rep l ace that whi ch i s  l o s t . Thi s app ears  to b e  a 
s o lut ion but mo re work mus t  b e  done b e fore  the e conom i c s  o f  thi s 
can be prove d . The add i t ion o f  z i rconia o r  a lumina t o  the gas 
s tream may comp l i cate  the phas e b ehavior  o f  the s eed and ash . Th i s  
would have t o  b e  checked b y  t e s t i ng .  

I n  s ome cas e s , re tent ion o f  duc t and e l ec trode i n t e g r i ty has 
be en achieved by ingenious cool ing with wat er . I t  has b e en po inted 
out by o ther workers that such cool ing w i l l l ower  the ove ra l l  
efficiency o f  the MHD port ion o f  the p l an t . The maint enanc e o f  
ho t wal l s  is  preferred . Thi s  could b e  done b y  c o o l ing w i th 
superheated s te am ,  but the t e s t ing o f  this  op t i on has y e t  t o  b e  
done . Ho t t e r  wal l s  wi l l  p o s e  more  o f  a prob l em w i th e l e c t r i cal 
integrity in l ong - t erm running . 

The deve lopment o f  an MHD generator w i l l  c e r t a i nly b e  eas i e r  
for cl ean fu e l s  than f o r  c o al . I t  i s  for t h i s  r e a s o n  tha t the 
emergency o r  p e aking p l ant based  on fue l  o i l  i s  the mos t l i ke ly 
prospect for the 1 9 8 0 - 1 9 8 5  p e riod . 

Rec ove ry o f  Sul fur from Seed  

If  a sulfur - free  fue l  i s  us ed ,  the  c arbona t e  s al t  i s  formed ; 
i f  the fue l  c ont ains s u l fur , the su l fate s a l t  i s  f o rmed . I f  
potas s ium i s  us ed as the s eed material , the s tab l e  s a l t  wou ld b e  
Kz S04 with sul fur - c on ta ining fue l s .  

I f  sul fur i s  to b e  rec overed as in the C l aus  proc e s s , then 
the sul fate s al t  mus t be reduc ed wi th c arbon monoxide ( CO )  o r  
hydro gen (H Z )  t o  form c arbony l  sulfide (COS)  o r  hydrog en sul fide 
(H z S ) . The p r e s ence o f  s ome ash  is  l ikely t o  c omp l i c a t e  this  re 
duc t i on . No work ha s b een done on th i s  reduc t i on prob l em ,  but the 
s imultaneous r ec overy of ni tric  acid and su l furic  ac i d  i s  an al 
ternate s olut i on which  may b e  pr eferab l e . 

Nitric  Ox ide Probl ems 

MHD duc t s  operate at very high temper atur e , and n i t r ic oxide 
(NO )  i s  produced in h igh concentrat ion . N i t r i c  ox ide conc entra -
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t ions from MHD generators have agreed with equ i l ib ri um c onc en t ra 
t i ons  which wou l d  b e  predic ted by the rmo dynam i c s . Va lues  rang ing 
from 1 0 , 0 0 0  to 1 5 , 0 0 0  parts  p er mi l l i on (ppm) have b e en measure d . 
S everal sug g e s t ions have b e en made to cope with  this  p rob l em . 
One propo s a l  i s  t o  recover n i t r i c  ac id for fert i l i z er produc t i on . 
A 1 , 0 0 0 - me g awa t t  MHD c omb ined- cyc le p l ant would p r o duc e 1 , 5 0 0  t ons 
of n i t r i c  ac i d  p er day . The high c oncent r a t i on o f  NO in  the s tack 
might a l low the s imu l t aneous rec overy of n i t r i c  and s u l fu r i c  a c i d . 
Such a p r oc e s s  i s  now b e ing deve l op e d  and i s  bas e d  on t he o l d  L e ad 
Chamber ac i d  proces s .  At th i s  po int , this  pro c e s s  has  no t b e en 
adequat e ly s tud i e d  at  s tack g as conc ent rat i ons . The nec e s s i ty for 
c onver t ing MHD p l ants  into ni t r i c  ac i d  p l an t s  a s  w e l l  a s  s u l furic  
acid  p l ants  wi l l  b e  a d i s advan tage for  t he ac c ep t ance o f  MHD . I n  
the l ong er term , n i t r i c  acid  recovery cou l d  have s ome defin i t e  
advantage . 

I t  s hould b e  p o inted out , however , that n i t r i c  oxide prob l ems 
are not now unique to MHD . Becaus e NO formation  i s  favo red  by 
high t emp e ra tur e and exc e s s  oxygen , int ens e c ombus t i on which i s  
nece s s ary t o  burn c o a l  comp l e t e ly and rap idly i n  c onven t i ona l 
b o i l e r s  i s  a l s o  l ike ly t o  form h i gh n i t r i c  oxide . I n  c ontras t �  
re l a t ively h i gh flexib i l ity ex i s t s  for contro l l ing the n i t r i c  
ox i de c on cent ra t i on from o i l  and gas fir ing i n  c onvent ional b o i l er s . 
Nitr i c  oxide reduct i ons o f  from 7 0  to 9 0  perc ent are achi evab l e  
through mod i f i c a t i ons  i n  burning through s t ag ing , e t c . Th i s  i s  
n o t  s o  easy with co a l , however , for cons traints  o f  depo s i t s  and 
corro s i on on tub e s , and requi rements to ob tain c omp l e t e  c ombus t l on ,  
are not s o  compat ib l e  w i th ni t r i c  oxide reduc t i on . Two - s tage  com
bus t i on with l iquid and gas eous fue l s  can reduce n i t r i c  oxide as 
much as 9 0  percent . L iqui d  coal  frac t i ons s hould a l s o  a l l ow the 
fl exib i l ity for NO control  through burner var ia t i ons . 

Whi le the forma t i on o f  n i t r i c  ox i de i s  no t now unique t o  MHD , 
advanc e s  in burner t e chno l o gy and coal  conver s i on are l i kely t o  
make MHD , with i t s  h i gh NO evo lut ion , a unique prob l em in  t he future . 

Two - s tage combu s t ion has b e en prop o s ed for  MHD opera t i on t o  
reduc e n i tr i c  oxide . Level s  o f  1 , 0 0 0  to 2 , 0 0 0  ppm o f  n i t r i c  ox ide 
are obta ined whi c h  may be too h i gh fo r atmo sphe r i c  d i s charge but 
too l ow for eco�omic recovery . The speed of MHD deve l opment then 
mus t  dep end on me thods to s o lve the ni t r i c  ac id r e c overy prob l ems . 

Conduc t i v i ty and Magnet i c  F i e ld 

The mos t  important aspect  o f  the c ombus t i on gas e s  in  an MHD 
duc t  i s  the e ffe c t ive e l e c t r i c a l  conduc t iv i ty . B e c aus e hydroxl 
ions from the combus t ion o f  hydro gen react with s e e d  ions and a l s o  
with e l e c tr on s , the e l e c t r i c a l  conduct ivity o f  fue l s  r i ch i n  hydro gen 
i s  qui t e  l ow . Natural gas combus t i on product s  have a c ondu c t ivity 
about 5 0  percent that o f  coal  produc ts  in the 4 , 1 0 0  t o  4 , 5 0 0  ° F  
rang e . Air for natural gas  mus t be heated about 6 0 0 ° F  h i gher in 
temperature than a ir fo r c o a l  to get comparab l e  conduc t iv i ty . To 
reach an e l e c t r i ca l  conduc t ivity of 6 mho /me t er , a i r  p r eheat  t ern -
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perature for na tur al · gas woul d  have t o  be about 2 , 6 0 0 ° F .  I n  con 
tras t , a ir for coal  c ombus t i on would b e  heated t o  about 2 , 0 0 0 ° F .  
Thus , the thermal e ff i c i ency to be exp e c t ed with  natur al gas i s  
very much lower ( s e e  F i gure 1 8 ) . In  theory , h i gher magnet i c  
fi elds and h i gh preheat temperatures c ou l d  b e  u s e d  w i th hydrogen 
rich fue l s . However , the e conomics  and pract i c ab i l ity wi l l  have 
to b e  ext ens ive ly s tud ied as t o  what sp e c i f i c  magn e t  s i z e , p re s 
sure drop acro s s  the duc t  and preheat temperature s hould be us e d  
for e ach fue l . Eff i c i ency wi l l  decreas e as t he magnet s i z e  and 
the pres sure inc r e as e s , s ince p aras i t i c  l o s s e s  o f  powe r for the 
magnet and blowe r mus t be s ub tracted . 

The e ffect ive conduct ivi ty i s  not indep enden t  o f  magne t i c  
fi e l d .  Some unpredictab l e  c onduct ivi ty/magnet ic f i e l d  fac t o r s  
may well  o ccur as s i z e  o f  MHD i s  s ca l ed up . Unfor tunat e ly ,  the 
prec i s e  e l e c tr i c a l  b ehavi o r  of an MHD g ener ator  is not ob s ervab l e  
unt i l  it  i s  bui l t . The e l e c t rical  conduc t i v i ty measured on sma l l 
scale  equipment has agreed  fa i r ly we l l  w i th that predi c t e d  by 
theory . However , s ome anomal i e s  s hould b e  exp e c t e d  a s  one go e s  
t o  larg er s i ze duc t s  with a var i e ty o f  fue l s . Whi l e  wal l  e f fe c t s  
are minimi zed by go ing to l arge - sc a l e  equipment , any requ i r ements 
for field  uni fo rm i ty at a g iven cross  s e c t ion may not be so eas i ly 
achieved . The s e  fac tors  sugge s t  tha t MHD gener a t i on woul d  have t o  
evo lve s t eadily through var ious deve lopmental  s i z e s . Al l o f  thi s  
wou ld make the dev e l opment more cos t ly and pos tpone l arge - s ca l e  
ver s i ons o f  MHD . 
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ROLE OF MHD I N  ELECTR I C  P OWER GENERAT I ON I N  THE 1 9 7 0 - 1 9 8 5  P E R I OD 

Gene ra l Makeup o f  P ower Generat ion 

I t  is the g eneral  nature of el ectr i c a l  gener a t i on that p l ants  
can b e  divided into three  categories ; bas e load , int e rme d i a t e  l o ad 
and p eaking load ( F i gure 1 9 ) . Bas e - load p l ant s  are operated  nearly 
ful l - t ime throughout the year . In ac tual pract i c e  the operat ing 
fac tor  may range from 6 0  t o  95 p ercent . Although b as e - l oad p l ant s 
mi ght only account for 4 5  t o  5 0  percen t  o f  the t o t a l  c ap a c i ty for 
a typ i cal ut i l i ty ,  they usual ly acc ount for 7 0  p e r c ent or more o f  
the output o f  KWH . Ac cordingly , increment a l  change s  in b as e - l o ad 
gene ration p l ant s can have a greater impact on fue l  m ix . 

I n t ermediat e - l oad p l ants  do not op erate  ful l - t ime and have 
been re ferred to as " day l i ght p l an t s "  or " fi ve day p l an t s . "  
Peaking p l ant s may operate l e s s  than 1 5  percent o f  the t ime o r  
even as l ow a s  a few p e r c ent i f  they are a part o f  s p inning r e 
s erve o r  s tandby res erve . 
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I t  i s  unr eal i s t ic to b e l i eve that any change in  this  gener a 
tion pattern wi l l  o ccur i n  the 1 9 7 0 - 1 9 8 5  p e r iod . This  pattern 
is  fundament a l l y  r e l a t e d  to da i ly and we ekly cyc l ic b e havio r o f  
p eop l e , commmerce and indu s t ry as we l l  a s  the weathe r . 

In  re cent years , i t  has wo rked out that the newe s t  and mos t  
exp ens ive p l ants , as they came o n  l ine , were r e l e ga t ed t o  the ro l e  
o f  bas e - l o ad p lants , d i s p l ac ing o lder p lant s  from that r o l e . I t  
makes economic s ens e t o  run the mo s t  e f fi c i ent equipment around the 
clock i f  at  a l l  pos s i b l e . The advent of any new b as e - l o ad p l ant 
would al low e l e c t r i c  ut i l i t i e s  to p lace o lder  p l an t s  in  the int e r 
mediate - l oad cat egory . Usual ly , the s e  o lder  p l an t s  woul d  have b e en 
l e s s  effic i ent , and a s av ing s in fue l  cos ts  wou l d  a l s o  have b e en 
effected by such a displacement . 

A change in thi s patt ern has been o ccurr ing in r e c en t  years . 
First  o f  al l ,  new fos s i l - fu e l  p l ants which wou l d  b e  added for b a s e  
load have approache d  an e f fi c i ency barr ier o f  3 9  t o  4 1  p e r cent  for 
coal and 34 t o  3 7  p ercent for natural gas and fue l  o i l . Very 
s l i ght improvement in thermal efficiency for convent i onal fo s s i l  
p l ants  s e ems pos s ib l e  in the 1 9 7 0 - 1 9 8 5  p e r i o d . There i s  s ome 
indicat ion tha t  the effi c i ency wi l l  drop 1 t o  2 p e r c ent as it i s  
nece s s ary t o  add we t o r  dry c oo l ing towe r s  and t o  reheat s t ack gas 
to give i t  l o ft a ft er  s tack gas treatment pro c es s e s . 

Nuc l e ar p lants mus t automat ical ly b e  p laced  in  the b as e - load 
category . Thi s  is  b e c aus e the i r  cap i t a l  c o s t i s  h i gh and for 
technical  reasons c anno t  o r  s hould not be op erated  in a cyc l i c  
manner . The advent o f  mine - mouth coal - fired p l an t s  w i t h  h i gh 
inve s tmen t  in transm i s s ion l ine s demands that this  kind o f  coal  
p l ant also  b e  in the  b as e - l o ad cate gory . As  wat e r  c o o l ing tower s , 
fly- ash removal equipment and s t ack gas su l fur removal are ad ded 
to coal p l ants , the amount of cap i ta l  inve s t ed b e comes even h i gher , 
thus more qui ckly evo lving c o al to a b as e - l o ad conc ep t . S im i l a r  
arguments s hould b e  t rue f o r  p lants us ing high- s u l fur fue l  o i l  if  
environmental control  devices  are  added . 

MHD as Bas e - Load P l an t s  

B y  defin i t i on ,  b as e - l o ad p l ants operate from 6 0  t o  1 0 0  perc ent 
o f  the t ime . The g ener a l  thrus t of  the nat i onal e ffort on MHD has 
been in the direct ion of large bas e - load p l an t s  whe r e i n  the MHD 
generator i s  a t opp ing devi c e . 

Whi l e  the cur rent concept on MHD i s  tha t the c ap i t a l  inve s t 
ment per  k i l owat t s hould b e  l ow ,  the econom i c s  tha t  have b e en 
pres ented app ear too  op t imi s t i c . Co s t s o f  $ 7 0  t o  $ 1 2 0  p e r  KW have 
b een proj ected  by var ious group s . The add i t i on o f  sul fur re covery 
and nit r i c  acid re covery wi l l  almos t certainly p l ace  MHD p l an t s  in 
the area of high cap i t al c o s t  i tems . 

The concep t o f  s e e d  s torage , seed  r ec overy , s u l fur recovery 
and s eed regenerat ion and n i t r i c  ac id recovery make i t  unl ikely 
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that MHD p l ant s can op er ate  s at i s fac t or i ly in a cyc l i c  manner .  I t  
i s  for the s e  re as ons that i t  i s  b e l i eved that MHD would f i t  b e s t 
in the b as e - l o ad cate gory . 

Becau s e  o f  the var i ab l e  nature o f  ash in coa l s , b as e - l oad 
op erat ion for a d ivers i ty of coal  fue l s  wi l l  be the s tatus mos t 
d i fficu l t  t o  achieve . For this  reas on i t  i s  b e l i ev e d  there  w i l l  b e  
n o  a t t ainment o f  b as e - load p l ants  b e fore  1 9 8 5 . L ong - t e rm dura tion 
op eration (1  t o  2 years ) o f  s i z e s  in the  3 0 0  t o  5 0 0 - MW range mus t 
b e  achi eved b e fo re  there c an b e  any t rend t o  this  kind o f  p ower  
generat ion . 

S ome o f  the uni que prop e r t i e s  o f  MHD sugg e s t tha t i t s  future 
po ten t i a l  r o l e  could be in large - s ca l e  mine - mouth c o a l  p lant s . 
S inc e the e l ec t r i ca l  output from MHD i s  p ropor t i onal  t o  vo lume o f  
the channel , c o s t s  p e r  k i l owat t  shoul d decreas e very rap idly  a s  
uni t s  are s ca l e d  up t o  2 , 0 0 0  t o  5 , 0 0 0  MW .  Al s o , t he prosp ec t ive 
prob l ems o f  d i s po s a l  of n i t r i c  ac i d  wou l d  be l e s s  s e r ious than 
with sma l l  widely s c at t ered p l an t s  eas t o f  the M i s s i s s ipp i . Su l 
fur ic  ac i d  and n i t r i c  acid recovery s hould make mor e  e conom i c  s ense  
c l o s er t o  agr icul tur a l  markets  in  the Mi dwe s t  and F ar Wes t . I t  
s hould b e  no t ed tha t MHD could a l s o  have s ome future r o l e  for the 
Canadian or U . S .  tar s and s . For examp l e , a l arge - s ca l e  c o king 
op erat ion with t he c oke us e d  as a fue l  for MHD i s  a p o s s ib i l i ty .  
Such a s c heme might a l l ow a coker d i s t i l l a t e  t o  b e  made whi c h  could 
be shipp ed by p i p e l ine wi th minimum upgrading . The p r o s p e c t  o f  
vanad ium - s u l fur - p o tas s ium pha s e  and corros ion prob l ems  c ou l d  b e  
di fficu l t t o  c op e  w i th i n  hea t - trans fer equ ipment downs tre am from 
the MHD duc t .  Howeve r ,  the prospect  o f  a large r e s e rve o f  fue l  
with uni fo rm prop er t i e s  could j us t i fy the e f fo r t  t o  s o lv e  this  
prob l em . 

Various propo s a l s  have b e en made for the us e o f  oxygen p lants 
in comb inat ion wi th coal  g as i ficat i on p l ant s . The u s e  o f  oxyg en 
for gas  manufacture and a l s o  for adding h i gh heat to MHD may b e  
more economi cal ly accomp l i shed o n  a very l arge s c a l e . The gene r a 
t ion o f  large b l ocks o f  D C  current and i t s  transmi s s i on by DC l ine  
al s o  have s ome p o s s ib i l i t i e s . 

The achi evement o f  s uch s c a l e  i s  s t agger ing in  i t s  c omp l ex i ty . 
The s er i ous cons i d erat ion o f  such po s s i b i l i t i e s  mus t  awa i t  the 
devel opment of MHD . There may not b e  economi c a l  or prac t i c a l  s o lu 
t i ons t o  b a s e - l oad MHD .  However , i t s  emergence i n  a b as e - l oad 
role  would c e r t a inly be b eyond 1 9 8 5 . 

MHD as Int ermedi ate - Lo ad Cyc l ing P lant s  

Charac t er i s t i c s  o f  int ermedia te - load p lant s a r e  l i s t ed which  
might  b e  examined t o  s ee how MHD fi t s  into  the  p ic ture : 

• L ow cap i tal c o s t 

• F l ex ib i l i ty t o  change load qui ckly 
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• F l exib i l i ty for daily s t art - up 

• Interme di ate  s i z e - - 2 0 0  to 6 0 0  MW . 

Wh i l e  MHD s e ems t o  o ffer the conc ep t o f  s imp l i c i ty ,  low 
cap i tal co s t  and f l exib i l i ty ,  it do es not appe ar that the overa l l  
concep t wi l l  f i t  we l l  into the cyc l ing p i c ture . The neces s i ty 
for adding and recove r ing s e ed and the recovery o f  su l fur ic and 
n i tric ac id do no t s e em compat i b l e  with the cyc l ing conc ep t . 

Up t o  the pre s ent , requi rement s o f  s t e am b o i l e r s  s p ec i f ica l ly 
de s i gned for cyc l i c  s erv i c e  have g ener a l ly prec luded the us e o f  
pres sures above 2 , 0 0 0  p s i g  (pounds p e r  s quare inch g aug e )  and 
t empe ratur e s  above 9 5 0 ° F . Some attemp t at an inc reas e in p r e s s ure 
to 3 , 0 0 0  p s i g  and t emp e rature to 1 , 0 5 0 ° F  is p r ob ab l y  l i kely in the 
1 9 7 0 - 1 9 8 5  period  s inc e fue l  c o s t s  wi l l  probab ly increas e .  

A numb er o f  new conc ep t s  in bo i l ers  are emerging that make 
them capabl e  o f  many s tart - up s  and ab l e  to fo l l ow l o ad change s  
rap id ly . Gas - fired and o i l - fi red bo i l er s  should cont inue t o  b e  
pr eferred for cyc l i c  op erat i on , a l though cycl ing bo i lers  are 
ava i lab l e  that do a good j ob with powdered coal . 

The comb ined cyc l e  (Bray ton - Rankine)  us ing a gas turb ine as a 
topp ing device and a b o i l e r  and s t e am turb ine i s  now emer g ing as 
a low- c o s t  intermediate  p lant . Whi l e  gas turb ines  are now l im i t e d  
to g a s  and d i s t i l l at e  fue l s  fre e  o f  vanad ium and s od ium ,  var ious 
comb inat ions of bo i l ers , s t e am turb ines and gas turb ines  o ffer 
very low increment a l  power in  the range of $ 4 0  to $ 1 0 0  per  k i l owa t t . 
I t  should b e  noted that s o dium removal from r e s i dua l fue l s  s up 
p l emented by add i t ives t o  counter the r o l e  o f  vanadium has p r om i s e  
i n  the comb ined cyc l e . Comb ined- cyc l e  p l an t s  with coal  o r  re s idual 
o i l - fired b o t t oms p lant and wi th gas turb ines  as t opp ing p l an t s  w i l l  
offer extreme ly h i gh effic i encies  with r e l a t iv e ly l ow r equi r ement s  
for coo l ing water . 

On the o ther hand , an MHD cyc l ing p l ant would have an extreme 
ly l imi ted fl exib i l i ty for fue l s . Output would b e  h i ghly  var i ab l e  
with the typ e  o f  fue l . The chemical p l ant asp e c t s  o f  MHD a l s o  
make i t  unsuitable  t o  the cycl ing - p l ant c oncep t . For  the s e  reasons , 
i t  i s  conc luded that MHD could no t become a s er i ous comp e t i to r  in 
the intermedia t e - load cyc l ing p l ant in the 1 9 7 0 - 1 9 8 5  p e r io d  even 
i f  the dev e lopment prob lems are so lved . 

MHD as P eaking ,  Emergency and S t andby P ower P l ants  

I n  the  last  two years , some atten t i on has b e en g iven t o  the 
conc ept of MHD as a p e ak ing power p l ant . The prog ram at Avco 
spons ored by s everal ut i l i t i e s  had the  d eve l opment o f  a high p er 
formance emer gency - p e ak ing power p l ant as a p r imary goal . A 
s econdary ob j ec t ive was to advance the s ta t e  o f  MHD toward p o l lu 
t i on- free b as e - l o ad p l ants . The p lanned s i z e  o f  th i s  p l ant i s  
5 0  MW .  The p eaking p l ant would emp loy l iquid oxygen and fue l  o i l  
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di s t i l la t e  in the f i rs t p ha s e  and would swi t c h  to p ar t i a l  oxygen 
enri chment and r e s i dual fue l  in the advanc ed phas e .  The s e c ond 
phas e wou l d  have b een preceded by prehe ater deve lopment that could 
al low the u s e  of l e s s  oxygen . The re  is  now s ome indi c a t i on that this  
p e ak ing p ro gram wi l l  be  merged wi th the  overal l nati ona l R&D p r o 
gram o n  MHD . 

A numbe r  o f  reports  have s hown tha t th e c oncep t o f  fue l  o i l / 
l i qui d  oxygen MHD c ou l d  b e  comp e t i t ive with some o f  the o ther 
p e aking dev i c e s  such as  gas turb ines and pump e d  s to rage hydr o 
e l ec tr i c . F o r  examp l e ,  a 2 2 5 - MW MHD peaking p l ant was s hown t o  
b e  che ap e r  than a gas  turb ine f o r  operat ions l e s s  than 1 0 0  hour s 
per  year . Thi s operat i on would repres ent only about a 1 - p e r c en t  
annual c ap a c i ty fac t o r  and would the re fore b e  a h ighly s p e c i al i z ed 
us e .  A r e c ent art i c l e  which  p o l l e d  e l e c t r ic ut i l i t i e s  has repor ted  
tha t e conom i ca l  t ime usage  fo r gas  tur b ines  is  in  the r ange of  5 0 0  
t o  1 , 2 0 0  hours per  year . Thus , i t  do e s  not app e ar that early 
vers ions o f  MHD p e ak ing devices  could comp e t e  w i th gas turb ines . 

Some o f  the reas ons whi ch e l ec t r i c  ut i l i t i e s  have g iven for 
the us e o f  gas t�rb ines  in  p e aking ar e the fo l l owing in o rder o f  
importanc e :  

( 1 )  Qu ick s t ar t ing ab i l i ty 

( 2 )  Low c ap i t a l  c o s t s  

( 3 )  S i t ing fl exib i l i ty 

( 4 )  Operat ion and cos t s avings 

( 5 ) Immediate  avai l ab i l i ty .  

MHD dev i c e s  have the ab i l i t y  to s t art qui c k ly and r each ful l  
power wi th in 5 s ec onds . Gas  turb ine s wi l l  c ome t o  ful l p ower in  
2 minutes . I t  i s  d i ff i cu l t  t o  j udge whether the add i t i onal speed  
o f  s t ar t - up for MHD would have any economic advantage . 

The l ow e s t imated c ap i t a l  c o s t s  for MHD p eaking uni t s  o f  $ 3 5  
per KW for the 2 0 0 - MW s i z e and $ 2 1 p er KW for the 2 , 0 0 0 - MW s i z e  
c anno t b e  e as i ly val i dated . I t  s hould b e  no t ed tha t  this  inc ludes  
$ 1 5  per  KW for invers ion , so  the  total  cap i ta l  out l ay for the  r e s t 
o f  the MHD fac i l i ty only r ang es  from $ 5  t o  $ 2 0 p er KW . C o s t s  
have b e en ex t r ap o l ated from r e l a t ively smal l - s ca l e  labor atory s i z e  
and w i l l  requ i r e  ver i ficat io n .  The op eration and ma int enance c o s t s  
for a n  MHD un i t  us ing l iquid oxygen would b e  2 4  mi l l s  p e r  KWH j us t  
for t he oxygen . 

An important advantage o f  MHD i s  that i t  c ou l d  b e  us e d  w i th 
res idua l o i l s  conta ining vanadium . The mo r e  w id e ly us e d  and mo s t  
e ffi c i ent gas turb ines are r e s t r i c ted t o  fue l s  such a s  natural gas 
and d i s t i l l at e s . 

The overa l l  e conom i c  advantage o f  MHD o r i g ina t e s  from the l ow 
proj e c t ed c ap i tal cos ts . The nece s s i ty to s t o r e  l iquid oxygen , 
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s e ed s o lution and the l iqu id s o lution recove red b y  s c rubb ing adds 
comp l ex i ty to the o r i gi na l  s imp l e  concept of the MHD g en e rator . 

I t  do e s  app ear mo s t  l ikely that MHD c an f i r s t emerge  on a 
comme rc i al s ca l e  as a 1 0 0 - t o  3 0 0 -MW p e ak ing devi c e . Be c aus e 
the techn i c a l  pro b l ems are no t e spec i a l l y  s er i ous , th i s  concept 
may emer g e  as early as 1 9 7 7 - 1 9 7 8 . Such p e ak ing p l an t s  wou l d  face 
s er ious comp e t i t i on from gas turb ines and pump e d  s to rage hydro 
electr i c . Al s o  s tand ard p e aking devices , s uch a s  rap id r e sp ons e 
b o i lers fired by gas and o i l , p lus sp inning res erve from inter 
med iate  p lant s  o r  even s p inning r e s erve from nuc l ear p l ant s , s hould 
furni sh s er ious comp e t i tion  t o  the advent of MHD in t he p eak ing 
role . Even if 1 0  or 1 2  such emergency p l ants  t o t a l ing 2 , 0 0 0  MW 
are in s e rvi c e  by 1 9 8 2 , the amount o f  e l e c t r i c  p ower  gener ated  
would b e  very low . Such p eaking p l an t s  would have thermal 
effi c ie nc i e s  in the 1 5 - to 2 0 -p er cent rang e , but they s hould not 
measurab ly inc r eas e our requirements for fue l s . 

THE COMPET I T I ON FOR MHD 

S igni f i cant and dr amat i c  impr ovements  have o c curred in gas  
turb ines in the  las t 1 0  years . Whi l e  h i s t o r i c a l ly the  gas turb ines 
has been though t to b e  a d e l icate p i ece  of equ ipmen t , improv ements 
in des i gn and accumulated  op erat ing t ime in  the fi e l d  have b rought 
it to the po int of h i gh r e l i ab i l i ty and accep tab i l i ty .  Many gas 
and o i l  transmi s s ion comp an i e s  have swi tched c omp l e t e l y  from 
reciprocat ing eng ine s to gas turb ines in the l a s t 1 0  years . Whi l e  
the rel iab i l ity and c o s t  have b e en improving , the the rmal e f f i c i ency 
has a l s o  b e en s t e ad i ly increas ing . One o f  the p r inc ipal drawb acks 
of the gas turb ine had b e en i t s  low the rmal e f fi c i ency . A s i gni f i 
cant increas e i n  the fi r ing temper ature has o ccurred i n  t h e  las t 
s everal years . Whi l e  1 , 4 0 0  to 1 , 5 0 0 ° F  had b een the app r oxima t e  
l imit f o r  f i r ing t emp erature , acceptab l e  range o n  s ome indus t r i a l  
turb ine s i s  now 1 , 8 5 0  to 2 , 0 0 0 ° F . 

The use o f  a comb ined gas turb ine (Brayton cyc l e )  and s t e am 
turb ine (Rankine cyc l e )  was once imp�act i ca l  b e caus e  exhau s t  
steam from turb ine s had too  l o w  an energy t o  e conomi cal ly generate 
steam in a Rank ine cyc l e . Gas  turb ine s now operating in  the 
2 , 0 0 0 ° F  range provide a conveni ent way to comp re s s  and preheat gas 
and at the s ame t ime extract s ome e l e c t r i c  ene rgy from the shaft . 
Comb ined- cyc l e  gas turb ine / s t eam turb ine p l ant s are now ava i l ab l e  
from a t  l e a s t  three  manufacturers . The he at rate o f  the s e  comb ined
cyc l e  p l ants  is  in  the  range o f  9 , 0 0 0  to 9 , 2 0 0  BTU ' s  p e r  KWH . 
Thi s  thermal e f f i c i ency exceeds what i s  now re garded to be an 
economic l imi t for super - cr i t i cal gas - fired b o i l e r - turb ines 
( 9 , 4 0 0 - 9 , 5 0 0  BTU ' s  per KWH) . 

An important dr awback o f  the gas turb ine i s  that h i gh f i r ing 
temperatur e s  are not po s s ib l e  w i th some ash c ons t i tuent s . Part icu
l arly devas tat ing are volat i l e  salts  such a s  NaCl , vanadi um and sul 
fur in  c omb inat ion , b ecaus e the s e  chemi c al ly a t t ac k  mat er i a l s  o f  
cons t ruc t i on . Any k ind o f  s t icky a s h  can c l o g  the b l ad e s  and 
crit ical pas s age s , and any s o l i d abras ive p ar t i cu l a t e s  wi l l  s eri -
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ous ly erode the turb ine part s . I t  i s  b e l i eved t ha t  the p robab i l i t y  
o f  deve l op ing turb ine b l ades having a s imul t aneous t o l eran c e  for 
high t emperatures and mo l t en and c orro s i ve ash c omponents i s  qui t e  
low . Howeve r ,  i t  i s  b e l i eved that the c omb ined - cyc l e  concep t , 
whe n app l i ed t o  fue l s  fre e  o f  s od ium chlor ide (NaCl ) ,  vanadium and 
o ther as h cons t i tuent s , c an evo lve to the e ff i c i enc i e s  l i s t e d  in 
the fol l owing paragraph ( i l lus trated on F i gure 2 0 ) . 

I t  s hould b e  noted tha t there are s everal s o l ut i ons  to high
temperature t o l er ance in gas turb ine s . The s e  inc lude ( 1 )  mat e r i a l s  
o f  c ons truc t ion , ( 2 )  b l ade and vane fab r i c at i on , ( 3 )  c o o l ing and 
( 4 ) fl ow management . I ntens e comp e t i t i on ex i s t s  in gas turb ine 
deve l opment in  the Uni ted S t ates  and Europ e . 

Thermal 
E ff ic i ency 

3 8 - 4 0 % 
4 2 %  
4 5 %  
4 8 %  
5 4 %  

Gas Turbine 
Fir ing T emper atur e 

1 , 8 0 0 - 2 , 0 0 0 ° F  
2 , 0 0 0 - 2 , 1 0 0 ° F  
2 , 2 0 0 - 2 , 3 0 0 ° F  

2 , S 0 0 ° F  
3 , 0 0 0 ° F  

When 
Ava i l ab l e  

1 9 6 9 - 1 9 7 0  
1 9 7 5  

1 9 7 8 - 1 9 8 0  
1 9 8 5  

? 

Much wo rk i s  carried  a long by the c ommerc i a l  and mi l i t ary programs 
for j e t engine s .  

I f  ash cons t i tuents are l ow in concentra t ion , a s  in  vanadium
contain ing o i l s , there i s  always the  po s s ib i l i ty tha t add i t ives  
can b e  put in  the fue l  t o  change the charac ter of  the a s h  o r  t o  
neut ra l i z e the i r  chemi cal a t t ac k .  The s e  po s s ib i l i t i e s ex i s t  for 
coal l iquids and gas e s  from coal c ombus t ion , a s  we l l  as res i dua l 
o i l . 

Extens ive res e arch on gas turb ine s f i red by c o a l  combus t i on 
produc ts  app ears to have d emonstrated that the gas - turb ine c oncept  
i s  inapp l i c ab l e  even when fired at  low t emperature ( 1 , 2 0 0  - 1 , 4 0 0 ° F ) . 
When the vari e ty o f  ash and vo l a t i l e  corros ive agent s in  c o a l 
combus t ion product s  i s  c on s i dered , i t  s e ems h i gh ly unl ik e l y  
that h i gh effic ienc i es can b e  achi eved through t h e  Brayton cyc l e . 
Some p o s s ib l e  t r ends in  thermal e ffici enc i es in the Uni t ed S t a t e s  
a r e  s hown in F i gur e 2 1 . 

I f  c o a l  gas i f i ca t ion and gas c l eanup can p r ec ed e  the Bray ton 
cyc l e , h i gh effic i en c i e s  are then a l s o  po s s ib l e  with  c oa l - c ombus t io n  
produc t s . Much r e s e arch and devel opment h a s  b een accomp l i s he d  o n  
c o a l  gas i f i c at i on , and a numb er o f  programs are  i n  p r o gr e s s  f o r  the 
1 9 7 0 - 1 9 8 0  p e ri od .  I t  s eems po s s ib l e  that this  wor k  wi l l  provide 
s ome answe r s  t o  this p rob l em . High therma l e ff i c i ency approach ing 
that o f  a c onvent ional bo i l er  is required in any gas i fi c a t i on 
s cheme . Al s o ,  the gas ifi cat ion proc e s s s hould no t add s i gnif i c an t 
l y  to t he overa l l  co s t  o f  p ower g enerat i on . t h e  c omb ina t i on may 
be a d i fficul t goal  to ach i ev e , but can be a p o s s ib i l ity . 
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F l u id i z ed c ombus t i on under pres s ur e  i s  al s o  b e i ng r e s e ar ched 
w i th c o a l  and r e s i dual o i l . Low - t emp erature c ombu s t i o n  g a s e s  have 
a more  r eas onab l e  chance o f  b e ing kept free  of vo l a t i l e  chlor i de 
s al t s  and vanad ium compounds . The us e o f  l im e  in  the b e d  c an a l s o  
cap tu re s u l fur oxide s . Low - t emp er ature combus t i on i s  s ai d  t o  
evo l ve l es s  abras ive ash mat e r i a l  than from h i gh - t empe r a ture c om 
bus t i o n . Low - t empe rature c ombus t i on a l s o  avo ids  the prob l em o f  
ni t r i c  oxide . 

Many o f  the sul fur oxide s tack gas proces s es are now b e i ng 
s tud i e d  on a l arge  s ca l e . The eme rgence o f  s ome o f  the s e  p ro ce s s e s 
which are r e as onably r e l iab l e  and accep t ab l e  s hould b e g in t o  o c cur 
about 1 9 7 5 . The s e  deve l opments  c ould provi d e  s ome re tarda t i o n  o f  
MHD becaus e sul fur r ecovery woul d  not then b e  a p e cul i ar advant age 
for MHD . 

The manufacture o f  c l ean s u l fur - free  l iquids f r om c o a l  i s  
a l s o  a po s s ib l e  c omp e t i t o r . I t  may prove b e t t e r  for  the e l ec t r i c  
indus try t o  p l ac e  t h e  burden o f  obtain ing c l e an l iqui d s  and gas e s  
o n  the fue l s  s id e  o f  the l edg e r . Me tho ds exi s t  for minim i z ing 
n i t r i c  oxides  in  burning . Sulfur - free fue l s  e l iminate  the ne e d  
f o r  s u l fur- re covery e quipment and the prob l ems o f  s u l fur d i s p o sa l . 

Final ly , i f  c l e an fue l s  ar e ava i l ab l e ,  topp ing t e chn i qu e s  
such as thermionics  may b e  m o r e  read i ly p o s s ib le . The probab i l ity 
s e ems higher that suitab l e  materials  coul d evo lve that are not  
required to b e  s imul t aneous ly t o l erant t o  h i gh t empe rature and 
corros ive chem i ca l s . 
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Chapter  E l even 

FUEL CELLS 

SUMMARY 

A fue l ce l l  i s  an energy c onvers i on devi c e  wh i ch c an c on 
vert chemical energy dir e c t ly into e l e c t r i cal  ene r gy . I t  i s  e s 
sent ially a s p e c i a l  k ind o f  b at tery . The maj or d i s t in gu i s h ing 
fe ature b e tween fue l ce l l s  and c onvent i onal b at t e r i e s  is  h ow 
the energy i s  s tored and the reaction produc t s  are r e j e c t ed . 
In  a fue l ce l l , the chemical  energy i s  s tored  out s ide the c e l l , 
and l onger l i fe t ime s are p o s s ib l e  with the ext e rnal  fue l  supp l i e s . 
In  a fue l ce l l , the r e a c t ion products - - c arbon d i oxide and water - 
are typ i cal ly r e j e cted  from the ce l l . I n  chemi cal  b at t e r i e s  the 
react ion produc t s  are s tored in the ce l l . 

The e ff i c i ency o f  ener gy convers i on in a fue l ce l l  i s  no t 
cons t rained by the the rmodynam i c  l imi tat ions o f  eng ine s wh ich  
ope rate on pres sure - vo lume - temperature cyc l e s  ( i . e . , combu s t ion 
eng ines ) .  Theore t i ca l l y , h i gher e ff i c i en c i e s  are thus p o s s ib le . 

Much g ove rnmen t  and pr ivate fund ing s upp o r te d  fue l  c e l l  R&D 
from the midd l e  1 9 5 0 ' s  through the midd l e  1 9 6 0 ' s .  Then b o th 
government and p r ivate int e re s t  waned r ap i d l y  in the l at e  1 9 6 0 ' s ,  
owing to p er s i s tent t e chn ical  prob lems . Only one fue l c e l l  op er 
at ing on a prac t i cal commer c i al fue l has ye t advanced b eyond the 
l abor atory s t ate . Low - temperature ce l l s  us ing nob l e  me t a l  cat 
alys t s  and pure hydro gen and oxygen fue l s  wer e  deve l oped , how 
ever , and produced for space use . 

CURRENT STATUS 

S in ce the midd l e  1 9 5 0 ' s  hundreds o f  U . S .  and for e i gn comp an i e s  
have conducted r e s e ar ch and deve l opment o n  fue l  c e l l s . Much o f  
the work i n  the Uni ted States  was done w i th government funding . 
Succe s s ful fue l ce l l s  for aerosp ace ( G emin i and Apo l l o ) wer e  
deve l ope d , but c omme r c i al app l i cat ions h ave f a i l e d  t o  app e ar . 
The maj o r  comme r c i a l  app l i cations  sought , whi ch would h ave 
represented the l ar ge s t  potent i al fue l  marke t s , .  were vehi c l e  
power , central powe r and r e s i dent ial  g a s  t o t a l  ene r gy . I n t e re s t  
in further R&D b eg an t o  fade i n  the mid- 1 9 6 0 ' s ,  and at  p r e s ent 
only two maj o r deve l opment programs rema in . 

Interme d i ate - tempe r ature mo l ten s al t  e l e ct rolyte  ce l l s  and 
h igh - temperature s o l id e l e ctrolyte ce l l s  are n o  l onger under  
maj or deve l opment pro grams . Two maj or U . S .  programs r emain 
act ive . One us e s  me thano l as fue l and i s  a imed f i r s t  at o ff 
the - r o ad vehi c l e s . The o ther program , us ing n atural gas  re formed 
to make hydro gen , aims t o  in s t a l l  s ome 6 0, 1 2 . 5 - KW p r o t o typ e  
re former- fue l c e l l  p ackages  on t e s t  in var i ous s ervi ce s . 
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Cap i t a l  co s t s  o f  b o th o f  the s e  typ e s  o f  fue l  ce l l s  wi l l  b e  no 
l e s s  than tho s e  o f  convent ional generat ing p l ant s . Interme d i at e 
and h i gh � t emp erature fue l ce l l s  have ne i ther e ff i c i ency nor i n 
ves tment advant age s over prospect ive magnetohydro dynami c - topped 
or thermioni c - t opp ed fo s s i l - fue l ed o r  nuc l e ar generating s t at i ons . 

Some fue l c e l l  typ e s  are e l iminated from cons i derat i on as 
s i gn i fi can t  fac to rs in the future energy marke t by the i r  r e qui re 
men t  fo r h i gh - c os t fue l o r  h i gh - co s t  e l e c trode c a talys t s . I n  the 
firs t category are the hydraz ine ( $ 1  p e r  p ound ) a i r  c e l l s  o f  
Mon s anto and Uni o n  C arb i de and the many d i r e c t  hydro gen- oxygen 
(or a i r) c e l l s . The h i gh - cos t catalys t category inc l ude s a l l  
o f  the re s t  o f  the l ow- t emperature (<  2 0 0 ° C ) c e l l s . I n t e rme d i at e 
tempe rature ( 6 0 0 ° C) mo l t en - carbonate ce l l s  and h i gh - temp e r ature 
( 1 , 0 0 0 ° C) s o l i d - e l e c t ro lyte c e l l s  avo i d  e xpen s ive fue l s  and c a t 
alys t s  b ut pres ent mat e r i a l s  and fab r icat ion p r ob l ems . 

The five U . S .  comp anies  wh i ch have had the l arge s t  fue l - ce l l  
re s e arch and deve l opment p ro grams , mo s t ly through gove rnment 
funding , are General E l e ctr i c , Al l i s  Chalmers , We s t inghous e , 
E s s e  and Pratt and Wh i tney . 

Gene ral E l e c t r i c  s uc ce s s ful ly deve loped  the H2 - o2 ce l l  fo r 
Gemini . After the comp l e t ion o f  the Gemini  s e r i e s , the p ro duct i on 
faci l i ty was s hut down . Work on dire c t  oxida t ion o f  hydro carb ons 
was s t i l l  invo lved wi th h i gh p l a t inum lo adings at the conc lus ion 
o f  gove rnment funding . A sma l l  s tudy of catalys t s  s t i l l  s urvive s . 

Al l i s  Chalme rs s ucce s s ful ly deve l op e d  an H 2 - o 2 b a t t e ry fo r 
Apo l lo app l i cat i ons  (po s t -Ap o l l o  mi s s ions ) . However ,  the l at t e r  
p ro gram was canc e l l e d  by NASA . Attemp t s  a t  deve l op ing a com
me rcial  sys tem w i th b o th hydro carbon and ind i r e c t  hydro gen fue l s  
were no t suc c e s s ful . Fur the r  e ffort has b een almos t to tal ly cut 
off . 

We s t inghous e ' s  h i gh - t emperature ( 1 , 0 0 0 ° C )  s o l id e l e ctro lyte 
ce l l  used cheap fue l  ( ga s i fied coal ) at  h i gh current dens i t i e s  
and e f f i c i ency and d i d  no t require a nob l e  m e t a l  cat alys t at  e i th
er e l e ctrode . Thus , thi s sys tem gave promi s e  of  having a s i gn i f i 
cant impact in the e l e c t r i c  ut i l i ty are a . Howeve r , the prob l ems 
of e l e c tro lyte and cat alys t s tab i l i ty at  1 , 0 0 0 ° C have evident ly 
proved too formidab l e , because  funding by the O ff i c e  of Coal  
Re s e ar ch has  re cent ly b e en cut o ff .  

The remaining two programs are s t i l l  act ive . E s s o  i s  us ing 
mo s t ly its own money ( E s s e  $7 m i l l ion and Al s thom $ 3  m i l l ion) . Pratt 
and Whi tney has rece ived $ 1 5  mil l ion from the Natural G as As s o c i 
a t i on for the TARGET* proj e c t , a imed a t  r e s i dent i a l  gas  t o t al energy . 
Pratt and Wh i tney i s  contr ibut ing $ 6  mil l i on o f  i t s  own , with  the 
Inst itute of Gas  Te chno l ogy ( I GT) as a sub contrac t o r . B o th o f  
the s e  pro j e c t s  are fairly new , and few t e chn i c a l  det a i l s  have b een 
pub l i shed . Howeve r , the gene ral direct ions c an be s urmi s e d  from 
the gove rnment r e s e ar ch done by b o th comp an i e s . 

* Team to Advance Re s e arch fo r G as Ene rgy Transmis s i on . 
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E s s o  i s  attemp t ing to deve l op a dire c t  l ow - temp e ra ture , 
me thano l - ai r  b a t t e ry .  The U . S .  p rogram i s  con c entrat ing on 
catalys t devel opment , whi l e  the company ' s  Fr ench p artner i s  work 
ing on the hardware . At  p r e s en t , they are us in g a nob l e  me tal 
catalys t o ther than p l at inum but are wo rking on a l t e rnative s . 
They envis i on a penetrat ion o f  the o ff- road veh i c l e  marke t .  

P ratt  and Wh i tney s ucce s s ful ly adap te d  the 2 0 0 ° C  mo l ten KOH 
Bacon ce l l  for th e Ap o l l o  pro j e c t . In  the comme r c i al ly o r i en t e d  
TARGET p ro gram ,  the re we re two appro ache s .  S ub cont rac t o r  I GT 
was working on an indi re c t - hydro gen , mo l ten- carb onate b a t t e ry ,  b ut 
the work was te rminated  in early 1 9 7 1 . P rat t and Wh i tney i s  
wo rking o n  a low- tempe rature , indire c t - hydro gen , ac i d - e l e c tro lyte 
battery . The main prob l ems in the f i rs t app roach were w i th c o r 
ro s i on and e l e ctrolyte s t ab i l i ty . In  the s e cond approach , wh i ch 
i s  now rece iving a l l  the funding , l ow- p l a t inum concen trations 
( l e s s  than one gram p e r  s quare foot of e l e c t rode ) are b e ing 
spread on po rous s uppo rts , and di ffi cul t i e s  w i th s l ow p o i s oning 
and re crys ta l l i zat ion mus t b e  ove rcome . 

Wo rk has l argely ceas e d  on the f i rs t three pro grams ( General  
E l e c tri c ,  Al l i s Chalme rs and We s t inghous e ) . Th e E s s o  program 
s e l e c ted a mode s t  target (o ff- road veh i c l e s ) ,  but  the remaining 
deve l opment p rob l ems are  s ub s t ant ial . O ff - road veh i c l e s  accoun t  
for l e s s  than 1 p e rcent o f  the p owe r cons ume d fo r a l l  veh i c l e s  
(4 . 5  x 1 0 9 KWH out o f  6 0 0  x 1 0 9 KWH in  the Uni te d  S t a t e s ) . I n  
the Un i te d  S t ate s , one - th i rd o f  the o ff- road veh i c l e s  are already 
e l e c t r i c ; in B r i tain , two - thi rds . Th e r e fore , s ucce s s  o f  the 
E s s o  program fo r o ff- road veh i c l e s  woul d have sma l l  imp a c t  on 
future energy ut i l i z a t i on . 

Pratt and Wh i tney has canc e l l e d  wo rk on the carbonate ce l l . 
The rema ining program faces  b o th s eve re t e chn i cal ob s t a c l e s  and 
que s t ions o f  co s t  and ava i l ab i l i ty o f  catalys t .  Howeve r ,  Prat t 
and Wh i tney has re cen t ly shown in s t a l l e d  proto typ e s  o f  the i r  gas 
fue l e d  total  ene rgy fue l - ce l l  package and has p l ans to ins ta l l  
some 6 0  i den t i cal 1 2 . 5  KW p ro t o type s  o n  tes t i n  re s i den t i a l  and 
o ther s e rvi ces  throughout the Un i te d  S t a te s . E ven i f  the program 
is succe s s ful , the impact on relat ive fue l us e w i l l  b e  smal l .  
Succe s s  by 1 9 8 0 , when natural gas wi l l  s t i l l  b e  r e l a t i ve ly p l ent i 
ful , might s h i ft s ome e l e c t r � c - power gene r a t i on from coal  o r  
nuclear s ources  t o  gas . However , l i t t l e  new gas i s  exp e c t e d  to 
b e  ava i l ab l e  to ut i l i t i e s  on a firm bas i s  b eyond that time , and 
its  co s t  w i l l  b e  re l a t ive ly high . Th e e ffi c i ency o f  conve rs i on 
wi l l  b e  only s l i gh t ly h i gher  ( 3 5 to 4 5  p e rcent)  b e caus e o f  l o s s e s 
in re fo rming the na tural gas and the var i ab l e  ne e d  fo r was t e  heat 
fo r space heat ing . Cap i tal  co s t s o f  fue l - ce l l  generat ing fac i l 
i t i e s  are not exp e c t e d  to b e  l e s s  than fo r conventional fo s s i l 
fue l o r  nuc l e ar s ta t ions and probab ly w i l l  b e  s e ve ral t ime s h i ghe r . 
Th e mo s t  optimi s t i c  fo recas ts  p l ace them at  ab o ut the s ame l e ve l . 

Succe s s  in deve l opment by the year 2 0 0 0  might b e  fut i l e  
in view o f  dwindl ing gas s upp l i e s . Coal woul d re tain the marke t ,  
at ab out the s ame e ffi c iency , b ecaus e o f  l o s s e s in the c o a l 
gas i fi cat ion proce s s . 
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I n  s ummary , unl e s s  maj or new deve l opments  o c cur in fue l - ce l l  
techno l o gy (un l ike ly , cons i der ing the vas t amount o f  work comp l e te d) , 
fue l ce l l s  wi l l  have l i t t l e  impact  on fue l  ut i l i z ation  b y  the end 
o f  the c entury . Shoul d  re former typ e s  b e  deve l oped , no rmal fue l 
supp ly e conomi cs  w i l l  de t e rmine whi ch fo s s i l  fue l i s  affe c t e d . I n 
any cas e ,  the gain in fue l effic iency over convent ional converters  
woul d b e  s ma l l  ( 1 0  to 15  percent)  and wo uld b e  in  comp e t i t i on w i th 
exp e c t e d  deve l opments in  topp ing fo r central - gener a t ing s ta t ions . 
A breakthrough in  di re c t  us e o f  hydro carbons o r  in  p r o ducing p ure 
fue l s  s uch as me thano l or hydraz ine at  l ow c o s t mi ght have l ar ger 
impact  on fue l e f f i c i ency , but it  i s  no t l ikely tha t the s e  deve l op 
ments  wi l l  mate r i a l i z e i n  the near future . 

The fol l owing two s e c t ions o f  this  chap t er - - P o tent i a l  for 
Central Generat i on S ta t i ons and Fue l C e l l  Total  Energy - - di s cus s 
the p o s s ib le exp l o i t at io n  o f  fue l ce l l s  within the l im i t a t ions o f  
pre s ent and prospect i ve near- term te chno l o gy . 

POTENTIAL FOR CENTRAL GENERAT I ON STAT I ONS 

Among the many typ e s  of fue l c e l l s  that have b e en under deve l 
opment in re cent years , two typ e s  app ear par t i cularly s u i t e d  for 
us e in l arge central generating s tations . The s e  are the mo l ten 
carbonate c e l l  and the h i gh - temperature s o l i d  e l e c t ro lyte ce l l . 
The i r  suitab i l i ty der ives pr imar i ly from the i r  us e o f  non - nob l e  
me tal o r  me tal oxide e l e c t rode catalys ts , i n  contras t t o  the 
need for p l a t inum in mo s t  o ther types , and from the i r  ab i l i ty to 
us e fo s s i l  fue l s  d i re c tly . 

Us ing a eut e c t i c  mix ture o f  alka l i  me tal  c arb onates  as the 
e l e c trolyte and op erat ing in the vic ini ty o f  6 0 0 ° C ,  mo l ten 
carb onate c e l l s  have b e en extens i vely  deve l op e d  b o th in  the  Un i t e d  
S tates  and ab road . Probl ems rema in i n  ma t e r i a l s , fab r i c a t ion , 
de s i gn and per fo rmance o f  large c entral s ta t i on components . Detai l ed 
s tudi e s  have i dent i f i e d  the s e  prob l ems and have indi cated  that 
prospects  are poor for th i s  type of fue l - ce l l  g ener a t i ng s t a t i on 
comp e t ing e conomi c a l l y  w i th s te am- turb ine p lants , 1  Al though na t -
ural gas coul d b e  b urned direc t ly i n  mo l ten carbonate fue l c e l l s , 
coal would have to b e  gas i fied . There i s , the r e fore , no incen t i ve 
for deve l opment from the s tandpo int o f  e i ther abundan t - fue l ut i l i 
zat ion o r  o f  comp e t i t ive power co s t . 

We s t inghouse Corporat ion , unde r contr act  by the U . S .  Depar t 
ment o f  Interi o r , O ffice  o f  Coal  Re s e ar ch ( Contract No . 1 4 - 0 1 - 0 0 0 1 -
3 0 3) , conduc ted  a research and deve l opment e ffort  on h i gh - tempera
ture s o l i d - e l e c tro lyte fue l cells  for cen tral power p l ants . I n  
thi s concep t , coal  would b e  gas i fied t o  fe e d  b anks o f  tubular 
ceramic fue l - ce l l  e l ements . E ach e l ement woul d b e  fab r i c a t e d  
from a mul t ip l i c i ty o f  shor t ,  th in-wa l l ed s e gment s . Was te  heat  
from the ce l l s  woul d provide heat for gas i fi ca t ion . 

F i gure 2 2  was deve l op ed from an e conomic analys i s  that We s t 
inghous e p e r formed for a 2 0 0 - MW ,  c o al - burning , fue l - ce l l  powe r 
p l ant . 2 Th i s  s tudy wa s bounde d by two extremes o f  ma t e r i a l  cos ts  
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for the b atteri e s . The upp er bound repr e s en t s  the co s t  with the 
mo s t  l ike ly bat tery component mater i a l s  us e d .  Shoul d the t e ch 
no logy o f  battery des i gn improve , lower - co s t  ma te r i a l s  could b e  
us e d ,  and the r e s ul ting sys tem power generation c o s t coul d b e  
represented b y  the l ower l ine . The b a t tery fab r i c a t ion cos t s  used  
in th i s  s tudy were  b as e d  on  the premi s e  tha t a manufac turing p l an t  
with a capac i ty o f  1 , 5 0 0 , 4 0 0 - wa t t  b a t t e r i e s  p e r  hour woul d b e  
buil t .  Such an a s s ump t i on i s  nece s s ary s ince b en ch - s ca l e  b a ttery 
fab r i cation would re s ul t in  prohib i t ive ly h i gh p ower c o s t s . 

The We s t inghous e pro gram has b e en t e rmina t e d  recently b e c aus e 
o f  the wi thdrawal o f  funding by the O ffice  o f  C o a l  Re s earch . No 
demons tration p l ant was bui l t . The e conomic s  d i s cus s ed above are 
based on tes ts of bench - s c a l e  bat tery uni ts and a de s i gn for the 
re former . Th e re fo rmer was o f  unconven t i onal de s i gn and has no t 
be en tes ted even at  b ench s ca l e . Maj or t e chn i cal  prob l ems rema in 
to b e  s o lve d  for the b a t t e r i e s . The e l e c trodes o f  the h i gh co s t  
ve rs ion contain nob l e  me tal j o ints who s e  therma l - mechani cal  p rop 
erties  do no t ma t ch we l l  wi th the z i rconium oxi de e l e c trolyte  
tubes  whi ch they conne c t . Me ans to  prevent o r  avo i d  s p a l l ing are  
ne eded . The l ower - co s t  e l ec trodes are  me tal oxide s . They are  
diffi cul t to app ly and tend to evapo rate s l ow ly . B a t t e ry l i fe 
times o f  only a few hundre d hours we re  actua l ly achieve d .  S c a l e 
up prob l ems are l ikely to b e  di ffi cul t b ecaus e o f  sma l l  modul e 
s i z e and l arge p l ant s i z e . There fore , al though F i gure 2 2  and Tab l e  
3 8  ( Chapter 1 3) s how exce l l en t  prospec t ive e conomi c s  for h i gh 
tempera ture fue l - ce l l  powe r p l ants , the e conomi cs  a r e  speculat ive . 

Should the government provide suffi cient  incentive , mo re than 
10 years and many m i l l ions of do l l ars  wi l l  be r e qui red  to deve lop 
thi s  fue l - c e l l  concep t . The numb er and natur e  of the remaining 
prob l ems s ugge s t  that much more l aboratory deve l opment woul d b e  
ne eded prior t o  a l arge - s ca l e  devel opment pro gram . Ava i l ab i l i ty 
o f  funds for coal - fired fue l c e l l s  w i l l  b e  in  compe t i t i on for 
funds al located  to the t o ta l  coal program ,  including gas i f i ca t ion , 
l ique faction , ash prob l ems , MHD and s tack gas p r o c e s s e s . S everal 
among the s e  are fur ther along in deve lopment and require cur rent 
commi tment of maj or fund ing . In  thi s  framewo rk , a s  a r e s ul t o f  the 
lack of current funding and the many techni cal prob l ems rema ining 
to be s o lved , it i s  no t l ike ly that  th i s  power p l an t  w i l l  b e  
deve loped . 

FUEL CELL TOTAL ENE RGY 

The intens ive deve l opment and engine e r ing e f fo r t s  o f  the l a s t 
two decade s toward sma l l  s e l f - contained fue l ce l l s  fo r space and 
mi l i tary app l i c a t ions l e d  natural ly to at temp t s  to adap t  the s e  
devices  to bro ader c i vi l i an marke ts . One ob vious marke t i s  t o t a l  
ene rgy . Maj or te chno l o g ical  di ffi cul t i e s  r ema ine d ,  desp i te the 
succe s s ful deve l opment o f  two s eparate fue l ce l l  sys tems for space 
fl i ghts . Th e mo s t  s i gn i fi can t prob l ems in the s e  sys tems were that 
only hydrogen o r  h i gh - ene rgy hydro genous fue l s  s uch as ammonia  or 
hydraz ine - - a l l  exc e s s ively  expens ive - - could be a c commodate d ; cap -
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i tal co s t  was h i gh ; and r e l i ab l e  op eration for p e r i o ds o f  s ever a l  
ye ars had no t b e en achi eved , l argely b ecau s e  o f  c a t a lys t ins t ab i l 
i ty .  

Federal  Government funding o f  fue l ce l l  deve l opment , whi ch 
supporte d  mo s t  o f  the advanced deve l opmen t programs , recently has 
b een almos t totally  cut o f f .  Two s i gn ifi cant pro grams are s t i l l  
act ive , b o th pr ivately s upported . 

Pratt and Wh i tney divis ion o f  Un i te d  Aircraft  Corp o r a t i on and 
33 natur al gas - transmi s s i on comp anies  have poo l e d  the i r  r e s ourc e s  
for the deve l opment o f  a n  economi c fue l - ce l l  total  ene rgy sys tem . 
The group known as the Team to Advance Re s earch for Gas  Energy 
Transmi s s ion (TARGET) , has re cently r e l e as e d  s ome e conom i c  p ro j e c 
tions for th e ir total  energy sys tems . 1 The sys tem include s a c a t 
alytic  reformer , op erat ing at  e l evated temperature , t o  conve rt 
na tural gas to hy drogen whi ch i s  then fed to a l ow - t emp erature 
ac id - e lec tro lyte fue l  c e l l . The the o r e t i c a l  e l e c t r i cal  e f f i c i ency 
is  l e s s  than that o f  a pure fue l c e l l  b e c aus e o f  the ine fficiencies  
in troduced by  the  re forming reactions . Was te  h e a t  re covery , 
the re fore , is  expected  to b e  nece s s ary in the TARGET sys tem . 

At the pres ent s t ate  o f  art , the TARGET fue l  ce l l s  u s e  
mo de s t  amounts o f  p l a t inum i n  the el ec trode s . Mo s t  o f  the p erfo rm
ance l o s s e s  are a s s o c iated  wi th recrys ta l l i z at ion of the finely 
di spersed  p l a t inum . L o s s e s  o f  2 0  percen t  per 1 0 , 0 0 0  hours have 
been ach i eved . The TARGET p e r fo rmance l o s s  i s  one - h a l f th i s  value . 
Ach ieving th i s  w i l l  b e  di ffi cul t . F inancing o f  the p l a t inum inven
tory may re qui re l e as ing arrangements rathe r than d i r e c t  s a l e s . 
A total o f  $ 5 0  mi l l i on was commi tted t o  the p r o gram t o  the end 
of 1 9 7 2 . 3 That part of the program w i l l  comp l e t e  f i e l d  t e s t s  
of 6 0 , 1 2 . 5- KW un i t s i n  var ious environment s .1 An addi t i onal $ 5 0 
mi l l ion may b e  required to re ach the earl i e s t  proj e c t  comme r c i al 
i z ation date o f  1 9 7 5 . 

F i gur e 2 3  and Tab l e  3 8  ( Chapter Th i r te en) indicate  that under 
op timi s t i c  a s s ump t i ons the co s t  of e l e c tr i cal energy from TARGET 
fue l cel l s  is , at  b e s t ,  only margina l ly comp e t i t i ve w i th de l ivered 
central s tation power . Al though the cos t of TARGET power i s  no t 
hi ghly s ens i t ive to natural gas prices , th e exp e c t e d  incre a s e  in 
fue l co s t  wi l l  s i gni ficantly increase the power c o s t . The use o f  
a s carce fue l fo r power generat ion may run counter t o  pub l i c p o l i cy . 
In addi t i on , the gas indus try wi l l  have to t i e  up much c ap i t a l  t o  
ma intain a l arge inventory o f  s ub s t i tut ion ce l l  uni t s  f o r  recyc l ing 
every 1 to 3 years . As a re sul t , even tho ugh the TARGET sys t em 
may b e  succe s s fully comme rcial i z e d ,  the pro s p e c t s  o f  i t s  us e b e com
ing suffi c i ently wides pread to s i gnific an tly affe c t  fo s s i l  fue l 
demand app ear negl i gib l e . 

An a l ternative fue l c e l l  wh i ch op erat e s  on me thano l might fi t 
the TARGET s cheme , a l though no attemp t i s  currently b e ing made 
to app ly i t  to total  energy . The me thanol  fue l c e l l  b e ing deve l 
op ed j o intly by Es s o  Re s e ar ch and Engine er ing and A l s thom ( a  
French Company) i s  b a s e d  o n  te chno logy not ve ry much di fferent from 
the Pratt and Wh i tney ce l l . 2 The E s s o  c e l l  oxi d i z e s  me thanol  
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dir e c t ly and do e s  not  require a re forme r as do e s  the natural gas 
sys tem . Hence , it  migh t  b e  cheaper to bui l d . No cap i ta l , opera
t ion o r  maintenance data  are ava i l ab l e . F o r  p urp o s e s  of  compari s o n , 
i t  i s  a s s umed here that a l l  economi c factors , e f f i c i enc i e s , e tc . , 
for the me thano l c e l l  ve rs ion are the s ame , excep t the fue l c o s t . 
The c o s t  o f  me thano l in 1 0  to 1 5  years i s  fo recas t as $ 1 . 0 0 p e r  
mi l l ion BTU ' s . The cos t e ffe c t  o f  th i s  di f ference o n  the p ro j e c 
t i ons  o f  F i gure 2 3  i s  t o  r ai s e  the upper and l ower b o unds b y  0 . 3  
cents per KWH . The t o t a l  g enerated powe r c o s t in Tab l e  3 8  i s  
ra i s e d  b y  0 . 1  cent p e r  KWH . The s e  e ffe c t s  versus the TARGET fue l 
ce l l  might b e  compensated by l ower cap i tal cos t s , but  fur the r  re 
duc t ion o f  cap i t a l  c o s t s  to the po int o f  d i r e c t  comp e t i t i o n , even 
w i th convent i onal to tal energy , woul d be a con s i derab l e  achi evemen t . 

The E s s o  me thano l ce l l  i s  b e ing deve loped  curren t ly by indus t ry 
at a somewhat l ower rate ( $ 1 0  mi l l ion for the p e r i o d  1 9 7 0  t o  1 9 7 5 )  a 
than tha t  o f  TARGET ( $ 5 0  m i l l ion for the p e r i o d  1 9 6 7  to 1 9 7 2 ) . The 
b as i c t e chno l o gy is g i ven in r e ference . 2 L ike the TARGET ce l l ,  
a nob l e - me t a l  catalys t ( in th i s  cas e ,  a p l a t i num- ruthen i um mixture) 
is  us ed . 4  A gre a t  de a l  of the b a ttery deve l opment work was done 
under U . S .  G overnment funding in  the 1 9 6 1 - 1 9 6 7  p e r i o d , but l i t t l e  
recent techni cal data have b e en made ava i l ab l e . I f  th i s  sys tem 
were to b e  deve lop ed for total  energy , e s s en t i a l l y  the s ame po s 
s ib ly ins o l ub l e t e chn i c a l  and economi c prob l ems wou l d  app ly a s  
ment ione d f o r  the TARGET sys tem , and t h e  rate  o f  dev e l opment would 
b e  s omewhat s l ower . The chances  of deve l opment o f  this sys t em for 
to tal ener gy are mo re l imited  than for TARGET , and comme r c i a l i z a t ion 
is  not l i ke ly to o c cur . 
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Chap t er Twe lve 

THERM I ON I C  POWER GENERAT I ON 

Thermionic conve rs ion bf heat d i r e c t ly t o  e l e c t r i c i ty dep ends 
upon the emi s s ion of e l ec trons fr om me t a l  sur fac e s  at very h i gh 
temperature s - - typ i c a l ly near 3 , 0 0 0 ° F . The e l e c trons are co l 
lec ted on another c l o s e ly spaced ( c a . 0 . 0 0 5  inche s )  metal  surface 
at l ower temp erature , typ i ca l ly 1 , 1 0 0  to 1 , 6 0 0 ° F .  The devi c e  i s  
cal l ed a diode , from i t s  c l o s e  analogy w i th e l e c t ronic  vacuum 
tubes . Commonly , the emi t t e r  and c o l l e ct o r  are c oncentr i c  re frac 
tory me tal  tub e s , s everal inches l ong . They may b e  cons t ruc t e d  
in e l e c t r i cal s e r i e s  conne ct ion t o  mul t ip l y  the 0 . 7  t o  1 vo l t age 
ouput of s ingle  diode s . Heat may be supp l ied by fo s s i l  fue l s  or 
by nuc l e ar fue l s  and may b e  transmitted  to  the emit te r  e i ther 
directly or indire c t ly , as by a "he at p ip e . "  

Theore t i c a l ly , e f f i c i enc i e s  ( e l ec t r ical  output v s . t hermal 
inpu t )  of thermion i c  d iodes could be as h i gh as 3 5  to 40 p ercent 
wi th emit t e r  temp e ratur e s  at  o r  mode rately  above 3 , 0 0 0 ° F .  To date , 
the b e s t  effic i enc i e s  real i z ed in s ingle  d iodes  are ab out 2 0  p e r 
cent . Thi s  may r i s e  s omewhat . Pract i c a l l y , s everal add i t ional 
ineffic i enc i e s  are intr oduced by inc lus i on in a generat ing sys t em , 
and sys t em e ff i c ienc i e s  do not now exceed about  1 0  p e rcent . Sys 
tem efficiency i s  further  reduced i f  the l ow - vo l t ag e  DC output 
mus t  b e  inverted and trans formed to  feed an AC power grid , al though 
it  i s  proposed  that this  can b e  done ve ry e f f i c ient ly by acyc l i c 
mo t o r - generators . Becau s e  of th i s  low e ff i c i ency , a l arge  amount 
of heat mus t  be rej e c ted by the diode . The r e fore , intere s t  in 
large - s c a l e  app l i cat ion o f  thermionic power gene rat i o n  i s  l im i t e d  
to topp ing app l i c at i ons , where in this  rej e c t ed heat c a n  b e  pro 
duc t ive ly emp loyed in a s t e am turb ine cyc l e . 

In  princip l e , therm i on i c  topp ing i s  feas ib l e  in e i ther  fo s s i l 
fue led o r  nuc l e ar central generat ing s t at ions . Con s iderab l e  
progre s s  has b e en made i n  shie ld ing emi t t ers from the corros ive 
and eros ive effects  of coal combu s t i on product s by u s e  o f  sup e r 
refract ories  based  on s i l ic on carb ide and n i t r ide . I n  s p i t e  o f  
th is , the mate r i a l s  and des i gn prob l ems i n  coal - fired  therm i on i c  
sys tems and i n  adap t a t i on o f  b o i l e r  systems  t o  the rmi oni c t opp ing , 
rema in fo rmidab l e . In  part  b e cause  o f  th i s , and in part  b e c au s e  
of comp e t i t ion from mo re advanced MHD programs and o ther c o a l 
oriented deve l opment programs , coal - fired therm i on i c s  has r e c e ived 
only mode s t  federal fund ing . No federal  funds , and on ly smal l 
private funds , are current ly allocated  t o  t h i s  sub j e c t . 

In that i t s  e ffect i s  t o  incre a s e  e ff i c i ency in the u s e  o f  
fos s i l fue l s , coal - f i red thermion ic  t opping c omp e t e s  w i t h  s uch 
alternat ives as MHD comb ined - cyc l e  coal p l ant s , and thermionic  
topping for nuc l e ar p l ant s . The al t ernat ive s wou l d  provide  equiv 
alent fue l  economy w i th s omewhat l e s s  unc e r tainty b ecaus e o f  the ir  
more advanced t e chno l o g i c al s t atus . Shou l d  deve l opment never the l e s s  
be deemed de s irab l e , immediate R&D needs wou l d  b e  a t  a l e ve l o f  
s everal mi l l ion do l l ars p e r  ye ar , increas ing w i t h  t ime and culminat ing 
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in con s t ruct ion o f  a p ro t o typ e p l ant . The prototyp e , i f  in 
the range of 1 0 0  to 2 0 0  MW , woul d  c o s t  upwards of $ 1 5 0 m i l l i on ,  
and i t s  cons t ruct i on m i ght b e  po s s ib l e  by 1 9 8 5 . 

Therm i on i c  t opp ing o f  nuc l e ar gener at ing s t at i ons i s  more 
prom i s ing , but its  deve l opment i s  at a very e ar l y  s t age . F ederal  
Government exp endi tur e s  on the rmionic conve r s ion , whi ch approxi 
mat ed $ 8  m i l l i on p e r  year from 1 9 6 6  t o  1 9 7 0 , 1 are b e l i eved t o  have 
b e en directed  almo s t  exclus ive ly to u s e  of nuc l e ar fue l s  and 
pr edominat e ly to aero space app l i cat ions . Mos t o f  the fundamen t a l s  
and much o f  t h e  t e chno l o gy deve loped s hould b e  app l i c ab l e  t o  cen 
tral s t at i on thermi on i c s , as s hou l d  techno l o gy from h i gh - t emp 
er ature nucl e ar reactor deve l opment . Howeve r ,  d i fficult  p rob l ems 
remain t ha t  are un i que to thermion i c s ; for examp l e , op e r at i onal  
propert i e s  of  emi t t e r  and re ceptor a l l oys , e l e ct r i ca l  prop e r t i e s  
of insulat ing re fract o r i e s , spac e - charge mo d i f i cat ion me thods , and 
durab i l i ty o f  prec i s e l y  d imen s i oned d iode as s emb l i e s . 

Sys t ems des i gn and r e l i ab i l ity prob l ems al s o  mus t  b e  face d . 
For in - p i l e  thermionic sys t ems , component r e l i ab i l i ty prob l ems 
wi l l  b e  aggravated by the fact that e s s en t i a l ly a l l  ant i c ipated 
breakdowns wi l l  t ake p l ace within the  reactor and w i l l  b e  inac c e s s 
ib l e . Contro l methods are no t ye t under s t o od and much deve l opment 
wi l l  be needed , al though re cent d i g i t a l  mode l ing wo rk ind i c a t e s  
that re lative ly s imp l e  cont ro l s  may b e  adaquat e .  2 

At the current s tage o f  devel opment , p ower output s  from s ingl e 
diodes are l im i t e d  t o  a few hundred wat t s . Nuc l e ar - fu e l ed e l ement s 
comp r i s ing s everal " s tacked" d i o de s  have produced a t  l e a s t  1 KW . 
Op erat ing l ive s o f  1 t o  2 years have b e en ob t a ine d  exp er imental ly . 
Devel opment al diode s  now c o s t  in the thous ands o f  do l l ar s  p e r  KW 
o f  output . Mat e r i a l s  co s t s , exc lus ive o f  fab r i cat ion , are o f  the 
order of $ 30 0  per  KW . Future co s t s  o f  deve l op e d  sys t ems have b een 
e s t imated in the range of $ 1 5 0  to $ 4 0 0 per KW . One s p e c i f i c  
e s t imat e 3 indi cate s  that thermionic powe r produc t ion c ap i t a l  co s t s  
may decre as e over t h e  next 1 0  years  from a probab l e  p r e s en t  $ 1 , 0 0 0  
per KW - l eve l t o  $ 2 0 0  p e r  KW as a resul t o f  des i gn improvemen t s . 

An e c onom i c  evaluat ion o f  thermionic  topp ing in  a 1 , 0 0 0 -MW 
nuc l e ar power generat ing fac i l i ty was p e r fo rme d . The p ower g en 
erated b y  the therm i on i c  t opping was as sumed t o  b e  an add i t i onal 
2 5 0  MW in one case and 5 0 0  MW in the othe r . The advantage o f  
thermion i c  t opp ing woul d  b e  in increas ing the ove r a l l  p l ant e ff i 
c i ency b y  a s  much as 1 5  p e rcent . The econom i c  analys i s , summar i z ed 
in F i gure 2 4 , as sumed that the operat ing and maintenance c o s t s  fo r 
the the rmionic port ion o f  the p l ant wou l d  b e  the s ame as tho s e  o f  
a typical  modern - day nuc l e ar p l ant - - i . e . , 0 . 3  mi l l s  p e r  KWH . 

F i gure 2 4  ind i c at e s  that the add i t ion o f  thermionic  t opp ing 
is  no t e conomical ly advantageous unl e s s  c ap i tal  c o s t s  per KW 
appro ach the mo s t  op t im i s t i c a l ly low l eve l s . Thi s  r e fl e c t s  the 
low dependence o f  generat ed power c o s t  on co s t  o f  nuc l e a r  fue l . 
The re would b e  other advant ages . Fue l  recyc l ing and rad ioact ive 
was t e  d i s p o s al prob l ems would be reduce d .  Thermal p o l lut i on p e r  
KWH would be reduced b y  a s  much a s  one - th i rd and , concom i t ant ly , 
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so  would inv e s tment s and operat ing c o s t s  o f  heat  r e j e c t i on fac i l 
i t i e s  not inc lude d  i n  pres ent - day generat ion c o s t s . 

A crash deve l opment pro�ram m i ght perm i t  cons t ruc t i on o f  a 
demons trat ion p l ant by 1 9 8 0 . The e s t imated t o t a l  co s t  would b e  
s everal hundred m i l l ion do l l ars . As a mat t e r  o f  p o l i cy , however , 
nuc l e ar thermionic t opping mu s t  b e  compared t o  the b r e e der react o r . 
From the s t andpo int o f  nat i onal p r i o r i t i e s , the l a t t e r s e ems 
cl early to be the more urgent . Nuc l e ar thermi oni c  t opping mus t  
al s o  compete  for deve l opment funds w i th me thods o f  improving the r 
mal e f f i c i ency i n  fo s s i l - fueled  p l ant s , inc luding MHD . To the 
degree that i t  can improve the effic i ency , u l t imat e ly , of b re eder 
as we l l  as c onvent i onal nuc l e ar react o rs , and may c on s e rve b o t h  
nuc l ear fue l s  and ( indirect ly)  fo s s i l  fue l s , therm i on i c s may b e  
comp e t i t ive , b u t  i t  m i ght b e  j udged to b e  o f  l ower p r i o r i ty than 
direct c on s e rvation o f  coal  r e s ource s .  S ince the phys i c a l  c on 
figurat ions and op erat ing cond i t ions o f  comme r c i a l  b re eder reactors  
may be sub s tan t i a l ly different from tho s e  o f  p r e s ent nuc l e ar 
reactors  and are not as yet we l l  det ermined , a s trat e gy of de l ib 
erate low - pr i o r i ty deve l opment has cons iderab l e  at t r ac t i on . 

I f  a long - r ange deve l opment program were adop ted  for  t hermion i c  
nucl ear topping , on t h e  order o f  1 5  t o  2 0  years  t o  a demons t r at ion 
p l ant , sub s t an t i a l  e c onomics  and e ff i c i enc i e s  m i gh t  b e  real i z ed 
by ent er ing into cooperat ive agreements w i th over s e as deve l opment 
programs . Thi s wou l d  avo id dup l icat i on o f  e ffort and wou l d  permi t 
concurrent tes t ing o f  a l t ernat ive s . Both the F rench and We s t  
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German gove rnment s are support ing deve l opment programs in nuc l ear 
thermion i c s . Both a im f i rs t at compact unat t ended thermal reac 
tors , as  for space m i s s ions , but b o th inc lude eng ineer ing p r o grams 
rel evant to cent ral s ta t ion t opping sys t ems . � - 6 

As a prel iminary t o  any maj o r  long - r ange program p l anning for 
the deve l opment o f  thermionic nucl ear central s t at i on t opp ing , 
the re app e ar s  t o  b e  a nee d  for a coordinated  engine e r ing s tudy o f  
i t s  poten t i al c ompat ib i l i ty and economics  with  r e sp e c t  t o  the  s ev 
eral e s t ab l i s hed typ e s  o f  nuc l e ar gene rat ing s t at ions and w i t h  
pro spect ive typ e s  o f  breeder reactors , and o f  t h e  r e l at ive e conom i c  
and environment al c ons equenc e s  o f  i t s  deve l opment in  comp ar i s on 
with tho s e  o f  such l o g i c a l  alt ernat ives as MHD and s o l ar p ower 
conve r s i on . 
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Chap ter Th i r te en 

ECONOM I C  PROJE CTIONS FOR ADVANCED POWER GENERAT I ON SYSTEMS 

The fo l l owing figur e s  s ummari ze the e conomi c fore cas ts  for 
par t i cul ar power generation us e s  o f  MHD , fue l c e l l s , the rmi onics 
and total energy . The in fo rmat ion us ed to deve l op the s e  curve s  
was obtained from re cent pub l i cat ions and announc emen ts  by tho s e  
invo lved i n  th e deve l opment o f  the s e  device s . The curves thus 
represent an " e ducated gue s s "  as to the prob ab l e  cap i ta l , operat ing 
and fue l cos ts  for comp l e t e  power gene ration p l an t s  us ing each o f  
the s e  convers ion te chn iques i n  a par t i cul ar manner .  I n  the cas e 
o f  MHD , thermi onic  convers ion and fuel c e l l s , the value s  us e d  are 
sub j ect  to s uc ce s s ful comp l e tion of numerous unr e s o lv e d  deve l op 
ment difficul t i e s . 

In a l l  cas e s , excep t one , the economic e valuat ion has b e e n  
b as e d  o n  1 5 - p e rcent annual cap i tal re cove ry and a n  8 0 - p e r cent 
pl ant capacity fac to r . In  the case o f  the MHD p e ak ing p l an t  eval 
uat ion , a 1 7- per cent annual cap i tal re covery was us e d . A cap i tal  
recovery fac to r  of  15  to 1 7  per cent i s  commonly us e d  in power 
plant economic evaluat ion . 

MAGNETOHYDRODYNAMICS 

F i gure 2 5  was  deve loped from informat ion pres ented t o  the 
El ectric  Re s e ar ch Counc i l  Tas k Force on MHD on May 7 ,  1 9 7 0 , by 
Avco Eve re t t  Res e ar ch Laboratory pers onne l . 1 Avco , in  conj unc t i on 
with a group o f  l e ading pub l i c util i t i e s  and in  c e r tain s p e c ial i z e d  
areas with the Depar tmen t  o f  De fens e ,  h a s  b e en invo l ve d  w i th MHD 
deve lopment fo r a numb er o f  years . An e conomi c analy s i s  was p e r 
fo rme d o n  a nominal 1 , 0 0 0  MW direct coal - fired , MHD - t opp e d  powe r 
plant . The p l ant des i gn was b o unde d by p r e s en t l y  ava i l ab l e  en
gineering techn iques ( " fi r s t  generat ion" ) and a l s o  b y  fore s e eab l e 
but mo re advanced t e chno l o gy ( " advanced" ) .  O f  the 1 , 0 0 0 -MW 
capac ity ,  ab out 5 0  per cent i t  generated by the MHD operation in the 
firs t generat ion p l ant ; whi l e  1n the advanced , 6 6  p e r cent is gen
erated by the MHD topp ing . 

Avco has a l s o  perfo rme d an economi c  evaluat i on for a s tand
alone MHD peaking p l an t . 2 Such a p l ant , even in  an advanced de 
s i gn , wo ul d have a l ow e ffic iency o f  ab out 2 0  p e rcent . However , 
it  woul d have the advantage o f  b e ing ab l e  to s t art  in l e s s  than 5 
s e conds . I t  has the fur ther advantage , ne c e s s ary for any peaking 
plant , of low cap ital  co s t .  The par t i cular uni t  that  Avco cho s e  
to evalua te has a 4 0 0 - MW capac i ty and i s  fue l e d  w i th No . 6 fue l 
o i l  and l iquid oxygen . F i gure 2 6  pre s ents  a comp ar i s on o f  th i s  
un i t ' s  co s t  r e l a t ive t o  mo re conven t i onal sys tems . 
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FUEL CELLS 

We s t inghouse Corp o rat ion , under contract by the U . S .  Depar t 
ment o f  I nterior , O ffice o f  Coal  Re s earch ( Contra c t  No . 1 4 - 0 1 -
0 0 0 1 - 3 0 3 ) conduc ted  a R&D e ffor t  on fue l - ce l l s  for central power 
p l ants . F i gur e 2 2  was deve l oped from an e conomi c ana lys i s  that 
We s t inghous e p e rfo rme d fo r a 2 0 0 - MW ,  coal  b urning , fue l - ce l l  power 
p l ant . 3 The s tudy was b ounded by two extreme s o f  mat e r i al c o s t s  
for the batteri e s . The upp er bound repre s en t s  th e co s t  w i th the 
mo s t  l i ke ly b a t te ry component mater i a l s  us e d . Shoul d the te chno l o 
gy o f  bat tery des i gn improve , lower cos t mat e ri al s  could b e  us e d  
and the resul t ing sys tem power gene ration co s t  c o u l d  b e  repre s en t e d  
b y  the lower l ine . The bat tery fab r i ca t i on co s t s  us e d  in th i s  
s tudy were b a s e d  o n  the premi s e  that a manufac tur ing p l an t  w i th 
a capac i ty o f  1 , 5 0 0 , 4 0 0 - wa t t  batteries  p e r  hour woul d b e  b ui l t . 
Such an assump t i on i s  nece s s ary s ince b ench - s c a l e  b a t t e ry fab r i ca 
tion would resul t in  proh ib i t ive ly h i gh power c o s t s . 

THERMION I C  D I ODES 

An economic evalua t i on of themionic topp ing in  a 1 , 0 0 0  MW 
nucl ear power generat ing fac i l i ty was p e r fo rme d . The power g ene r 
ated b y  the thermion i c  topp ing was assumed t o  b e  a n  addi t i onal 
2 5 0  MW in one case and 5 0 0  MW in the o ther . I t  has b e en e s t ima 
ted that the rmionic power produc t ion cap i ta l  co s t s w i l l  de creas e 
over the next 1 0  years from the ir prob ab l e  p r e s en t  day l eve l 
of $ 1 , 0 0 0  per KW to $ 2 0 0  per  KW as a resul t o f  de s i gn improvements 
leading to decre a s e d  fab r i c a t i on and mat e r i a l  co s ts . 4 The advan 
tage o f  the rmi onic  topp ing would b e  in incr eas ing the o ve r a l l  
pl ant e fficiency by a s  much a s  1 5  per cent . Th e e conomi c analys i s , 
summar i z ed in F i gure 2 4 , a s s ume d that  the operating and ma intenance 
cos ts for the thermi onic  port ion of the p l ant would be the s ame 
as tho s e  o f  a typ i cal mo dern - day nuc l ear p l an t - - i . e . , 0 . 3  mi l l s  
per KWH . 

TOTAL ENERGY 

Th e de s i rab i l i ty of to tal energy sys tems is ve ry much dep en 
dent on the par t i cul ar needs o f  the power us e r  invo l ve d .  Factors 
s uch as r e l a t i ve amoun ts o f  power and s te am r equi re d and how 
the s e  requirements vary w i th t ime are impo r tant cons i de r a t i ons  
for the indi vidual ins tal l at i on . Thus , an  e c onomi c analys i s  o f  
total energy was carr i e d  out on a parti cular , fa i r ly typ i c a l , 
4 5 0 - KW natural gas - fue l e d  sys tem . The e l e c tr i c a l  power generating 
e fficiency was as s umed to be 3 0  percent . 5 F i gur e 1 6  indicates  the 
e ffect o f  fue l c o s t  and was te  heat ut i l i z a t i on on the cos t o f  
power generated b y  this $ 1 0 0 , 0 0 0  cap i t al c o s t ,  4 5 0  KW , gas r e c i p 
rocating ,  t o t a l  energy sys tem .  Th i s  fi gure would indicate that 
if al l the re cove rab l e  was te heat can b e  ut i l i z e d  ( 4 5  p e r cent o f  
input powe r) , a t  today ' s  gaseous fue l c o s t o f  about 4 0  cents  per  
mil l ion BTU ' s ,  pur chas e d  p ower c o s t s  woul d  h ave t o  be  ab out 1 3  
mil l s  per KWH o r  h i gher t o  re sul t i n  an e conom i c  incent ive t o  in -
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TABLE 38 

COMPARISON OF PROJECTED ENERGY CONVERSION DEVICE POWER 
GENERATION COSTS WITH THOSE OF PR ESENT DAY THERMAL POWER PLANTS 

Plant Description Conventional Nuclear M HD-Topped H igh Temp. Thermionic 
Steam Coal-F ired Topped 

Fuel Cel l  N uclear 

Fuel Type Coal Enriched Coal Coal Enriched 
Uranium Uran ium 

Generating Capacity, MW 1 ,000 1 ,000 1 ,000 200 1 ,000 

Efficiency, % 40 33 60 60 48 

Capital Cost, $/KW 1 40 200 95 1 1 0 200't 

Total Generating Cost, Mi l l s/KWH 5.38 6.08 3.74 4.09 6.04 

Capital Charges, % Total 55 70 55 57 78 

Fuel Cost, % Tota l §  40 25 38 35 1 7  

Operating and Main., % Total 5 5 7 8 5 

• 30% electrical + 45% waste heat recovery. 

t 50% electrical + 25% waste heat recovery. 

:j: Capital cost for thermionic topping portion of the plant. 

§ Coal and natural gas fuel costs were assumed to be 2511!/MM BTU at mine-mouth and 8011!/MM BTU, respectively, in about 1 0-15 years. 
Fuel cost for total energy included recovered heat energy savings. 

Conventional Fuel Cel l 
Total Energy Total Energy 

Natural Gas Natural Gas 

450 KW 1 2.5  KW 

75* 7 5t 

220 400 

1 5.42 1 7.66 

31 49 

33 23 

36 28 



s ta l l  th i s  4 5 0 - KW total  energy sys tem . Th i s  ana ly s i s  us e d  an an 
nual capi tal recove ry fac tor o f  1 5  percent . 

The TARGET group has re cent ly r e l e a s e d  s ome e conomi c proj e c 
tions for the i r  fue l - ce l l  to tal energy sys tems . 6 F i gure 2 3  
(Chapter E l even) i s  bas e d  on the s e  pro j e c t ions fo r cap i t al cos t s  
and main tenance co s ts . I n  the deve l opment o f  th i s  curve , i t  was 
as s umed that the e l e c tr i cal sys tem had an effi c iency o f  5 0  percen t  
and tha t  one - ha l f  o f  the was te h e a t  coul d b e  reco ve r e d  a s  s te am 
and put to us e .  The lowe r bound in the fi gur e re fle cts  the de s i gn 
maintenance and rep l acement cri te rion o f  1 0 - p er c ent l o s s  o f  p e r 
fo rmance in 1 0 , 0 0 0  hours o f  op eration- - i . e . , fo r a c ap i t al co s t  
in 1 9 7 0  do l l ars o f  $ 4 0 0  per KW , the annual ma intenance and re 
pl acement co s t  wou l d  b e  ( 2 4 x 3 6 5 / 1 0 , 0 0 0 )  ( . 1  x 4 0 0 ) = $ 3 5 p e r  KW . 
The uppe r  b ound ind i ca t e s  the e ffect , should there b e  a 2 0  p e r cent 
los s of performance in 1 0 , 0 0 0  hours . 

Tab l e  3 8  s ummar i z e s  the cos t effe c t s  for e ach o f  the previ ous 
five powe r produc t i on s y s t ems . I t  pre s ents  the r e l a t i ve cap i ta l  
fue l and op erating co s ts fo r the p l ants as  pro j e c t e d  f o r  advanced 
de s i gns . Va lue s  for pre s en t - day nuc l ear and fo s s i l - fue.l e d  p l ants  
are l i s te d  for comp ar i s on . No te that a coal c o s t of  25  cents  per 
thous and BTU was us e d  as  the pro j ected  value for mine - mouth coal 
in 1 0  to 1 5  year s , whi l e  natural gas c o s t  was a s s umed t o  doub l e  
i t s  1 9 7 2  co s t  t o  ab out 8 0  cents  per  thous and BTU ' s .  
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Chapter Four teen 

METHANOL AND HYDROGEN 

METHANOL AND HYDROGEN FROM COAL 

Summary 

The manufacture o f  p ip e l ine gas from coal  was analyzed  by the 
Coal Task G roup . That analys i s  was directed  at  the conver s i on o f  
coal to an e s s en t i a l ly me thane - r i ch g a s  sui t ab l e  fo r sub s t i tu t i on 
with natural gas . However , i t  i s  po s s ib l e  t o  manu facture o ther 
ener gy forms from coal , such as  hydr ogen and / o r  methano l (me thyl 
alcoho l ) . Thi s analys i s  of trends in the t e chno l o gy o f  conver t ing 
coal t o  me thanol  and hydrogen is  inc lude d here t o  ind icate  the 
fe as ib i l ity of u t i l i z ing the s e  energy forms as fue l s  for t ranspo r 
tat ion and o ther needs as a l t ernat ive s to p e t r o l eum l i qu ids  and 
natural gas . 

In general , the cos t s  of me thano l from c o al are l ikely  t o  b e  
l e s s  if  methane and me thanol  are produced i n  the s ame p l ant a s  
c o - product s .  C o s t s  o f  coal - der ived methanol  app ears  t o  b e  i n  the 
range of $ 1 . 5 0 t o  $ 2 . 0 0 per mi l l ion BTU ' s ,  b a s ed on the  use o f  
modern te chno l o gy .  The s e  cos t s  are l ik e l y  t o  b e  c omp e t i t ive w i th 
gas o l ine from p e t r o l eum a s  p e t ro l eum b e come s short in  supp ly , 
when comp ared s tr i ctly  on a BTU - b as i s . 

The case  used  here for a me thane fac i l i ty b a s ed on We s t e rn 
coal at 2 5  cent s per mi l l ion BTU ' s ,  and us ing ex i s t ing Lur g i  t e ch 
nol ogy , yie lds a r e l a t ive me thane c o s t  o f  $ 1 . 2 4 p e r  mi l l ion BTU ' s .  
The c o s t s  for hydrogen and me thanol are on the order o f  2 5  t o  3 0 
percent h i gher than me thane for a l l  c a s e s  s tudi e d . 

Discuss ion 

Al l of the maj or coal gas if icat ion proce s s e s  now under deve l 
opment w i l l  pr oduce gas whi ch can b e  sui t ab l e  for  e i the r  hydrog en 
product ion o r  me thyl al coho l manufacture in add i t i on t o  me thane . 
Thi s  can b e  real i z ed when i t  i s  no ted that many o f  the proce s s  uni t s  
and off - s i te  requirement s  are common to a l l  o f  t h e  three produc t s  
a s  shown i n  Tab l e  39 . 

Only trace amount s  o f  carb on monox ide are typ i cal ly me thanat ed 
in the manufac ture o f  hydrogen . P l ants  fo r manufacturing mixed 
pr oduct s l ates  o f  me thane , hydro gen and me than o l  could c ome into 
be ing after about 1 9 8 0  because  o f  this  proce s s ing s imi l ar i ty . 

Start ing with any g iven c o al i t  should b e  p o s s ib l e  t o  make a 
var i e ty of products  sui t ab l e  as new energy forms , e i ther w i th ex i s t 
ing t e chno l o gy o r  wi th improved t e chno l o gy now under  d eve l opmen t . 
Produc ts  could b e - -
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TABLE 39 

COAL CONVERSION PROCESS STEPS 

Substitute Methyl 
Process Steps Pipeline Gas Hydrogen Alcohol 

Coal Handl ing X X X 

Gasification X X X 

Oxygen Plant X X X 

Water-Gas Shift X X X 

Gas Purification X X X 

Sulfur Recovery Plant X X X 

Power Production X X X 

Steam Production X X X 

Hydrogenation to Alcohol X 

Compression X X 

Water Removal X 

Methanation X X (minor) 

• Methane 

• Methan o l  

• Hydrogen 

• Hydrogen - c arbon d ioxide mixture s 

• Methane and me thano l 

• Methane and hydrogen 

• Hydrogen and me thano l 

• Methane , me thanol  and hydrogen 

• Methane - hydrogen mixture s 

• Hydrogen - carbon monox ide m ixture s . 

In  g eneral , i t  c an be s aid that the co s t s  for manufacturing 
the s e  products  wi l l  be in the s ame r ange , in  that the proc e s s ing is 
remarkab ly s im i l ar s t ar t ing from coal . Some co s t  d i fferenc e s  w i l l  
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occur due to var iat ions in pro c e s s  un i t s , overal l the rmal e f f i c i en 
cy o f  the coal conve rs ions and re l at ive c o s t  d i fferen c e s  i n  handl ing 
the var iab l e  energy - content gas e s . 

As sumpt i ons and Me thodo l ogy 

Becau s e  o f  the s im i l i ar i ty in pro c e s s ing r e qu i r ement s , i t  i s  
po s s ib l e  t o  gener a l l y  treat the c o s t s  for manu factur ing t h i s  var i e ty 
of produc t s  with the fo l l ow ing parame t e rs : 

• Cap i tal  requirements ( $ /MM BTU/ day )  

• Coal  co s t  ( ¢ /MM BTU ) 

• Thermal effic i ency 

• Othe r operat ing co s t s  ( ¢ /MM BTU) . 

Many o f  the s teps  are s o  i dent ical  o r  suffi c i en t l y  s im i l ar 
that it  i s  po s s ib l e  t o  e s t imate the proce s s ing c omp l ex i ty , and 
thereby the c ap i tal  requirements  per un i t  o f  energy produced for 
the s everal energy forms . Thi s i s  shown through the f o l l owing 
analys i s . 

The exi s t ing Lurgi  proce s s  for the manu facture o f  synth e t i c  
p ip e l ine gas from a typ i cal sub - b i tuminous c o a l  i s  t aken a s  a b a s e  
cas e . Cap i tal  requ i remen t s  of the p l anned E l  Pas o p l an t  i n  New 
Mexico us ing the Lurg i  pro c e s s  are about $ 1 , 2 0 0  per  m i l l ion BTU ' s 
per day , with an overa l l  c o l d  gas thermal e f f i c i ency o f  6 8  percent . 

Methane i s  a mo re concentrated energy fo rm t han hydrogen and 
carbon monox ide per un i t  of vo lume , such that the s i z e  of the reac 
tor ves s e l s  for contact ing , scrubb ing and react ing me thane - r ich 
gas e s  wou ld tend t o  b e  sma l l er . The handl ing of  hydro g en - c arb on 
monox ide mixture s , as  wou l d  be nec e s s ary in manufacturing hydrogen 
or me thano l ,  wou l d  cal l for mo re vo luminous v e s s e l s  per  un i t  o f  
energy flow . For s ome o f  the equipment , th i s  wou l d  me an that cap 
ital c o s t s  per un i t  o f  energy would b e  h i gher  for an operation 
where the  end product i s  hydr ogen . High energy l o s s e s woul d  mean 
that more coal  wou l d  have to b e  gas i f i e d  per un i t  o f  energy pro 
duced . 

Add i t ional qua l i t at ive degr ees  o f  p l ant comp l ex i ty and the 
e s t imated cap i tal requ i rement s per un it  o f  energy f l ow for p l ant s 
to b e  bu i l t  dur ing the 1 9 7 2 - 1 9 8 2  period are shown in Tab l e  4 0 . The 
cap i tal requirements  for manufactur ing hydrogen from c o a l  noted  in 
that tab l e  agree qui t e  wel l wi th the more d e t a i l e d  analys i s  made 
by the Co al Task Group . I t  s hou ld be caut i oned that it is as sumed 
in thi s  analys i s  that both  me thane and hydro gen are made at a final 
pres sure of ab out 7 5 0  p s ig . I f  hydrogen mus t b e  comp re s s ed t o  
3 , 0 0 0  t o  4 , 0 0 0  p s i g , as  for u s e  i n  a coal  l i qu ids hydro genat ion 
plant , the ove r a l l  cap i tal  requ irements  wou l d  be h i gher  and the 
thermal e ff i c i ency of the p l ant wou ld b e  s omewhat l e s s . To s ome 
extent , var i ous c o s t s  can be interchang ed ; fo r examp l e , a more 
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Energy Form and Process 

Methane Manufacture
Thermal Efficiency, 68% 

Carbon Monoxide
Hydrogen Manufacture 
( Methanoi )-
Thermal Efficiency, 50% 

Hydrogen Manufacture
Thermal Efficiency, 50% 

Methane 
Methanol Manufacture 
Thermal Efficiency, 60% 

TABLE 40 

PLANT CAPITAL REQU I R EMENTS 

Qualitative Plant 
Complexity 

(Process Units) 

Mod. Temp. Coal Gasification 

Mod. Oxygen Requirements 

Mod. Steam Requirements 

Mod. Compression Requirements 

Mod. Purification 

Smal l  Plant Size per Unit 
Energy Flow 

Extensive Sulfur Removal 

High Temp. Coal Gassification 

Mod. Steam Requirements 

H igh Oxygen Requ irements 

Mod. Purification 

Mod. Plant Size per Unit 
Energy Flow 

Methanol Catalysis 

Methanol Purification 

H igh Temp. Coal Gasification 

H igh Oxygen Requirements 

High Steam Requ irements 

Multiple Shift Stages 

Extensive Surfur Removal 

Large Plant Size per Unit 
Energy Flow 

Plant 1 Requirements plus 
Gas Separation 

Methanol Cata lysis 

Methanol Purification 

Capital Requirements 
per Unit of Energy Flow 

$1 ,200/MM BTU/day 

$1 ,600/MM BTU/day 

$1 ,600/MM BTU/day 

$1 ,400/MM BTU/day 

therma l ly e ff i c ient p l ant wh i ch consume s l e s s  c o a l  cou ld b e  con
s t ruct ed by us ing more  cap i t a l  do l l ars . The op t imum e conom i c  b l end 
of c o s t s  wou l d  t o  s ome extent depend on the l o c a l  s i tuat i on . To a 
very l arge  degre e , howeve r ,  the thermal e f f i c i ency in  c o a l  proce s s 
ing i s  fixed by the fundamental l aws o f  chemi s try � 
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With the add i t i onal parame ters  of  ( 1 )  coal  c o s t , ( 2 )  operat ing 
co s t s and ( 3 )  total  charges  on cap i tal , the approximate co s t s  o f  
the var ious energy forms from c o a l  i s  f a i r l y  we l l  f ixe d . Add i t i on 
a l  assump t ions such a s  the fo l l owing are made : 

• Total o f  cap i t al - re l ated char ge s ;  insurance , property t axe s , 
depr e c i at ion , in t er e s t , income t ax e s  and re turn a s s umed t o  
be  2 0  percent p e r  year 

• Annual operat ing f ac t or o f  9 0  percent 

• Comp l e t e ly s e l f - suff i c i ent ref inery o r  t o t a l - energy c omp l ex 
b a s e d  on coal  

• No other  produ c t s  such as char , fue l  o i l , e t c . , ar e  produced .  

Compar i s on of  Methano l ,  Hydr ogen and Me than e  from Coal  

Bas ed on the above as s ump t ions , a numb er o f  e conom i c  cas e s  
have b e en roughly e s t imated for coal - b a s ed me thano l and hydr o g en . 
The s e  are shown in Tabl e 4 1 . Range s of  coal  c o s t s  are from 2 0  
cents per m i l l ion BTU ' s  t o  6 0  cents per  m i l l ion B TU ' s .  Th i s  r epr e 
s ents ext reme s o f  We s t e rn sub - b i tuminous toal  at ab out $ 3 . 5 0 p e r  
ton t o  Eas t e rn b i tum inous coal  a t  $ 1 5 . 0 0 p e r  t on . The s e  c o s t s  are 
in the ranges  that we r e  e s t imated by the Coal Task Group for the 
pre - 1 9 8 5  period . 

C o s t s  for me thanol  and hydrogen are ab out 3 0  p e rcent h i gh e r  
than methane , primar i ly due t o  t h e  l ower product ene rgy f l ow p e r  
un it  o f  c o a l  charg ed , l ower energy cont ent o f  proce s s e d  g a s  and 
the h i gher p l ant comp l ex i ty . 

Whi l e  the s e  co s t s  may s e em h i gher than many that are p r es ented 
in the t e chnical  l i terature , the cos t s  are nonethe l e s s  thought t o  
b e  accurate . The El  Paso  C o a l  Comp l ex in New Mex i c o  w i l l  r e s u l t  
in pipel ine g a s  a t  the p l ant gate o f  $ 1 . 2 1 p e r  m i l l ion BTU ' s ,  for  
examp l e . Th i s  s imp l i f i e d  analys i s  ( s e e Tab l e  4 1 )  s howing about 
$ 1 . 2 4 per  mi l l ion BTU ' s  for me thane from We s t ern coal is approx 
imat e ly in agre ement . 

The impo r t ant factors  for co al - der ived energy forms are c o s t s  
o f  mined toal and how the cap i tal i z at ion i s  handl ed from an accoun t 
ing po int o f  v i ew . In  general , c o s t  var i at ions  in min ing d i f ferent 
grades  of coal are l ik e l y  to be ab out as l ar g e  a s  the var i at ions in 
var ious proce s s  improvements  whi ch might evo lve ove r the years . 

I t  has b e en al l owed that improved t e chno l o gy in coal  gas i f i 
cation pro c e s s ing may b e  po s s ib l e  ab out 1 9 7 9 . Thi s would mean 
that an alternat ive to the Lurgi pro c e s s  could b e  c ommer c i a l about 
1 9 8 2 . It has b e en as s umed that improve d t e chno l o gy could r e s u l t 
in a reduct ion in cap it a l  requirement s o f  abo u t  1 0  p e r cent o r  from 
$ 1 , 2 0 0  to $ 1 , 1 0 0  p e r  m i l l i on BTU ' s  p e r  day . 

In  genera l , imp roved t e chno logy in gas  p r o ce s s ing , l arg e r  
gas - hand l ing t r ains , c ryogen i c  and s i eving s eparat i on t e chn i qu e s  
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TABLE 41 

ECONOMICS OF COAL CONVERSION 

Energy- Capital- Total 
Coal Thermal Capital Related Operating Related Cost of 

Starting Cost Efficiency Requirements Costs Costs Costs Product 
Material Product Slate ( lt/MM BTU ) (Cold Product) ( $/MM BTU/day) (lt/MM BTU ) (t/MM BTU ) ( t/MM BTU ) ( e/MM BTU ) 

--

1 975-1 982 Technology 

Base Case 

Western Coal Methane 20 68% 1 ,200 29 22 73 1 24 
Western Coal Methanol 20 50% 1 ,600 40 22 97 1 69 
Western Coal Hydrogen 20 50% 1 ,600 40 24 97 1 61 
Eastern Coal Methane 50 68% 1 ,200 74 22 73 1 69 
Eastern Coal Methanol 50 50% 1 ,600 1 00 22 97 2 1 9  

f-1 I Eastern Coal Hydrogen 50 50% 1 ,600 1 00 24 97 221 
0\ 
0\ 

1 982-2000 Technology 

Western Coal Methane 25 70% 1 , 1 00 36 20 67 1 23 
Western Coal Methanol 25 52",{, 1 ,400 40 20 85 1 45 
Western Coal Hydrogen 25 52% 1 ,400 46 22 85 1 53 
Eastern Coal Methane 60 72% 1 , 1 00 83 20 67 1 70 
Eastern Coal Methanol 60 52% 1 ,400 94 20 85 1 99 
Eastern Coal Hydrogen 60 52% 1 ,400 1 09 22 85 21 6 

1975-1982 Technology 

Western Coal Methanol/Methane 20 60% 1 ,400 33 22 85 1 40 

1 982-2000 Technology 

Western Coal Methanol/Methane 25 60% 1 ,300 42 20 79 1 4 J  
Eastern Coal Methanol/Methane 60 62% 1 ,200 97 20 73 1 90 



are l ik e ly t o  have j u s t  as s i gn i f i cant an e ffect  on c o s t  r educ t ions 
as i s  an improved coal  gas i f i cat ion reactor . Coal  gas i f i cat ion i s  
only a sma l l , fract ion o f  the c ap i tal requ i rements o f  a c o a l - p r o c e s s 
ing comp l e x , and i t  i s  unl ike ly that drama t i c  cap i t al cos t r educ 
t i ons are po s s ib l e  through any of  the new gas i f i c a t i on s chemes  which 
are now b e ing deve l op e d . I t  has b e en a l l owed that s ome improvement 
in thermal e ff i c i ency w i l l  be po s s ib l e  through improved t e chno l o gy . 
Howeve r ,  the s e  improvemen t s  are exp e c t e d  t o  b e  s l i ght , o f  the l eve l 
2 t o  3 p e rcent in ab s o lu t e  thermal e ff i c i en cy . The s e  con s traints  
are larg e ly fixed b y  the  re l at ive l ack of  hydro gen in coal  and the 
nece s s i ty of burning a part o f  coal t o  conve r t  add i t i onal p ar t s  t o  
hydro gen . 

The op e rat ing c o s t  reduc t i ons o f  a coal  
should para l l e l  any cap i t a l  cost  reduc t i on s . 
erat ing c o s t s  rep re s en t  wag e s  and s al ar i e s  o f  
ance and overhe ad p e r s onne l . I t  i s  e s t imat e d  
per  mi l l ion BTU ' s reduc t ion would b e  po s s ib l e  
proc e s s ing . The t o t a l  s av ings on the co s t  o f  
improved proc e s s ing s hould b e  in the range o f  
mil l i on BTU ' s .  

proc e s s ing c omp l ex 
I n  g eneral , the op 
operat ing , maint e n 
that p e rhap s a 2- c ent 
through imp roved 
the produc t s  through 
1 0  to 1 5  cent s p e r  

Mo s t  o f  the e conomi c analy s e s  o f  coal  gas i f i ca t ion p r o ce s s e s 
wh i ch app e ar in the t e chnical  l i terature app e a r  to g i ve co s t s on 
the low s i de , and canno t be an obj e c t ive b as i s  for e s t imat ing the 
co s t s of var ious ene rgy forms produced from coal . The co s t s for 
coal handl ing , was te handl ing , water , s te am ,  and p ower requi r e 
ment s , was te wa ter tre atment , general ut i l i ty requi remen t s , p l an t  
p ip ing and g a s  pur i f i cat ion pro c e s s ing d o  n o t  s e em t o  b e  h i gh 
enough in many o f  the papers o r  concep t s tud i e s  in the t e chn i ca l  
l i teratur e . S ince many o f  the gas i fi cat i on p r o ce s s e s  have no t 
been adequate ly deve l op e d  to the po int o f  b e ing ana l y z ab l e  e conom
ical ly , the cos t range proj e c t ions in Tab l e  4 1  should rep r e s ent 
app roximate goal s for the new te chno l o gy .  

I f  a mixed product s l ate  i s  manufactur e d  from coal , s uch as  
me thane and me thano l ,  the  cap i tal r equi rements  p e r  uni t  of  total  
energy produced are l i kely to b e  s omewhat l e s s  than in the  man 
ufac ture o f  each produc t s eparate ly . Thi s  may b e  deduced from 
Tab l e  3 9 . The p r in c ip a l  reasons fo r cos t s avings are due to the 
int e gration of coal handl ing and gas i fi c a t ion , ut i l i t i e s  and o ff 
s i te s  and the inte gra t i on o f  comp re s s ion , g a s  hand l ing and c l e anup 
proce s s  equipment ; s aving s in energy are p o s s ib l e  in tha t inte r 
mediate  and low p r e s sure s te am ,  a s  we l l  as  g a s  e xp an s i on energy , 
can b e  us ed more j ud i c i ous ly throughout the p l an t . 

The h i gh co s t s fo r coal - de rive d  energy mus t ne c e s s a r i l y  r ema in 
inde fini tely  s ince coal handl ing , gas handl ing , p ro c e s s ing , s crub 
b ing and compre s s i on are far mo re cap i tal intens i ve than the hand
l ing o f  hydro gen - r i ch l i qui ds s uch as  p e tr o l e um .  I t  i s  fundamen 
tal ly inco rrect to b e l i eve that cap i ta l  requireme n t s  for produc ing 
gas eous ene rgy forms from coal can ever be re duce d  to leve l s  
whi ch are typ i ca l  for r e f ining l iqui d pe tro l e um frac t i on s . 

The cos ts analy z e d  in this  s e c t i on are p l an t  gate  co s t s . Co s ts 
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fo r transp or t a t i on , marke t ing and general s torage would b e  in ad
d i t ion to tho s e  s hown . 

HYDROGEN BY WATE R  ELECTROLYS I S  

Summary 

A b r i e f  analys i s  was made to examine the condi t ions under 
whi ch hydro gen made by wat e r  e l e ctro lys i s  could be comp e t.i t ive 
w i th hydro gen made from c o a l . E l e ctrolyt i c  hydro gen canno t b e  
made a t  c o s t s  comp arab l e  to  c o s t s  o f  synthe t i c  fue l s  from c o a l  un 
l e s s  l ow co s t  e le c t r i c  power i s  ava i l ab l e . Bas e d  o n  the p ro j e c t i ons 
of o ther task group s  for the cos t s  o f  coal and c ap i ta l  requiremen ts 
for power p l ants , bus b ar rates o f  e l e c t r i c  p ower c an b e  e s t imat e d  
t o  b e  in the range o f  9 to 1 1  mi l l s  per  KWH fo r the 1 9 7 5 - 1 9 9 0  
peri o d . Even i f  the b r eeder i s  perfe c t e d  after 1 9 9 0 , i t  i s  do ub t 
ful that b us b a r  power cos t s  can b e  s i gni fi cantly r e duced b e l ow 
the r ange o f  9 to  1 1  mil l s per KWH . The r e fore , c o s t s  o f  d i s tr ib 
uted power to l ar ge indus t r i al cus tomers  shoul d r ema in in that 
range . Wi th the s e  p ower co s t s , e l e c tro lyt i c  hydrogen would 
c l e ar l y  b e  une conomi c as a fue l , s ince the co s t  o f  c onve rted  
energy i t s e l f  wou l d  be  $4  to  $ 5  per  mi l l i on BTU ' s .  

General E conomi c s  o f  E l e c trolyt i c  Hydrogen 

The c o s t  o f  e l e c trolyt i c  hydro gen depends on s i x economi c 
parame t e r s : 

• Co s t  o f  e l e c t r i c  p ower 

• C e l l  effi c i ency 

• C ap i tal c o s t s  o f  e l e c t ro lyt i c  ce l l s  and s to r age  

• Annual op erating fac tor fo r ce l l s  

• Credit  value for e l e ctro l y t i c  oxygen 

• To tal  of c ap i t al - r e l a t e d  charge s ; insurance ,  prop e r ty 
t axe s , depre c i at i on , intere s t  on money , income t ax e s  and 
re turn on inve s tment . 

To i l l us trate the e ffect o f  the s e  parame ters , a numb e r  o f  
cas e s  are s ummari z e d  i n  Tab l e  4 2 . The l e ve l s  cho s en fo r the s ix 
parame ters  are : 

• Co s t  of  power (mi l l s / KWH ; 2 ,  1 0 ) 

• C e l l  e ffi c i en cy, b as e d  on HHV o f  hydr o gen Q<WH/MM BTU ; 
4 2 6 ' 4 1 4  ' 4 0 3) 

• C ap i ta l  c o s ts , ( $ /MM BTU/day ; $ 1 , 4 8 0 , $ 1 , 2 3 0 , $ 1 , 0 0 0 )  

1 6 8  



TABLE 42 

ECONOMICS-HYDROGEN BY ELECTROLYSIS 

Cell 
Capital Electrolysis Energy Selling 
Costs Annual Requirements, Total Capital Energy Operating Price of 

Power ( $/MM BTU Load ( KWH/MM Capital Costs Costs Costs Credit for Electrolytic 
Costs Hydrogen Factor BTU of Factor ( �/MM BTU (�/MM BTU (�/MM BTU Oxygen, Hydrogen 

( Mills/KWH ) per Day) (Percent) Hydrogen) (Percent) Hydrogen) Hydrogen) Hydrogen) ( $/Ton) (�/MM BTU) 

1 0  1 ,480 1 00 426 20 81 426 8 None 5 1 5  
1 0  1 ,480 1 00 426 1 5  6 1  426 8 None 495 
1 0  1 ,480 1 00  426 20 81 426 8 9 456 
1 0  1 ,480 1 00 426 1 5  61 426 8 9 436 

..... 0\ I 2 1 ,480 40 426 20 207 85 8 None 300 1.0 
2 1 ,480 40 426 1 5  1 55 85 8 None 248 
2 1 ,480 40 426 20 207 85 8 9 241 
2 1 ,480 40 426 1 5  155 85 8 9 1 89 

2 1 ,200 40 414 20 1 64  83 8 None 255 
2 1 ,200 40 41 4 1 5  1 25 83 8 None 21 6 
2 1 ,200 40 41 4 20 1 64  83 8 1 1  1 83 
2 1 ,200 40 41 4 1 5  1 25 83 8 1 1  144 

2 1 ,000 40 403 20 1 37 81 8 None 226 
2 1 ,000 40 403 1 5  1 03 81 8 None 1 92 
2 1 ,000 40 403 20 1 37 81 8 1 1  1 54 
2 1 ,000 40 403 1 5  1 03 81 8 1 1  1 20 



• Credi t value o f  1 0 0 - p e r cent oxygen , ( $ / t on ;  $ 0 ,  $ 9 ,  $ I n 

• Annual op e r a t ing factor (1 0 0 - pe r cen t , 4 0 - p e r cent ) 

• C ap i tal - r e l a t e d  char ges  U S - p e r cen t , 2 0 - p e rcent ) .  

The range o f  power co s ts repres ent the ext reme l ow o f  o ff - p e ak 
powe r o f  2 mi l l s  per  KWH to the typ i c a l l y  l ow s te ady s ta t e  indus 
trial power co s t s o f  1 0  to 1 2  mi l l s  per KWH e xp e c t e d  in  1 9 7 2  to 
1 9 9 0 . C ap i t al requir ements o f  $ 1 , 4 8 0  per  mi l l ion BTU ' s  o f  
hydro gen p e r  day rep r e s en t  the ava i l ab l e  1 9 7 3  t e chno l o gy for water 
electro lys i s  ce l l s  and s torage tanks . The s e  co s ts are bas e d  on 
info rmat i on pub l i s he d  in 1 9 6 8  and have not  b e en c o rr e c t e d  t o  cur 
rent e conomic c ond i t i ons . 

I f  i t  i s  a s s umed that a 2 0 - o r  3 0 - percen t  redu c t i o n  in  c ap i 
tal  c o s t s  i s  fe a s i b l e  by 1 9 8 5 , the cap i tal co s t  parame t e r s  o f  
$ 1 , 2 0 0  and $ 1 , 0 0 0  p e r  mi l l ion BTU ' s  o f  hydrogen p e r  day repres ents 
thi s improve d  te chno l o gy . Thi s  is re garded as  extreme ly op t i mi s t i c , 
however . 

S ince water e l e c trolys i s  t o  make hydrogen a l s o  produces  o xygen , 
the e conomics  for hydrogen manufac ture dep end on whe ther a credit  
can b e  taken for  the  b y - p roduc t oxygen . P arame ters  of  $ 0 ,  $9  and 
$ 1 1 per ton are us e d .  

Wi th current indu s t r i a l  power a t  6 t o  9 mi l l s  per  KWH in 
many parts of the coun try , 9 5 - p e rcent grade oxygen can be made in 
air- s eparat ion p l ants  fo r ab out $ 9  per ton . I f  indus tr i al power 
incre a s e s  in co s t  to 1 0  to 1 2  mi l l s  per KWH in  the corning year s , 
i t  s e ems reas onab l e  that tonnage o xygen by air  s eparat ion woul d 
be ab out $ 1 1 p e r  ton . Th i s  accounts  for the r ange o f  cre di ts 
used for b y - produc t 1 0 0 - p er cent oxygen in the fo l l owing co s t  
e s t imat e s  for e l e c trolytic  hydro gen . 

C o s t s  for e l e c trolytic  hydro gen are h i ghly s ens i t ive to the 
annua l  operat ing or l o ad factor . Value s o f  4 0 - and 1 0 0 - p e r c ent 
are cho s en . The lower value woul d  correspond to a p l ant u s ing 
o ff-peak powe r . 

Bas e d  on the s e  parame tric  pro j e c t i ons ( s ee Tab l e  4 2 )  e l e c 
tro lyt i c - hydro g en wi l l  b e  very expens ive b a s e d  o n  nucl e ar - b as ed 
e l e c t r i c  power at  1 0  mil l s  per  KWH . I t  i s  c l ear that even i f  
o ff- p e ak power we re  ava i l ab l e  as  low as  2 mi l l s  p e r  KWH e l e c 
tro l y t i c  hydro gen wo ul d s t i l l  no t b e  comp e t i t i ve wi th synthe t i c  
fue l s  made from coal . I f  the annual op erat ing factor o f  the 
e l e c tro lys i s  c e l l  is as  low as 40 percen t , co s t s  are even h i gher 
for the hydro gen . 

As shown in Tab l e  4 2 , a cre dit  for by - produc t o xygen o f  
$ 9  per  ton has the e ffe c t  o f  reduc ing the hydro gen c o s t b y  about 
$ 0 . 5 9 per mi l l ion BTU ' s .  However , even w i th a credi t ,  c o s t s  o f  
hydro gen are s t i l l  ab out $ 2 . 5 0 per mi l l ion BTU ' s us ing the very 
op t imi s t i c co s t s  of o ff - p e ak power at  2 mi l l s  p e r  KWH . 
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I t  s e ems c l e ar tha t the extens ive use o f  wa t e r  e l ec trolys i s  
to make hydro gen wo ul d provide an amount o f  oxygen wh i ch would 
inundate indus trial  marke ts  fo r oxygen . No cr e d i t  for by - p ro duc t 
oxygen i s  there fore l ikely in the Un i t ed S t ates , at  l e as t  in a 
general s ens e .  

I n  s ummary , c o s t s  o f  e l e ctro ly t i c  hydro gen wi l l  not  b e  com
pe t i t ive with fue l s  made from coal in the p e r i o d  b e fo r e  1 9 8 5 . 
After 1 9 8 5 , the future o f  e l e ctro lyt i c  hydrogen w i l l  dep end on 
breakthroughs that woul d  reduce the co s t  o f  e l e c t r i c  p ower . S uch 
electric  power co s t  reduc t i ons are no t l i kely wi th the b r e e der . 
Al ternat ive l y ,  ways mus t  b e  found t o  byp a s s  the ne e d  for e l e c t r i c  
power in de compo s ing wat e r  w i th thermal ene r gy . 
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Chap t e r  F i fteen 

E CONOM I C  COMPARI SON BETWEE N  PETROLEUM AND AL TERNATE FORMS 

SUMMARY 

Thi s  s e c t i on i s  incl ude d to a l l ow a c l earer compari s on o f  
how coal - derive d  me thano l and hydro gen can comp e t e  w i th conven
t ional petro l eum- de r ived fue l s . The t as k  groups a s s o c i at e d  with  
deve l opment o f  the  repo r t s  on o i l  refra ined from any d i s cu s s i o n  
o f  re fined fue l s  from o i l . However , i t  i s  impo s s ib l e  t o  compare 
me thanol and hydrogen der ived from coal unl e s s  the compar i s on 
i s  made with fue l s  r e fined from petro l eum . The e conom i c  comp ar i s on 
in this s e c t i on i s  at  the "re fine ry gate . "  The r e  i s  a danger  in 
us ing the s e  comp ar i s ons as properly r e fl e c t ing p r i c e s  in th e marke t 
place be caus e the l a t t e r  wi l l  include trans p o r t a t i on , s torage , 
marketing co s ts and o ther us e taxes . H i gher h andl in g  and d i s trib 
ution co s ts w i l l  preva i l  for me thanol  and hydro gen . 

The general conclus ion i s  that me thano l from coal  i s  comp e t i 
tive a t  the re finery gate  e n  a BTU-bas i s  w i th t ranspo r t a t i o n  fue l  
made from p e tr o l eum i f  p e t ro l eum appro ache s $ 6  t o  $ 7  p e r  barr e l . 
Th i s  a s s umes coal  ava i l ab i l i ty at  3 0  cen t s  per  mi l l i on BTU ' s . 

Me thano l and hydro gen der i ved from e l e c t r i c  power are no t 
comp e t i t ive w i th the s ame energy forms derived from coal . 

GENERAL ASSUMP T I ONS AND METHODOLOGY 

C onvent i onal re f iner i e s  manufac ture a w i de var i e ty o f  fue l s  
from crude l i quid p e tr o l eum .  Howeve r ,  a s imp l i f i e d  analys i s  o f  the 
economi cs for re f ining l iquid fue l s  can be made wi th s eve ral  
parame ters , anal agous to tho s e  us ed b e fore . 

TABLE 43 

ECONOMIC ASSUMPTIONS-PETROLEUM 

Crude Oil Price, $/BBL 

$3.35, $4.00, $5.00, $6.00, $7 .00, $8.00 

Thermal Efficiency of Refining, ( Percent) 

1 972-91 

1 985-88 

Capital Requirements, $/MM BTU/Day 

1 972-$250 

1 985-$350 
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Annual Operating Factor, (Percent) 

90 

Operating Costs 

1 972- 1 Ot!/MM BTU 

1 985-1 5¢/MM BTU 

Total of Capital Charges 

Depreciation, taxes, insurance, income 
tax, interest + return, assumed to be 
20 percent 



The co s t  o f  crude o i l  ( s e e  Tab l e  4 3 ) i s  a l l owe d to vary from 
$ 3 . 3 5 per b arrel  t o  $ 8 . 0 0 per b arre l , corresponding app roxima t e l y  
to price  r ang e s  s tudi e d  by t h e  O i l  Supp ly T a s k  G ro up . 

The cap i tal requirements  per uni t  o f  energy re fined  from p e 
trol eum in 1 9 7 2  are app roximate ly $ 2 5 0  per  mi l l ion BTU ' s  p e r  day . 
A convent i onal re finery manufac tur e s  a wide var i e ty o f  fue l s  from 
crude pe tro l eum .  However , the cap i tal requi rement s  fo r r e f i ning 
l iquid frac t ions are only a fract ion of the requ i r emen t s  fo r 
manufac turing gas eous ener gy forms . The typ i c a l  U . S .  re finery in 
1 9 7 2  emp l oyed many re l a t i vely  l ow - cos t ope r a t i ons s uch as d i s t i l 
lat ion and catalyt i c  cracking . Some h i gher - co s t operations such 
as coking , re forming , alkylat ion , hydro cracking , hydro gena t i on and 
hydrode s u l fur i z at ion are a l s o  us ed . I n  add i t ion , the manufacture 
o f  mo tor gas o l ines  invo lves exp ens ive pro c e s s ing s teps  s uch as 
so lvent extrac t i on , b l ending and the us e o f  var i o us addi t ive pack
age s . C o s t s  of making gasol ine are cons i derab ly h i gher than cos ts 
for d i s t i l l ates  and fue l o i l s . 

Wi th the imp ending need fo r mo re wat e r - and air - p o l l ut ion 
contro l , th e prob ab l e  requirement to manufac ture mo r e  hydrogen , i t  
can b e  e s t imated  that new refieries  in 1 9 8 5  w i l l  require cap i ta l  
corre sponding to ab out $ 35 0  p e r  mi l l ion BTU ' s  p e r  day . The tech 
nologica l  t r ends t o  l i ghter , mo re hydro gen - r i ch fue l s  fo r gas  
turb ine s and Wanke l engine s ,  w i th the  adde d n e c e s s i ty for proce s 
s ing more h i gh - s ul fur Midd l e  E as t  crude o i l s , are add i t i onal  
factors  whi ch woul d requi re  a more cap i tal - intens i ve p e tro l eum 
re finery . 

I f  ene r gy s e l f - suff i c ient refine r i e s  only are cons i dere d ,  the 
overall  the rmal e f f i c i ency i s  9 1  percent in 1 9 7 2 , p e rhap s decreas 
ing to 8 8  per cent in 1 9 8 5 . The lower e ffic i ency in  1 9 8 5  i s  cons i s 
tent w i th h i gher hydrogen requirements for fue l s . Annua l op erat ing 
fac tors for al l re fine r i e s  are assume d to be 9 0  p e r c en t . 

Op erat ing co s t s  o f  about 1 0  cents  per mi l l i on B TU ' s  are 
typ i cal of today ' s  large re fineries  ( 1 0 0  to 3 0 0 , 0 0 0  b ar r e l s  per  
day) , and i t  i s  ant i c ipated  that th i s  coul d incre a s e  to ab out 
1 5  cents per mi l l ion BTU ' s  for the mo re  cap i ta l - intens i ve and 
environmental ly- contro l l e d  re finery of the future . 

To s imp l i fy the trea tment o f  c ap i tal charg e s , a f l a t  annua l 
charge o f  2 0  percen t  i s  us e d . Th is p l aces  the r e finery e conomi cs 
on the s ame r e l at i v i ty o f  hydro gen , me thane and me thano l made from 
co al . 

RELAT IVE COMPARI SONS 

Tab l e  44 s ummar i z e s  ave rage ref inery gate co s t s  of l i quid 
energy forms made from petro l eum . As noted , the mo s t  important 
fac tor influenc ing co s t s  is the co s t  of the s t ar t ing crude o i l . 
Th i s  is  a fundamental po int r e l a t ive to co s ts for re f ining 
l i qui d energy fo rms from pe trol eum .  Energy co s t s  repres ent 7 0  to 
80 percent o f  the co s t  of the produc t s ; cap i tal and operat ing 
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TABLE 44 

APPROXIMATE COSTS FOR R E FI NED LIQUID E NERGY FORMS F ROM PETROLEUM 
(Basis: Mixed Gasoline/Fuel Oil Refining) 

Total 
Refinery 

Energy Capital- Gate 
Starting Product Capital Thermal Related Operating Related Energy 
Energy Energy Crude Oil Cost Requirements Efficiency Costs Costs Costs Costs 
Form Form ($/Bbl ) (�/MM BTU) ($/MM BTU/day) (Percent) ( t/MM BTU) (t!/MM BTU) (d/MM BTU) (t!/MM BTU) 

- --

Crude Oil Gaso line 3.35 59 250 91 65 1 0  1 5  90 
....... I Fuel Oi l  
-...J 
U1 

Crude Oil Gasol ine 4.00 69 250 91 76 1 0  1 5  1 04 
Fuel Oi l  

Crude Oi l  Gasol ine 5.00 ' 86 350 91 95 1 5  21  1 31 
Fuel Oi l  

Crude Oil Gasol ine 6.00 1 03 350 88 1 1 7 1 5  21  1 53 
Fuel Oi l  

Crude Oi l  Gasol ine 7.00 1 20 350 88 1 36 1 5  2 1  1 72 
Fuel Oil 

Crude Oil Gasol ine 8.00 1 38 350 88 1 57 1 5  21 1 93 
Fuel Oi l  



TABLE 45 

COMPARISON OF LIQUID AND GASEOUS FUELS FROM CRUDE OIL 

Total 
Refinery 

Energy Capital- Gate 
Starting Product Capital Thermal Related Operating Related Energy 
l:nergy Energy Crude Oil Cost Requirements Efficiency Costs Costs Costs Costs 
Form Form {$/Bbl) {�/MM BTUH$/MM BTU/day) (Percent) {�/MM BTU) (�/MM BTU) (�/MM BTU) (�/MM BTU) 

- --

High-S 
Crude Oil Fuel Oil 4 69 250 92 75 6 1 5  96 

..... I High-S "-'! 
Cr. Crude Oil Methane 4 69 520 80 86 8 32 1 26 

High-S 
Crude Oil Fuel Oil 6 1 03 250 92 1 1 2  6 1 5  1 33 

High-S 
Crude Oil Methane 6 1 03 520 80 1 29 8 32 1 69 

High-S 
Crude Oil Fuel Oil  8 1 38 250 92 1 50 6 1 5  1 71 

High·S 
Crude Oil Methane 8 1 38 520 80 1 73 8 32 2 1 3  



co s t s are a r e l a t ive ly s mal l fraction o f  co s t s . As the future co s t  
of crude o i l  increas e s , the cap i tal and op e r a t ing c o s ts  o f  re finer
ies  shoul d become a sma l l e r  pe rcentage of total  co s t s . 

I f  l ight comp l ex fue l s , as are typ i ca l  o f  gas o l ine are not 
requi red products , a r e l a t ively s imp l e  re fine ry can be us e d . For  
examp l e , i f  the only product i s  a sul fur - free l i qui d  fue l o i l , 
proce s s ing co s t s are l e s s  than in a comp l ex gas o l ine r e f inery . I t  
is  e s t ima ted that the cap i tal requirements  for a r e f inery ( com
p l e t e ly s e l f - s uffi c ient in energy and making only a l i quid fue l )  
woul d b e  about $ 2 5 0  p e r  mi l l ion BTU ' s  p e r  day . Th i s  can b e  com
pared with the cap i tal requirements of $ 5 2 0  per mi l l ion BTU ' s  
per day for conve r t ing crude o i l  to gas . A comp ar i s on o f  c o s t s  
o f  a l i quid and g a s  made from crude o i l  are shown in Tab l e  4 5 . 
As no ted , h i gh qual i ty l iqui d fue l s  can b e  made for cons iderab ly 
lower cos ts  than me thane . 

The co s t  o f  l iquid fue l s  made from crude o i l  dep ends impor tan t 
ly on the co s t  o f  crude o i l . The re l a t ive compe t i t ivene s s  o f  
me thano l from coal  depends on the co s t s o f  crude o i l and coal  
to gether wi th o ther cap i t al and ope rating cos t s . 

F i gur e 2 7  dep i c t s  the cos ts  o f  me thanol  de r i ve d  from coal  
and the cos ts  o f  l iquid fue l s  de r ive d from crude o i l  as a function 
of pr imary energy co s t s . Approximate and comp arab l e  e conomi c 
analys es have b e en made , fo l l owing the r e s u l t s  shown in p re vious 
tab l es . The fue l o i l  resul ts are taken from Tab l e s  4 4  and 4 5  in 
th is chapter , wh i l e  the me thanol resul t s  are taken from Tab l e  4 1  
in Chap t e r  Four teen . 

The fo l l owing conc l us ions can b e  made : 

• I f  co a l  i s  30  cen t s  per mi l l i on B TU ' s ,  the h e a t ing 
value of me thano l made from coal w i l l  be approximately  
comp e t i t ive w i th l i quid fue l s  made from c rude o i l  
when crude o i l  reaches $ 1 . 1 0 t o  $ 1 . 3 0 p e r  mi l l i on BTU ' s .  
Th i s  corresponds to crude o i l  co s t s o f  $ 6 . 4 0 to $ 7 . 5 0 per  
barrel . 

• For coal at 5 0  cents per mi l l ion BTU ' s ,  fue l s  from crude 
o i l would b e  l ower in co s t  than me thano l providing 
crude o i l  was l e s s  than ab out $ 8 . 0 0 per b arre l .  

METHANOL FROM NATURAL GAS 

Much int e re s t  has b e en deve lop ing in the wo r l d  ene r gy marke t s  
for the convers ion o f  me thane into me thano l .  The a t tract ion i s  
that  a difficul t - to - handle gas eous energy form can b e  conve r ted 
to a l i qui d  wh i ch c an then b e  mo re eas i ly handl e d  and transporte d .  

An impor tant trend in re cent years i s  the revo l ution in co s t  
reductions for me thano l manufacture . The s e  co s t  reduc t ions are 
due to deve lopmen ts  in catalys i s , deve lopments in gas turb ines for 
compress ing gas e s  and the app l i cat ion of t o t a l  ene r gy concepts to 
manufac ture me thano l . 

1 7 7 



250,-------.--------.--------.-------.--------r-------.--------.-------� 

240r----------------+--------��----+----------------4----------------� 

:::> 220 f-
co 
� 
� 
� 200 
>-' 
t:l a: LU 

o.,'O<o z 1 80 LU / ... 0 �� LU �" z I!::Jo 
u:: 1 60 �'ti' LU �-<... a: 
u.. ,C:> " 0 -<..,0 . 
f- o'" 
(f) 1 40 0 S)<c, <..l 

<t-..J LU Ci f-� t:l 1 20 >-a: LU z 
u:: 
LU 1 00 a: 

80�------�------�------�--------�------�------�--------�------� 0 W � W � 1 00 1W 1� 1W 
COST OF PR IMARY ENE RGY, (e/MM BTU ) 

F igure 2 7 .  Me thanol from Coal  vs . Fue l s  from C rude O i l . 

Now , s ingl e - train me thano l p l an t s  can b e  b ui l t  which are cap 
ab l e  o f  produc ing 5 , 0 0 0  tons per day o f  me thano l . Th i s  i s  
equivalent t o  about 1 0 0  x 1 0 9 BTU ' s  o f  l iquid fue l p e r  day , o r  
i s  4 0  percent o f  the energy output o f  a l arge c o a l  gas i f i ca t ion 
p l ant . E ven larger me thano l capacity per s in g l e  train can b e  
proj ected  t o  the future . 

Th e cap i ta l  requirements  for l arge me than o l  p l an ts are now 
e s t ima ted to be ab out $ 4 0 0  per mi l l ion BTU ' s  per  day . To tal  co s ts 
o f  produc ing me thano l from natura l  gas can b e  e s t imated  by s imi l ar 
procedure s  used  for coal . A summary i s  shown in Tab l e  4 6 . 

As no ted  by Tab l e  4 6 , the great intere s t  in  me thano l a s  a 
l iquid fue l depends on a s upp ly o f  l ow- co s t  natural gas . O ther  
advantages  of  a l iquid fue l are : 

• Me thanol i s  a s a fe , eas i ly transp o r t ab l e  and p o l lution
free  energy form . 

• Fue l sh ipment can b e  in s tandard tanke r s  avo i ding the 
s p e c i a l  h igh - co s t  cryo geni c  tankers for l i qui d natural 
gas ( LNG)  . 
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TABLE 46 

ESTIMATED COSTS FOR CONVERSION OF NATURAL GAS TO METHANOL 

Plant Energy- Capital- Total 
Starting Product Methane Capital Thermal Related Operating Related Cost of 
Energy Energy Costs Requirements Efficiency Costs Costs Costs Product 
Form Form (�/MM BTU) ($/MM BTU/Day) (Percent) (C/MM BTU) (c/MM BTU) (c/MM BTU) (�/MM BTU) 

Methane Methanol 1 0  400 55 1 8  1 5  24 57 
f-1 
-.....] Methane Methanol 20 400 \0 55 36 1 5  24 7 5  

Methane Methanol 40 400 55 73 1 5  24 1 1 2  

Methane Methanol 60 400 55 1 08 1 5  24 1 43 

Methane Methanol 80 400 55 1 46 1 5  24 1 85 

Methane Methanol 1 00 400 55 1 82 1 5  24 221 



A re cent ana lys i s  has shown tha t me thanol  manufactur e i s  
ab out comp e t i t ive w i th LNG where the transpor t d i s t ance i s  about 
3 , 5 0 0 m i l e s . Both have a d e l ivered co s t  of about 74 cents per mi l 
l io n  BTU ' s t o  an E a s t  Coas t port . As the d i s t ance fo r d e l ivery i n 
cre as e s , the manufacture o f  me thano l at  the s o urce  o f  avai l ab l e  
me thane b e g ins to l o o k  e ven mo re a t tract ive r e l a t i ve t o  LNG . 
Th i s  i s  b e c aus e the cap i t al requiremen ts  for L NG t ankers are  3 
to 4 t ime s that o f  methanol tankers per  uni t  o f  energy f l ow . 

METHANOL AND HYDRO GEN BY WATER ELECTROLYS I S  

Ul tima t e ly , the co s t  o f  producing hydrogen by water e l e c t ro l 
ys i s  w i l l  dictate  the co s t  o f  l iquid syn the t ic fue l s . A s  the 
co s t  of gas , p e t r o l eum and coal incr eas e s , i t  may prove che ap e r  
a t  s ome future t ime t o  make hydro gen b y  water e l e c trolys i s .  Un 
for tuna t e ly , thi s future t ime cannot b e  accurately  predic ted . 

Unde r s ome sp e c i al circums tances , i t  i s  now j udged tha t 
e l ectro lyt i c  hydro gen can b e  made fo r co s ts in the range o f  $ 1 . 5 0 
to $ 2 . 5 0 p e r  mi l l i on BTU ' s ,  us ing o ff - peak e l e c t r i c  power and 
taking a cre dit  for the oxygen produce d  ( s ee Chap t e r  Four teen) . 
Howeve r ,  i t  is  fundamental that  synth e t i c  l iquid fue l s  c anno t  b e  
made i n  abundance through e l ectroly t i c  hydrogen unl e s s  a break 
through o ccur s in r e ducing the cap i tal c o s t s  o f  p ower p l ants . 
Th i s  c an b e  real i z e d  when i t  i s  noted that the cap i ta l  co s t  o f  
nuc l e ar power p l ant s  i s  pro j ected  t o  b e  ab out $ 4 0 0  per  KW ( e l e c 
t r i c i ty)  for s ome t i me t o  come . The produc t i on o f  hydro gen can 
be proj e cted  to b e  about $ 1 0 0  per KW (hydro gen) , whi l e  the 
conver s ion of hydrogen t o  a l iquid i s  about $ 2 0 per KW (me thano l ) . 
Wi th the normal ener gy l o s s e s  in the convers i o n  s teps , the to tal 
cap i ta l  r e quirement s  for me thano l from e l e c tr i c i ty are now ab out 
$ 8 4 5  per KW , wi th the convers i on of nuc l ear energy to e l ec t r i c i ty 
repre s en t ing 8 3 - p e rcent o f  the to tal cap i ta l  r e qui rements . 

Te chno l o gy i s  now ava i l ab l e  which coul d conve r t  mixtur e s  o f  
hydrogen and carb on dioxide t o  me thano l a t  cap i ta l  requirements  
o f  $ 2 5 0  per  mi l l i on BTU ' s  p er day , or about $ 2 0 per  KW . The 
therma l  e f f i ciency of this  op eration would be about 80 percen t , 
and op erat ing co s t s should b e  about 8 cents  p e r  mil l i on BTU ' s  o f  
me thano l produc e d . The cap i t al co s t s would add about 1 3  cen t s  
p e r  mi l l ion BTU ' s ,  us ing the s ame 2 0 - p ercent annual char ge whi ch 
has b e en us e d  in o ther comp ar i s ons . 

However , synthe t i c  fue l s  cannot b e  made e conomi c a l ly from 
wa ter unl e s s  a breakthrough occurs in reduc ing the co s t  o f  e l e c 
tric  power by a factor o f  ab out 4 .  Al ternative ly , a b re ak through 
mus t  oc cur in decomp o s ing water wi th therma l  ene r gy . 

SH I PMENT AND LO G I ST I CS PROBLEMS W I TH NEW ENERGY FORMS 

L iqui ds have a fundamental advantage re l a t i ve to gas in that 
the ene rgy conten t per uni t  vo l ume is cons i derab ly h i ghe r . Th i s  
accounts  for the fac t  that c o s t s  for manufac tur ing a l iqui d are 
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general ly l ower than fo r a gas . Al s o , thi s  a dvan tage for l iqui ds 
carr i e s  over to the sh ipment and s to rage o f  ene rgy . T ab l e  4 7  
summari z e s  co s t s fo r transport ing ene rgy in the Uni te d  S ta t e s  for 
a d i s tance of 1 , 0 0 0  mil e s . Large p ip e l ine s carrying l iqui ds can 
de l iver energy for abo ut one - th ird the co s t  o f  de l i ve r ing gas , 
when comparab l e  e conomi cs are app l i e d .  

N o  te chno l o gy exi s t s fo r t ranspor ting hydr o gen and me thano l 
by p ip e l ine . However , e s t ima tes  have b een made for t r ans p o r t ing 
the s e  ene r gy forms mainly b a s e d  on f i r s t  p r incip l e s  and eng i 
neering j udgment . 

At a comparab l e  pres sure , hydrogen ( as a gas )  only contains 
ab out one - thi rd of the energy of na tural gas . For  a g iven p ip e 
l ine d i ame te r , the hydro gen mus t b e  pump e d  a t  3 t ime s the ve l o c i ty 
o f  me thane to ob t a in the s ame flow - r a te o f  ene r gy . I t  turns  out 
that the fr i c t i onal force  exe r t e d  by the inner wa l l  of the p ip e  
is  propo r t ional t o  the dens i ty o f  the g a s  mul t ip l i e d  by the 
s quare of the ve l o c i ty .  F rom fundamenta l s  it deve lops  that the 
fri c t i onal force or energy l o s s  per uni t  of energy trans p o r t e d  in 
a p ip e l ine is about 1 2 - p ercent h i gher for hydrogen than fo r 
methane . However ,  b e caus e the ener gy content o f  hydro g en gas i s  
lower than me thane , the compre s so r  s tat ions woul d have to b e  
l arger t o  handle the energy l o s s  whi l e  transp o r t ing hydro gen . 

The c o s t  for transpo r t ing hydro gen vapor i s  e s t imat e d  to b e  
ab out 3 6  c ents  p e r  mi l l i on BTU ' s fo r a d i s t ance o f  1 , 0 0 0  mi l e s . 
A 2 5 - p e rcent incre a s e  in  c ap i ta l  cos ts  has b een inc l uded to a l l ow 
for s l ightly l arger capac i ty , a prob ab l e  nee d  fo r d i ffe rent a l loys 
and we l ding te chn ique s and the need for l ar g e r  compre s s o r  s tat i ons . 
I t  should b e  s tr e s s e d  that p ip e l ine comp re s s o r  s ta t ion s i z e , com
pre s s o r  s ta t i on spac ing , p ip e l ine d i ame ter , wal l  th ickne s s , p r e s s ure 
and route all tend to h ave comp l ex e conomi c r e l a t i onships  w i th 
respec t  to d i s tanc e , ene r gy flow rate and energy c o s t .  

Transpo rtat ion co s t s for gas eous energy should b e g i n  to in
creas e s i gni ficantly  aft e r  ab out 1 9 7 6 . Thi s  r e l at e s  t o  the  fac t 
that the va l ue o f  energy moving in p ip e l ine s i s  now qui te  l ow . 
The average i s  s omewhere b e twe en we l l - head pr i ce s  and s o - c a l l e d  
c i ty - gate price s , p erhaps ab out 3 0  cents p e r  mi l l ion BTU ' s .  I f  
the c o s t  o f  synthe t i c  gas i s  $ 1 . 2 0 t o  $ 1 . 5 0 per  mi l l ion BTU ' s ,  
energy- r� lated co s t s  for t ranspor ting energy coul d incre a s e  by a 
factor o f  3 to 4 .  Howeve r ,  thi s  wi l l  b e  mo de rated  in the 
1 9 76 to 2 0 0 0  p e r i o d  in tha t  p ipe l ines would be carry ing mixture s 
o f  l ower - co s t  natura l gas  and syn the t i c  gas . Al s o , e l e c t r i c  
mo to r - driven compres s o r s  woul d tend to b e  us e d  i n  l ie u  o f  eng ine 
dr iven compre s s o r s , and th i s  s hould keep p ip e l ine t ransport a t i on 
co s t s  a t  l ower l e ve l s  than have b een indi cated as extreme s in 
Tab l e  4 7 .  However , it has b e en e s t imated  that energy co s t s for 
moving hydrogen would b e  about 3 0 - percent h i gher than moving 
me thane . 

There are t e chnical  probl ems in transpor t ing hydrogen by 
p ip e l ine whi ch may not  be s at i s facto r i ly s o l ve d  for s o me t ime . 
The wide flammab i l i ty l imi ts  o f  hydrogen and e asy i gn i tab i l i ty by 
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TABLE 47 

R ELATIVE TRANSPORTATION COSTS 

Other Total Costs 
Energy Transportation Capital-Related Energy-Related Operating Costs per 1 ,000 Miles 
Form Method Costs (4t/MM BTU) Costs (t/MM BTU) (4t/MM BTU) (4t/MM BTU) 

--

Pre-1972 Situation 

Methane 36-42 inch 
Pipel ine 1 6  2 2 20 

Petroleum 24-30 inch 
Liquids Pipel ine 5 0.5 1 6.5 

1-1 Bituminous Unit Train 
00 Coal 20 N 

- - -

1 976-2000 Situation 

Substitute 36-42 inch 
Methane Pipel ine-vapor 1 6  1 0  2 28 

Hydrogen 36-42 inch 
Pipel ine-vapor 20 1 3  3 36 

Methane Pipel ine-LNG 8 3 3 1 4  

Methanol Pipel ine 1 0  1 2 1 3  

Petroleum Pipel ine 
Liquids 5 1 1 7 



electro s tatic  sparks may caus e mo re p o tential  ha z ards than in the 
shipment of me thane . Hydrogen can di ffuse through c e r t a in me t a l s  
i n  the atomic form and l e akage may b e  a prob l em w i th conven t i onal 
we l de d  s te e l  p ipe . However , p l a s t i c  p ip e  coul d  b e  used a s  an 
alternat ive . Be caus e the gene ral techn i ca l  prob l ems fo r l arge 
scale hydro g en trans port  have no t b e en extens ive ly s tud i e d , it  i s  
j udge d tha t n o  s i gni fi cant trend to p i p e l ine hydro gen i s  l i kely  
b e fore 1 9 8 5 . 

There are add i t i onal prob l ems in the us e o f  hydro gen as a 
fue l . I t s fl ame speed i s  ab out 8 t ime s that o f  me thane , and the 
poten t i a l  ha z ards in wide spread us e are no t now accurately  known . 
Blends o f  2 0 - to 2 5 - p ercent hydrogen in me thane are known t o  b e  
accep tab l e  i n  mo s t  burner app l i c a t i ons , howeve r . Syn the t i c  gas e s  
made from crude o i l  and coal  wi l l  var ious ly contain 4 - t o  1 0 -
percent hydro gen in me thane , and the widespread use  o f  the s e  gas e s  
may eventual ly a l low gr eater conf idence i n  us ing h i gh e r  hydrogen 
con centrat ions . 

A number o f  techni ca l  prob l ems mus t b e  s o l ve d  b e fo r e  l i qui d 
me thane can move as a cryo gen i c  l iqui d acro s s  the Uni te d  S tates . 
However , i t  i s  now j udge d that the shipment o f  LNG a t  - 1 5 0 °  F 
can occur w i th fewe r techn i ca l  prob l ems than the s h ipment o f  
cryogenic  hydro gen a t  - 4 2 5 ° F o r  cryo gen i c  me thane a t  - 3 2 0 ° F . 

The principal haz ards wi th me thano l r e l a t e  to i t s  h i gh vo l 
atil i ty and high s o lub i l i ty in water . I n  trans p o r t at i on by p ip e 
l ine , l e aks may we l l  b e  a ha z ard t o  water s upp l i e s . Howeve r , the 
s e l ected us e o f  me thano l may be qui te prac t i c a l  unde r con tro l l e d  
cond i t i ons . S imi l ar cont ro l s  have b e en suc ce s s ful ly app l i e d  t o  
lead add i t ive s and the aroma t i c  cons t i tuen ts  o f  gas o l ine . 

No marked inter e s t  s e ems to ,exi s t  in the us e o f  me thano l in 
the Uni te d  S tate s . This may b e  due to the fac t that it could not  
e conomica l ly comp e t e  wi th p e trol eum l iqui ds and natural gas in the 
pas t . Howeve r , interes t may b e g in to qui cken as i t s  s ucc e s s  a s  
a fue l and i t s  long- term po ten t i a l  a r e  mo re  w i de ly re cogni z e d . 
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APPEND I X  C 

COORD I NAT ING SUBCOMM I TTEE 
OF THE 

NAT I ONAL PETROLEUM COUNC I L ' S  
COMM I TTEE ON U . S .  ENERGY OUTLOOK 

CHA I RMAN 

Warren B .  Dav i s  
D irector , Economics  
Gu lf  O i l  Corpor a t i on 

ALTERNATE COCHA I RMAN 

Dav id R .  O l ivert 
As s i s tant D irec tor 
P lans and Programs 
U . S . Office  o f  O i l  and Gas 
Department of the Interior  

J .  A .  Cob l e  
Chief Econom i s t  
Mob i l  O i l  Corporat ion 

* 

N .  G .  Dumbros , Vice Pre s ident 
Indu s t ry and Pub l i c  Affa ir s 
Mar athon O i l  C ompany 

Jack W. Roach 
Vice Pres ident 
Hydrocarbon Devel opment 
Ke rr -McGee  Corporat ion 

SPEC IAL AS S I STANTS 

Char l e s  M.  Al len 
Exp l orat ion & P roduc t i on Dept . 
Ph i l l ip s  P e t r o l eum Comp any 

Andrew Avr amide s  
Deputy D irector  
Nat ional P e tro l eum C oun c i l  

* 

COCHA I RMAN 

Gene P .  Morre l l , D ir e c t o r * 
U . S .  Office  o f  O i l  and Gas 
Department o f  the I n t er i o r  

SECRETARY 

Vincent M .  Brown 
Execut ive D i rector  
Nat ional Pe tro l eum C oun c i l  

* 

Samue l Schwart z  
V i c e  P r e s ident , Coordinat ing 

and P l ann ing Depar tment 
Cont inental  O i l  C ompany 

W. T .  S l ick , Jr . 
Manager , Pub l ic Affa irs  
Exxon C ompany , U . S . A .  

Sam Sm i th 
Vice  Pre s i dent 
El Pas o Natural Gas C ompany 

STUDY AREAS 

P e t r o l eum 

Energy Demand and P e t ro l eum 

* Served unt i l  De cember 1 5 , 1 9 7 2 ; rep l aced by Duke R .  L ig on 

t Rep l aced Henry C .  Rub in in June 1 9 7 2 . 
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W .  J .  Be irne , Jr . 
Product i on Department 
Exxon C ompany , U . S . A .  

Jame s H .  Brann igan 
Indu s t ry Affairs  Spec i a l i s t  
Marathon O i l  C omp any 

Henry G .  Corey , Manag er 
Coord inat ing & P l ann ing Dep t . 
Cont ine tnal O i l  C omp any 

Edmond H .  F arr ing ton 
C onsul tant 
Nat ional P e t r o l eum C ounc i l  

Harry Gever t z  
Manager , Spe c i al Pro j e c t s  
E l  P a s o  Natural G a s  C omp any 
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Petro l eum 

P e t r o l eum and G ov ernment 
P o l i c i e s  

Trends Beyond 1 9 8 5  and Balance 
of Trade 

O the r Energy Re s ourc e s  

P e t r o l eum 



APP END I X  D 

OTHER ENERGY RESOURCES SUBC OMMI TTEE 
OF THE 

NAT I ONAL PE TROLEUM COUNC I L ' S  
C OMMI TTEE ON U . S .  ENE RGY OUTLOOK 

CHA I RMAN 

Jack W .  Roach , Vice  P r e s ident 
Hydrocarbon Devel opment 
Kerr - Mc Ge e  Corp oration 

COCHAI RMAN 

John B .  Rigg , Deputy As s i s t ant 
Secretary , Mine ral s Pro grams 

U . S .  Department o f  the Interior  

* 

G .  W .  Beeman , Vice P r e s ident 
Commonwe al th Ed i so n  Comp any 

H .  E .  Bond , Vice Pres ident 
Synthe t ic Crude and Miner a l s  

Div i s i on 
At l ant ic Rich fi e l d  Company 

Thomas H .  Burb ank 
Vice Pre s ident 
Ed i s on E l e c t r i c  I n s t i tut e 

Richard 0 .  Burk , D ir e c t or 
Deve l opment Pl anning 
Sun Oil Comp any 

Paul S .  But t on 
Director o f Powe r Mark e t in g  
Tenne s s e e  Val l ey Author i ty 

Rus s e l l  J .  Cameron , Pr e s ident 
C amer on Engine e r s  

Harol d  Carver ,  Manager 
Sha l e  Oil Department 
Union O i l  Company o f C a l i fo rn i a  

Bernard B .  Chew , Ch i e f* 
Power Surveys and Analy s e s  
Bur e au o f Power 
Federal P ower Comm i s s i on 

* 

SECRETARY 

Edmond H .  Far r ington 
C on su l t an t  
Nat i ona l P e t r o l eum Counc i l  

* 

Geor g e  H .  C obb 
Execut iv e  Vice  Pre s ident 
Kerr - Mc Ge e  C o rpo r at ion 

H .  L .  Del oney 
Vice Pres ident for Fue l s  
Midd l e  S outh Serv ic e s  

Dr . T .  M .  Doscher  
E & P Consu l t ing Enginee r  
She l l O i l  C ompany 

Dr . Rex T .  E l l ington 
c/o C ameron Engineer s 

Northcut t  E l y  
Wa shington , D . C .  

Rafford L .  Fau l kner 
Bethe s da , Maryl and 

Pau l  R .  Fry ,  D irec t o r  
Econom i c s  and Res earch 
Amer i can Pub l i c  P ower As s o c iat i on 

R .  B .  Gal breath , Manager 
Tec hno l ogy 
C it ie s  S e rv ic e  C ompany 

Leon P .  Gaucher 
Consu l t an t  (Texaco Inc . )  

* Rep l aced Geor g e  E .  Toml inson - -Jul y  1 97 2 . 
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C .  Donal d G e i g e r  
Re s ource s Ac qu i s i t ions 
Carter  O i l  Company 

Emanuel Gordon* 
Nuc l ear Fue l  Pro j ec t s  Manager 
Atomic I ndu s t r i al Fo rum , I nc . 

J .  Emer son Harper , As s i s t ant & 
Power Eng ine e r ing Adv i so r  

Office o f  Ass i s t ant Secretary
Water & Powe r Re s ourc e s  

U . S .  Department o f  t h e  I nt er ior 

Donald Hunt e r , Directort  
Uran ium Supp ly Divi s ion 
Gul f  Energy and Env i ronmental 

Sys t ems 

V .  M .  Johns t on , Manager 
Ec onomic S e rvic e s  
I s l and Creek  Coal  Sa l e s  C ompany 

John J .  Kearney , Vic e Pr e s ident 
Ed i so n  E l e c t r i c  I n s t itute 

Arnold E .  Ke l l ey , A s s o c iate  
D i rec tor fo r Re s earch Pro c e ss 
Engineer ing & Development 

Uni on O i l  C omp any o f  Cal iforn ia 

John E .  K i l kenny 
Senior Geo l o g i s t  
Union O i l  Company o f  Cal i fo rnia 

D .  T .  King , D irec tor 
Coal Pr eparat ion & D i s t r ibut ion 
U . S .  Steel  Corpor a t i on 

Jame s N .  Land i s , Consu l t an t  
Bec htel Corpor at i on 

Ol a f  A .  Lar so n , Staff  Eng ineer 
Proc e s s  Re s e arch Depar tment 
Gul f  Re s earch & Dev e l opment Co . 

John E .  Law son , D i r e c t o r  
Proc es s ing Group for Syn t he t i c  

Crude and Mineral Op erat i ons  
North Ame r i can Produc ing D iv i s i on 
At l an t i c  Rich f i e l d  C ompany 

Hugh J .  L e ach , V i c e  P r e s i dent 
Res e arch and Deve l o pment 
C leve l and - C l i ffs  I ro n  C ompany 

Dwi ght L .  Mi l l e r  
As s i s t an t  D ir e c t or , Northern 

Re g ional Re s e ar c h  Lab o ratory 
Agr icu l tur e Re s earch S e rvice  
U . S .  Depar tment of  Agr icu l ture 

W .  B .  Ol iver , Manager 
Res our c e s  Ac qu i s i t ions 
Carter O i l  C ompany 

Harry P for z he ime r , Jr . ,  A s s i s tant 
to the S en ior V i c e  Pr e s id ent 

Na tura l  Res ourc e s  
The S t andard O i l  C omp any ( Oh i o )  

Dr . C .  J .  Pot t er , Cha irman 
Roche s t er & P i t t s bur gh C o a l  C o . 

E .  H .  Reichl 
Vi c e  Pr e s ident , Re s e ar ch 
Cons o l idat i on C o a l  C ompany 

W .  H .  Seaman , V i c e  Pre s i dent 
Southern Cal i fo rn i a  E d i s on Co . 

H .  W .  S ears , V ic e  P r e s i dent 
No rthe a s t  Ut i l i t ie s  Serv i c e  C o . 

John D .  S e lb y+ 
Deputy D iv i s i on Gene ral  Manager 
Nuc l ear Ene r gy D iv i s i on 
Gene ral E l e c tr ic Comp any 

Howard M .  S i e g e l , Manager 
Synthe t ic Fue l s  Res earch Dep t . 
E s s o  Re s earch & Eng ineer ing Co . 

� Rep l ac e d  John T .  Sherman - -May 1 9 7 2  

t Rep l aced Al bert  Gr a ff - - January 1 9 7 2 . 

+ Rep l aced A .  Eug ene Schub e r t - - January 1 9 7 2 . 
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Dr . George Skaperdas 
Manager , Proce s s  Development 
Res earch Dep artment 
The M .  W .  Ke l l o g g  Company 

Donald E .  Smith , S t aff Econom i s t  
Nati onal Rura l  E l e c tr ic 

Coope rat ive Assoc iat ion 

A.  M .  Wi l s on , P r e s i dent 
Utah Internat i onal I nc . 

F .  Leo  Wr i ght , Ass i s t an t  t o  the 
Execut ive Vice  Pres ident 

Nuc l ear Ene r gy Sys t em s  
Wes t inghou s e  E l e c t r i c C orpo ra t i on 

Dr . J .  F .  Wygan t , D i r e c t o r  
Pr oduc t s  & Exp l o r a t o ry Re s earch 
Amer ic an Oil Company 
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ORDER FORM 

Director of I nformation 
National Petroleum Council 
1625 K Street, N. W. 
Washington, D. C. 20006 

Date ___________ _ 

Enclosed is a check in the amount of $ _____ as payment for copies of U.S. Energy Outlook reports indicated below. 

QUANTITY TITLE UNIT PRICE* TOTAL PRICE 

U.S. Energy Outlook-

A Summary Report of the $ 6.50 
National Petroleum Council ( 1 34 pp.) 

U.S. Energy Ou tlook-

A Report of the NPC Committee 
1 5.00 

on U.S. Energy Outlook 

Soft Back (381 pp.) 

Hard Back (381 pp.) 1 7.50 

Guide to NPC Report on 

U. S. Energy Outlook-
1 .50 

Presentation made to the 

National Petroleum Council (40 pp. ) 

NPC Recommendations for a Single Copies 
National Energy Policy Free 

I am interested in the following fuel task group reports containing methodoiogy, data, illustrations and computer program 
descriptions. Those not listed by price have not yet been published. 

Price 
Quantity Price 

Quantity 
Desired Desired 

Energy Demand 
-- Nuclear Energy Availabil ity $ 1 0.00 ( Includes Oil Demand ) 

Oil & Gas (Oil & Gas Su pply; $25.00 Oil Shale Availabil ity $ 8.00 Foreign Oil & Gas Availabil ity) 

Coal Availabil ity $1 8.00 Fuels for E lectricity $ 6.00 

Gas Demand $ 5.00 Water Avai labil ity -

Gas Transportation $ 1 2.00 New Energy Forms -

*Price does not include postage. 

MAI L R EPORTS TO: 

Name ______________________ _ 

Title ______________________ _ 

Company�----------------------

Address _____________________ _ 

City & State, ____________ Zip Code ____ _ 




