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Two conflicting views dominate our perception o f  man's long-term 

future. The "catastrophists" believe the ear th ' s  resources wil'i soon be 

exhausted, and t h a t  this will lead t o  a collapse c f  s o c i e t v  

copians" argtle t h 3 t  most of  the essential  raw matsri.r.ls are  in f in i t e :  

t h a t  2s the society exhausts one raw material , i t  will turn t o  lower 

grade, iriexhaustible substi tutes.  

OR renewable resources, and on those elements t ha t  are  pract ical ly  

The "cornu- 

Eventually the society w 11 subsis t  

i n f i n i t e ,  such as iron and aluminum. 

will se t t l e  i n t o  a steady-state o f  subs t i tu t ion  and recycle. This  

asymptotic society iJe call  the Agc o f  Su5sti tEtabil i ty.  

According t o  this view the society 
b 
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Ne are  cornucopian, even i n .  this era o f  dwindling "resources", w i t h  

i t s  dire predictions o f . t h e  Club  of Rorns, o f  Limits - t o  Growth, and o f  

Fiankind ---- a t  the Turnina  P o i n t .  We came t o  this posi t ion some 25 years 
T . 

ago a f t e r  reading S i r  Charles Darwin's -- The Next Million Years. Darwin 

r igh t ly  insis ted,  as  do some of the present-day forecasters and systems 

modelers, t ha t  short-term forecasting was impossible (as  well as  being 

uncomfortable f o r  the forecaster,  who presumably would be around when 

h i s  forecasts could be tested against f ac t ) .  

casting, i n  wh ich  f l  uctuations i n  human experience were bl :'ps on an 

. 

B u t  very long-range fore- 

underlying s t a t i s t i c a l  s t a t e ,  could be done i n  the same sense tha t  

s t a t i s t i c a l  mechanics predicts the future  of a b i g  ensemble. Over the 

very long  r u n ,  Darwin asserted, man's f a t e ,  on the average, was pre- 

destined by th2  Malthusian disequilibrium: man procreates i n  a f i n i t e  

world. Man's continual scramble for f i n i t e  resources condemns him t o  

eternal social i n s t ab i l i t y ,  t o  violence, t o  brutishness. 

Darwin, a s  a l l  Neo-Malthusians, realized tha t  no panacea could work 

B u t  even t h i s  was no t  enough: u n l e s s  population leveled of f .  as 

resources dwindled, the pressures on what remained would grow. 

a lso recognized, a s  d i d  H. G. Wells some 40 years ea r l i e r ,  t h a t  an 

inexhaustible source of energy would be necessary - perhaps even suf- 

f i c i e n t  - t o  rescue man from the resource catastrophe. 

Darwin 

Most o f  the 

minerals t ha t  man uses - iron ore, carbon dioxide, and alumina - a r e  

found i n  nature 'in an oxidized s t a t e ,  or  more generally, i n  a state of  

re la t ive ly  h i s h  entropy. To reduce these materials, i .e. ,  t o  extract  



The Age o f  SubstStutabil i t y  3 

iron, t o  convert C02 t o  cellulose,  o r  t o  change alumina t o  aluminum, 
ds 

,.. requires energy (more accurately, f r ee  energy). Thus  man's economic 

transaction with nature involves expenditure o f  f r ee  energy; and as his 

high-grade resources dwindle, he expends more energy. 

one possible inexhaustible source of energy: nuclear fusion. We disagree 

Darwin saw only 

w i t h  Darwin: 

the breeder reactor,  possibly solar energy) tha t ,  i f  devel oped, would 

allow man t o  avoid the hopeless future Darwin predicted. 

there are  other "inexhaustible" sources of energy (notably. 

- The Principle o f  Inf in i te  Subst i tutabi l i ty  - 
.. the catastrophists,  when discussing a particular resource such a s  

aluminurn, usually say t h a t  when a l l  the bauxite is gone, we will have t o  

do without aluminum. Thus we read. i n Z L i m i t s  t o  Growth ,  "The ef fec t  o f  

exponential growth is t o  reduce the probable period of  ava i lab i l i ty  of 

- 

aluminum from 100 years t o  31 years.'' T h i s  cannot be ccrrect .  As - 
geologist Dean F. Frasch; said i n  1962, "Total exhaustion o f  any mineral 

resource will never occur. Minerals, and rocks tha t  are  unexploited w i l l  

always remain in the earth's crust. The basic problem is how to avoid 

reaching a p o i n t  where the cost  of e x p l o i t i n g  those mineral deposits 

which remain will be so costly,  due t o  depth, s ize ,  or grade, tha t  we 

cannot produce w h a t  we need w i t h o u t  completely d i s r u p t i n g  our.socia1 and 

economic structures." Will we ever completely d i s r u p t  our  social and 

economic s t ructures  because we r u n  o u t  o f  mineral resources? We propose 

i n  this paper t o  examine these questions.. Much of w h a t  we say m u s t  be 

regarded as tentat ive and speculative: we expound these views i n  the . .  

hope t h a t  they will stimulate fur ther  study. 
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Actually, we can conceive of depletion of resources and subs t i t u t ion  

i n  three stages. 

use o f  our non-renewable resources; this almost surely will pers is t  f o r  

Stage I is a continuation of our  present patterns o f  - 
> . 

the  next 30 t o  50 years. 

reduced C and H found i n  nature, i .e. , coal, there wound be 1 i t t l e  o i l  

and gas, and people would begin t o  t u r n  away from widespread use of a 

few of the non-ferrous metals and toward much greater use of alloy 

In Stage 11, the society st i l l  would depend on 

. 

s t e e l s  (A1 , Mg, and T i ) .  

Finally i n  Stage 111, the t ru ly  asymptotic "Age of Subst i tutabi l i ty" ,  

a l l  the fos s i l  fuel would be gone; the society would be based almost 

exclusively on materials t ha t  are  v i r tua l ly  unlimited. 

contention tha t ,  insofar as l imits  t o  mineral resources can be discerned, 

the condition of l i f e  i n  Stage 111, the Age o f  Subst i tutabi l i ty ,  will 

n o t  be dras t ica l ly  different  from our preserlt condition of l i f e :  we 

have the physical possibi l i ty  of l iving i n  the Age of Subi t i tu tab i l i ty  

w i t h o u t  "completely d i s r u p t i n g  our social and economic structure".  To 

reach t h i s  s t a t e  w i t h o u t  immense social d i s r u p t i o n  wil l ,  however, require 

unprecedented foresight and planning. 

Stage I1 might  las t  several hundred years. 

I t . i s  ou r  basic 

- . 

I 

A convenient way t o  place the matter i n t o  perspective i s  t o  examine 

the "chemical I' composition o f  one molecule of "Demandi t e "  , the average 

non-renewable resource man uses,. i .e.,  .we take the to ta l  number o f  moles 

o f  each element tha t  man extracts-from the earth,  the sea, and the a i r ,  

and from this compute the average molnr composition o f  man's "average 

non-renewabl e resource". We excl ud3  renewabl e resources, agricul tural  

prodricts, wood, and water. Similarly, we can define the average metal 
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(Aval loy) ; the  average f e r t i l  i ze r  (Avfert) ; the average industrial  gas 
u 

- (Avgas); the average industrial  heavy chemi.ca1 (Avchem), and the average 

refractory (Avrefract). 
D, 

In Tables I and 11, and i n  Appendix 1, we give 

the chemical fornula2 and other properties o f  these average materials. 

A l l  data a re  given for. 1968." P 

Now l e t  us compare the composition o f  these average materials w i t h  

the average camposition of the ear th ' s  crust ,  the sea, and the a i r  

(Table 111). 

comparison implies, because the majority o f  most-used elements i n  Demandite, 

Actually, the resource s i tua t ion  i s  even better than this 

n 

p l u s  a few others,  have near-infinite resources o f  much higher quali ty 

and concentrations i n  sources other than "average" rocks; these are 

summarized i n  Table IV. 

The data i n  Tables I11 and . I V  show tha t  of the 13 most widely used 

atoms, only extractable CH, and phosphorus a re  n o t  "essentially" inf ihi  t e :  

whereas oxidized C and H are  very common, extractable CH,, the most 

widely used component o f  Demandite, i s  r a re  - only 16 ppm i n  the first 

kilometer of  the earth's crust. Thus, when we speak of "running o u t  of 

resources", & --- f a r  the most important "scarce" resource - is  extractable 

CH,. 

can paraphrase the basic p o i n t  of both H. G. Wells' %and Darwin's 

Since energy can reduce C02 and H i 0  t o  CH, (see Appendix 3), we - 

Malthusiznism: 

i ts  equivalent, energy. 

the primary resource shortage is one o f  reduced CH, o r  
, .  

-- 
*These fcrmulae are  based on the hig!ily consistent s ta t is t ics  given i n  
-- Mineral Facts and Problems, 1970, L'. S. Bureau of Mines Bulletin 650 
and modified as needed. 
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TABLE I :  The Averaae Non-Renewa,. e Resource Used by Man i n  1968" 

D United Stales:  

(CH2. 14). 8022 ('j02). 1115 (CaC03). 0453 

(CU Zn,  Pb) ,0004 

O.0053 Na. 0053 

p. 000 8, '. 0007 

.- 
a 

A1 ;0011 

*. 0076 

'.0023 
World: 

(CH1. 7 1). 1 

A' -0007 

N. 0068 

'.0023 '. 0007 '. 0007 

Fe. 0110 

Mg. 0004 

". 0053 

'. 0008 

Fe.0145 

Mg. 0004 

'' .0045 

'. 0008 

X represents a l l  other chemical, elernents; highest ,n order o f  demand 
are Mn, Ba, Cr, F, T i ,  Ni, Ar, Sn, B, Br, Zr; a l l  others <100,000 tons /  
year (world) o r  30,000 tons/year (U.S.) 

United States World 

6 Total Quantity, 10 tons 
Total Value, $lo6 
Average U n i t  Value, $/ton 

3,360 17,300 
42,200 158,500 

12.55 9.16 

Average Energy Used f o r  Recovery, 

Total Quantity, 10 ton mols 
Average Molecular lrleight 

kwh/ton 
6 

1,140 
154.8 

26.7 

800 
604.9 

28.6 
Per Capita Consumption, tons 17 5 
Per Capita Energy, kwh 18,800 3,800 
Per Capita Energy, kw 2.14 0.43 

Source: 
and Problems, 1970, U. S. Bureau of Mines Eulletin 650. 

Derived, with some modifications, from data i n  Mineral Facts 

"Applies t o  new metal from ore, only; for  t o t a l  metal, see Tables A 1  
and A2, Appendix 2. 
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TABLE 11: The Average Metal Used by Man i n  1': 
I' Ava 1 1 oy " 

7 

* 

United States : 

Fe. 8570 Mn.0119 si .0105 .0050 Ni ,0015 '. 0003 
.0822 ".0138 Zn. 0123 Pb. 0025 Sn. 0003 Mg.0021 

Ti . ouo2 y. eo04 
Mor1 d : 

Fe. 8983 Mn.0176 si .0071 Cr. 0045 .0009 x. 0002 

0447 ". 0135 Zn. 0097 Pb. 0020 Sn. 0003 Mg. 0009 

Ti .0001 y. 0002 

X includes a l l  other ferrous metals; Y a l l  other non-ferrous metals. 

P 

United States  
- 

85.6 6 Total Quantity, 10 (tons) 
Total Value, $ x lo6 
Average U n i t  Value, $/ton 187.50 
Average Value, $/ton, o f  Fe, , Si ,  

AT, T i ,  Mg i n  Avalloy 154.95 
Average Energy Used for  Recovery, 

kwh/ t o n  12,300 
Average Molecular Weight 58.1 

Per Capita Energy, kwh 5,250 
Per Capi ta  Energy kw 0.60 

16,050 

Per Capita Consumption, tons ,0.43 

World 

424.3 
75,775 

178.60 

145.40 

11,100 
55.2 
0.12 

0.15 
1,305 

Source: Derived from data i n  Mineral Facts and Problems, 1970, U .  S. 
Bureau o f  Mines Bulletin 650. 

*Applies t o  new metal from w e ,  only; fo r  to ta l  metal, see  Table A l ,  
Appendix 2. 



The Age o f  Subst i tutabi l i ty  c 

TABLE 111: Average Composition o f  the Earth 

1 Crust (Topmost Kilometer on Continents) 

(CH,) (Extractable) .cooo4 (CH,) (Unextractabl e)*0083 C(0xidized) -0153 

O. 5884 si. 1931 H ( O t h e r )  -0658 .0507 , .0175 

Na. 0142 Fe.0132 K.0123 Mg.0120 Ti .0016. 

?.0014 s. 0009 F. 0007 '. 0004 Mn. 0003 

'. 0039 
where X i s  a l l  other elements, and for  which X = 

Ba. 000072 Sr. 000064 '. 000040 Zr. 000034 

N.000027 

(Cus'Zn Pb)-oooo32 . 

Rb. 000027 Cr. 000026 Rare Earths. oooo24 (Co & N i  1. oooo22 

.000021 

Seawater (Except fo r  Water) --- 
e 
c 

-4886 Na. 4200 Mg. 0475 '.0253 Ca.0092 
K. 0090 c. 0001 '. 000003 ( s i ,  Fe, A I ,  ~ ~ ) ~ o o o o o o 6  

Other.0003 
A i r  (Excluding Variable Amounts o f  C02 and H20 

'. 7805 O.2100 Ar. 0093 Ne. 0002 (He, Kr, X4<<*0001 

*(CH ) unextractable represents the very large amounts o f  hydrocarbon 
Almost a l l  o f  this is too d i l u t e  I i n  the topmost kilometer o f  shale. 

t o  extract  w i t h  a positive energy balance and therefore cannot be 
used a s  a source o f  energy. 
source o f  CHx f o r  petcocherni cal s. 

In  principle i t  m i g h t  be used a s  a 
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TABLE IV: Present o r  Future Hear-Infi n i  t e  Resources 
cd 

tor the Most Extensively Used Elements 

s ,.Ma:iirnum % World Resource R / D  Ratio* 
Element Resource i n  Resource (Tons Years 

r75 1013 2,500 CH,( Extractabl e )  Coa! O i  1 Gas 

C(0xi d i  zed) 

Si 

Ca 

H 

Fe 

N 

Na 

0 

S 

c1 

P 

K 

A1 

%I 

Limestone 12 

Sand, Sandstone 45 

Limestone 40 

Water 11 

Basalt** 10 

A i  r 80 

Rock Sa l t  ,Seawater 39 

Air 20 

GYPSUM, Seawater 23 

Rock Sa l t ,  Seawater 61 

Phosphate Rock 14 

Sylvi te ,  Seawater 52 

Clay (Kaolin) 2i 

Seawater .012 

2 .,4 lo6 

1.2 x 10l6 5 x l o 6 .  
5 4 lo6 

1.7 - .q09 

1.8 4.5 X lo6 
1 x lo8 4.5 x 10 

' 1.6 x 1OI6 3 x lo8 
7 1.1 x 10 l5 

1.1 x 10 l5 3 lo7 

2.9 x 10l6 4 x lo8 

3.5 x 10 

1.6 x lo1' 1,300 

5.7 4 lo7 

1.7 x 10 l5 2 x lo8 

2 101~ 4 lo8 

6 Ni Peridot i te  0.2 6 x 10l1 1.4 x 10 

*We r ea l i ze  t h a t  as demand grows, these values will be reduced; however, 
we a l so  an t ic ipa te  tha t  populatim must eventually level o f f ,  followed 

resources. 
**It must be noted tha t  no process now exis t s  for  obtaining iron from kasslt 

or nickel from the ultrasbasic rock  peridot i te ;  however, given a century f o r  
development o f  such pxcesses, t h 3  likelihood for  success seems qui te  h j g h .  

- by an ultimate leveling o f f  o f  demands for energy and non-renewable 
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The centrai position 

seen also when we examine 

atoms const i tute  about 86 

these two " inf ini  tell meta 

o f  reduced carbon, o r  of reducing agents, is 

the chemical composition of Avai'ioy. Iron 

percent o f  Avalloy, aluminum atoms, 8 percent: 

s consti tute 94 percent o f  the t o t a l .  To 

extract  iron from i t s  oxide by presently-used processes requires reduced 

carbon, and this use accounts fo r  about 12 percent of a l l  coal used i n  . 

the United States. 

haustible Fe and A l ,  t o  produce Avalloy requires reduced carbon - which 

is a ra re  material - o r  some other source of energy. 

A l t h o u g h  Avalloy i t s e l f  i s  made largely from inex- 

Let 'us now s t a t e  the Principle of "Inf ini te"  Subst i tutabi l i ty:  

-- w i t h  two notable exceptions - phosphorous - and energy-producing fossi l  

fue ls ,  i.e, CH, - - the society - can subsist  w i t h  re la t ively l i t t l e  loss 

- of l iving standard - on in f in i t e  - or near-infinite minerals. 
- -- 

Such a c i v i l i -  

zation would be based largely on glass,  p las t ic ,  wood, cement, i ron ,  

aluminum, and magnesium: whether i t  will be anything l i k e  our present 

society will depend upon how much o f  the ultimate raw material , energy, 

we can produce - and how much energy w i l l  cost, both economically and 

environmentally. 

To give substance t o  so broad a claim, one m u s t  examine i n  d e t a i l ,  

not simply i n  principle, exactly how one would propose t o  l i v e  w i t h o u t  a 

particular " f in i t e "  resource. 

paper; rather w2 quote from previous work on the subject by H. E..Goeller.* 

T h i s  we do n o t  claim t o  do i n  this 
e. 

*H. E. Goeller, "An Optimistic Outlook for  Minerzl Resources", presented 
a t  Ninnesota Forun on Scarcity and Growth, June ,22-24, 1.972. 
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Certainly there a re  no subs t  tutes f o r  the eranetits required t o  

- sustain l i f e .  The najor " l i f e "  elements are: H,  0, C ,  and N ;  next come 

Ca, P ,  Cl, K ,  S, Na, and Ng, which consti tute less  than 1 percerit of the 

t o t a l  i n  l i v i n g  things. Besides these are a t  l ea s t  13 required t race 

elements: F,  S i ,  V ,  Cr, Mn, Fe, Co, Cu, Zn ,  Se, Mo, Sn, and I. Modern 

agriculture requires large amounts of calcium, nitrogen, potassium, and 

phosphorus,  plus re la t ively small quantit ies of some of the t race elements. 

Of the major l ife-sustaining elements, only phosphorus. i s  n o t  on our 

l i s t  of " inf in i te"  elements. .The Clarke of phosphorus is about 800 ppm; 

if  the society eventually had t o  depend on average phosphorus,  the costs 

of agriculture might become intolerably high. 

resources of phosphorus are very 1 arge: 

ra t io  i s  500 years for  world-reserves, and an addi t ional  800 years f o r  

However, high-grade 

the present resource-to-demand 

potential resources. In a d d i t i o n ,  even though  speculative resources a re  

poorly known, they are  regarded as very large (but considerably smaller 

t h a n  fixed nitrogen from a i r  o r  potash from seawater). . T h i s  led HI G. 

Wells many years ago t o  sugges t  t ha t  ultimately we shal l  have t o  recycle 

bones as f e r t i l i z e r ;  indeed, we are  i n  no position t o  re fu te  this view. 

With  regard t o  the t race elements 'which are present i n  the soils 

and are needed only a t  low concentrations, modern agriculture slowly 

depletes soil of these elements. 

undoubtedly be supplied from inorganic sources; i n  the long r u n ,  we will 

be forced t o  return agricultural and animal wastes t o  the s o i l ,  particu- 

In the near term, shortages can 

l a r l y  for  the trace elements with limited resources such as copper, 

zinc,  and cobalt .  
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Beyond these non-substitutabfe elements, we use many rather scarce 

metals becaslse of their  special properties: 

electric21 conductor; nickel chromium, and niobium because they confer 

G3 

copper because i t  is  a good - 

corrosion resistance and h i g h  temperature strength on iron; mercury 

because i t  is a metallic liquid a t  room temperature. One of lis has 

studied i n  some detai l  the extent t o  which one m i g h t  substitute fo r  

cadmium,* zinc, lead, copper, t i n ,  and mercury.** The main conclusion 

of this  study is  t h a t  fo r  most of their uses, substitutes derived from 

infinite o r  near-infinite materials are available. To i l l u s t r a t e ,  we 

summarize some o f  the results i n  the case o f  mercury. 

- The Case of Mercury - 
The average annual consumption of mercury by. use and form i n  the 

United States,  1964-1973, is-given i n  the accompanying Table V. About 

2250 tons of mercury were used each year d u r i n g  this period. 

had no mercury - could we survive? Obviously yes. 

o f  t h i s  we need only demonstrate, fo r  each present use o f  mercury, a 

plausible a l ternat ive t h a t  does not require mercury. For example, t h e  

Suppose we 

To persuade ourselves 

I 

l a rges t  use o f  mercury (34 percent o r  770 tons per year) Ss f o r  caust ic  I 
chlorine production. Diaphragm ce l l s  are  an al ternat ive t h a t  were i n  

* W. Fulkerson and H .  E. Goeller (Ed:), "Cadmiurn,. The Dissipated Element", 
ORNL-NSF-EP-21, January 1973. 

of Mercury and Possi b i  1 i t i  es for  Recycl e arrd S u b s t i t u t i o n "  , . Paper pre- 
sented t o  Ad Hoc Cormittee on the Rational Use o f  Potentially Scarce 
Metals, Scient i f ic  Affairs Div i s ion ,  North Atlantic Treaty Organization, 
( t o  be puS7ished 1976). 

**H. E. Goeller, "Summary o f  Current World Resources, Product ion and Uses 
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TABLE V: Average Annual Consumptic. o f  Mercury i n  the United States,  
I 

Uses '. : t .Substitutes Metric Tons 
Caustic-Chl orine Production 

Inventory for New Facilities* Diaphragm Cells 306 
Makeup --463 

Subtotal 769 
Electrical  (Mainly Batteries) Zn-Mn02-Graphite Dry Cell 598 
Industri a1 and Control 

I ns t r umen ts  See Note 1 ' 252 
B i  oci dal Paints 

Pa in t  299 
Dental Amalgams Metal Powders, Porcelain, 

Plast ics  99 
Organic B i  oci des 88 Agriculture 3 

Catalysts Ethylene Process -for PVC 'Mfg. 54 
Laboratory Use See Note 1 57 
Pulp and Paper Mfg. Organi c B i  oci des 17 
Pharmaceuticals Sulfur Drugs, Iodine, Etc. 17 
Anial gamationz Gold Recovery by Cyanide Process 6 

Total 2255 

Plas t ic  Paints,  Copper Oxide 

NOTES: 

1964-1973 

% of  Total  

13.5 
20.5 
34 .'O 
26.4 

11.2 

13.2 

4.4 
3.9 
2.4 
2.5 
0.8 
0.8 
0.3 

100.00 
-- 

1. S u b s t i t u t i o n  may be based on a1 ternative physical properties; may include bimetallic couples 
aneroid barometers, etc. 
room temperatures not  a t  sub-zero teniperatures. 

2. These uses of mercury were discont inued i n  the U.S. i n  1971. 
mercury fulminate detonators and f e l t  manufacture; b o t h  have been replaced decades ago. 

Liquid gallium and sodium-potassium alloys may be subst i tutes  a t  

Large former uses included 

3. Use o f  methyl mercury on seed grains banned by U. S. Department of  Agriculture, banning of 
other uses may follow. 

2. 
u3 
rD 
0 
-h 

r-J 
c3 *Incl udes m a l  1 quantities for other uses. 

-__I__ -__--- ---I_- --- 



The Age o f  Subst i tutabi l i ty  

wide use before mercury ce l l s  were introduced and s t i l l  account for  70 

14 

percent of the U. S. production o f  caustic. 

t ive ly  comon materials such as  concrete fo r  the cel l  body, asbestos f o r  

These c e l l s  require re la-  

diaphragms, and copper and graphite for  electrodes. 

As we go down our l i s t  we see tha t  acceptable a l ternat ives  are  now 

known for a l l  o f  the major uses of mercury except possibly high-performance 

e l e c t r i c  ba t te r ies  (which would require other scarce materials like Cd 

and Ag) or e l e c t r i c  switches.* For the minor uses such as pharma- 

ceut icals ,  o r  odd laboratory uses, which amount t o  c1 t o  5 percent each 

o f  t he  t o t a l ,  a l ternat ives  have not been sought very seriously because 

the  amount of mercury was small. 

collapsing, o r  even being seriously jmpeded -- i n  the ;long - r u n  i f  we have 

t o  do without mercurial pharmaceuticals o r  mercury bat ter ies .  

We can hardly imagine the society 

- Other Metals - 
If we played the same game of what do we do when the high-grade 

ores o f  copper, s i l ve r ,  zinc, t i n ,  etc.,  r u n  out, would the aggregate 

a d d i t i o n a l  cos t ,  both i n  energy and i n  do l l a r s ,  of the s u b s t i t u t e s  o r  of 

the materials themselves, ultimately derived from " d i r t " ,  be intolerable? 

To be more specific,  l e t  us estimate how much the aggregate u n i t  cost  of 

*A convenient small battery tha t  does not use scarce materials and l a s t s  
a long  time i s  an obvious target  for research. 
battery were never developed, we could revert  t o  standard miniaturized 
dry c e l l s  (based on zinc and manganese) w i % h  only a s1ight.inconvenience. 
I t  must be remembered tha t  only 10 grams of mercury i n  a 25-gram ce l l  
a r e  used t o  power a portable computer. 
r i s e s  one hundred-fold, the overall cost  or' the computer would r i s e  by 
$12 i f  we elected t o  stay w i t h  the mercury battery instead of converting 
t o  shorter l ived, cheaper Zn-Mn dry ce l l s .  
t u t e  f o r  the lead storage battery a l s o  may be needed. 

However, i f  such a 

Even i f  the price o f  mercury 

In the longer term, a substi- 
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these metals could r i s e  without causing the cost of Avalloy i o  rise more 

than two-fol d. 

We can look a t  the matter by again examining the chemical compo- 

sition of Avalloy. 

aluminum, s i l i con ,  magnesium, and titanium. 

percent of the energylton of Avalloy, 75 percent o f  the cost/ton of 

Ninety-five percent of Avalloy consists of iron, 

These accdunt f o r  95 

Avalloy. All these are i n  infinite supply and their ultimate u n i t  cos t ,  

e i ther  i n  energy or dollars,  can hardly exceed today's u n i t  cost by more 

t h a n  a factor of two as shown i n  Table VI. 

Avalloy consists mainly of Cu, Zn, Mn, Cry Pb, N i ,  and Sn; these repre- 

sent about 20 percent of the to ta l  value o f  Avalloy (Table 11). A t  

present, extraction from ore represents only about  one-half t h 2  total  

cost  of these metals. 

The remaining 5 percent o f  

The aggregate cost o f  t h i s  group of metals t h a t  

i s  sensi t ive t o  t h e  grade of ore therefore i s  not more than 10 percent 

of the to ta l  u n i t  price o f  Avalloy. Thus, even if the price o f  these 

materials increased five- t o  ten-fold, the u n i t  price o f  Avalloy would 

only double. 

T h i s  is almost surely an overestimate since we have not allowed f o r  

s u b s t i t u t i o n .  For example, i n  1968 copier accounted for 12 percent o f  

the to t a l  cost o f  Avalloy i n  the U. S. B u t  e lectr ical  copper is: i n  the 

long  run, almost en t i re ly  replaceable by a1 uminum; s t ructural  copper and 

brass l(aryely by s t ee l ,  aluminum, titanium, and plastic.  Moreover, Mn 

( i n  sea f loor  manganese nodules and i n  igneous rock) and N i  ( i n  the 

per idot i tes)  are nearly inf ini te :  . i t  is hard t o  see how the l a t t e r  two 

metals can cost  more t h a n  ten t- imes t he i r  present price. 
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Some substf tutes  c m  be ident i f ied fo r  the remaining elements - Zn,  

Galvanfzed iror, (which uses zinc) can, i n  good measure, Cr, Pb, and Sn. 

be replaced by p las t ic  bond2d s t e e l ;  tin plate  i n  cans can be ?argely 

replaced by p l a s t i c  o r  glass.  

i n  s t a in l e s s  s tee l  is  presently known. 

society t o  use titai:ium (which  is i n  near-infinite supply) fo r  most uses 

t h a t  a r e  now served by s ta in less  s tee l .  

elements - Zn,  Cr, and Sn - could increase i n  cost  by a very large 

fac tor ,  and the cost  of. Avalloy would s t i l l  remain w i t h i n  a fac tor  o f  

two of i t s  present real cost. 

However, no very good subs t i tu te  fo r  Cr 

Ultimately t h i s  may force the 

Nevertheless, the remaining 

T h i s  is true also of the remaining non- 

metals, the metal oxides, the refractory metals, and the non-ferrous 

byproduct metals. These a re  discussed i n  Appendix 2. Thus we a r r ive  a t  

our  basic observation: 

extreme'k important exception - of CH,) -- are  so heavily -- dominated b~ - el ements- 

derived from infinite sources - o r  elements -- fo r  which subs t i tu tes  - are  

that-Aval loy  - and indeed Demandite -- (with the 

available,  - --- t ha t  their u n i t  p r i ce  - is  re la t ive ly  insensitive - t o  depletion 

--- o f  mineral resources. The  tentat ive conclusion t o  be drawn is  tha t  i n  

principle our social and economic structures a re  unlikely, i n  the long  

r u n ,  t o  be disrupted because we shall have t o  exploi t  lower grade mineral 

resources - provided alNays we f i n d  an adequate inexhaustible source o f  

re la t ive ly  cheap energy t o  subs t i tu te  for CH,. We p u t  this hypothesis 

forward realizing t h a t  i t  is i n  sharp opposition t o  the currently fashiona- 

bl e Neo-Mal thusiani sm; b u t  we bel ieve the Neo-Mal thusians hzve been 

misled by their  habit o f  lumping a l l  resources together w i t h o u t  regard 

t o  their  importance, u l t  mate abundance, o r  subs t i tu tab i l i ty .  
4 
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While we can conclude from a global  vieivpcint t h a t  the ccst of 

Avalloy i n  the Age o f  Subst i tutabi l i ty  will not  be more t h a n  2 t o  3 

times i ts  present price, there will be specific sectors of the economy 

- 
d3 

t h a t  are l ike ly  t o  b2 h i t  severely. A point requiring additional study 

is  the possibi l i ty  tha t  some material used i n  rather small quan%ity has 

extremely h i g h  leverage on a s t ra teg ic  industry, and tha t  a dras t ic  

increase i n  cost  o r  even collapse o f  tha t  industry would rock the en t i r e  

economy. An example might  be helium if  we a re  forced t o  obtain i t  from 

a i r .  I f  superconducting magnets forever required l i q u i d  helium, and if 

fusion absolutely required superconducting magnets, then a dras t ic  r ise 

in the price of helium m i g h t  cause a corresponding r i s e  i n  the cost o f  

energy. 

exceeds t h a t  of solar energy-or energy from breeders, then the society 

will choose solar or breeders, n o t  fusion, for i t s  primary inexhaustible 

However, one must rea l ize  tha t  i f .  the cost of fusion energy 

source of energy. 

lutely essential  f o r  the long-term future o f  our industrial  society.* 

Thus  we cannot accept the view t h a t  helium i s  abso- 

- Recycle i n  t h e  Age o f  S u b s t i t u t a b i l i t y  - 
As prices f o r  materials go up ,  there obviously will be stronger 

incentive t o  recycle, t o  b r i n g  the empty bot t les  back. 

required t o  p u t  scrap metal back.into productive use is very much l e s s  

The energy 

*Other examples o f  elements. w i t h  f i n i t e  resources t h a t -  may have very 
h i g h  leverage a re  silver i n  photography; tungsten i n  tool-making; lead 
and antimony i n  storage bat ter ies ;  beryllium i n  beryllium-copper alloys;  
and perhaps 6 manganese i n  s teel  -making. Obviously more study. i s  needed 
t o  ident i fy  other such c r i t i ca l  s i tuat ions.  

/ \  
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is 
t h a n  t h a t  needed t o  reduce and refine ores - for  Mg i t . i s  1-1/2 percen: 

o f  t ha t  required t o  win the metal from ore; f o r  A1 i t  i s  3 t o  4 percent; 

fo r  Ti i t  i s  30 percent. One m u s t  recognize that  recycle can never be a 

t o t a l  answer, since the recovery i n  each recycle i s  never 100 percent; 

i n  f a c t ,  unless recycle i s  very e f f ic ien t ,  i t  will n o t  make very much 

difference. 

then recycling reduces the required amount of v i r g i n  copper t o  be added 

t o  the system each year by a factor  of (1 - 0.9)-l = 10. 

recovery is  only 0.4 per cycle, t h i s  factor  is reduced t o  only 1.7. 

Thus ,  i f  the recovery o f  copper, say, is 0.9 per cycle, 

B u t  i f  

Recycle i s  simplified by human intervsntion. I f  materials are n o t  

recycled, they become diluted and d i s s ipa t ed  i n t o  the environment: 

their entropy increases. 

material i n t o  separate b ins ,  he diminishes the entropy o f  the original 

waste material. However, such a macroscopic Maxwell Demon dcres not  

change the entropy o f  mixing appreciably unless, by his intervention, he 

prevents useful materials from becoming dissolved as individual molecules 

which then can be widely dispersed in soils or in the oceans. 

Thus when an in te l l igent  being sorts used 
* -  

- The Energy Budget i n . t h e  Age of Subst i tutabi l i ty  - 
As we exhaust the h i g h  grade materials and have t o  use lower grad= 

ones, the energy required t o  recover our needed materials will grow. 

Yet, because the composition o f  Avalloy is so dominated by essent ia l ly  

in f in i t e  i ron  and aluminum, the energy required fo r  extracting metals 

will ;not grow nearly as much as one might  t h i n k .  Although Fraschg is 

correct i n  s ta t ing i n  1962, "the extraction of mineral raw materials 

from low-grade rock i s  a problem in the application of energy a t  r3 
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price", he shculd have added, the total  mass o f  useful .minerals t ha t  

have a f i n i t e  reswrce base i s  small. Therefore the e f fec t  of t he i r  

depletion on the en t i re  energy system i s  iess  than Fraschg's statement 

might  imply. 

Of course, even the in f in i t e  elements will take mare energy t o  

extract  as  we go from ores t o  more common rocks. The energy require- 

rnents for  production and recycle of the abundant metals - Mg, A l ,  Fe, 

, 

Ti - anti Cu were estimated by J. Ci Bravard, H. B. Flora, 11, and C. 

Portal .in 1972* and are  sumarized i n  Table VI. 

EL, the amount of energy required t o  extract  a ton of metal from low- 

grade, essential l y  inexhaustible ores, w i t h  EH, the energy required t o  

extract  the metal from high-grade ores. 

In this table  we compare 

Extraction of useful metal from ore consists o f  two separate steps: 

f irst ,  mining and beneficiation of the ore; and second, reduction and 

refining of the metal from the beneficiated ore. 

step requires considerably more energy and expense than the f irst  - 
Generally the second 

e.g., t o  mine  and beneficiate one ton o f  Fe from presently used magnetic 

taconite ores requires about 5 percent as much energy a s  is required f o r  

the toti17 production of s teel  .from ore.' Thus the overall energy required 

is  n o t  very sensit ive t o  the grade of ore u n t i l  the ore  becomes extremely 

d i lu t e  .- and this will never happen f o r  the " inf ini te"  metals. 

*"Energy Expenditures Associated w i t h .  the Production and Recycle of 
I4etals" , CRNL-NSF-EF-24. 
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'TABLE VI: Energy Requirements f o r  the Production o f  
Abundant Metals arid Copper 

E ~ / E ~  
E uivalent Coal Energy* 

bletal Source qkwh/ton o f  Metal ) 

r'lhgnesiun Ingot Seawater 100 , 000 1 

A1 ui;n'nurn Ingot Bauxite 
C1 ay 

56,600 
72 , 600 

1 
1.28 

Raw Steel Magnetic Taconites 10 , 100 1 
Iron Laterites 11,900 1.17 (with carbon) 

<2 (with el ec t ro ly t i  c 
hydrogen) 

T i  tani  urn :Ingot R u t i  1 e 138,900 
Ilwni t e  164,700 
Titanium Rich i ~ 

Soi 7 s 227,000 

Refined Copper Porphyry Ore, 

Porphyry Ore , 
1% cu 14,, 000 

0.33: Cu 27 , 300 

1 
1.18 

1.63 

1 

1.83 

* A t  40 peircent thermal ef f i  c i  ency for generation o f  el e c t r i  c i  t y  
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I t  i s  remarkable tha t  the estimated energy required t o  produce 
u 

these "infinite" metals from essent ia l ly  inexhaustible sources is  i n  

every case not mclre than about 60 percent higher than the energy required 

t o  w i n  the  rnetals from high-grade ores. Even when a l l  the  reduced 

carbon i s  gone, the r a t i o  for i ron  - by f a r  the most important - i s  

2.0.* 

We have estimated how much the per capita energy budget fo r  producing 

Demandite and desalted water for agricul ture  would increase i n  Stage 

I I I .  

more study. 

t o t a l  energy used i n  the United States;  some 90 percent of this was 

expended i n  the production o f  Fey A l ,  Mg, T i ,  and Cu. 

We rea l ize  tha t  these estimates a re  speculative and require much 

In 1968, the metal industry consumed 8.5 percent o f  the 

The per capita 

annual energy expenditure for'metal production came t o  about 8,000 

kwh/person o r  0.91 kw/person. However, when only - new metal from ores i s  

considered, the primary metal industry accounts for 5.7 percent of t o t a l  

U. S. energy consumption; i n . t h i s  case, per capita energy use is  reduced 

t o  5,250 kwh/person. 

lytic H2, n o t  C,  i s  used), i t  seems f a i r  t o  double the energy expended 

f o r  these metals - t o  10,500 khw/person/year o r  1.2 kw/person - assuming 

In the Age o f  Substitutability (assuming electro-  

\ 

t h a t  the amount of metal used per capita and the composition cf Avalloy 

remains what i t  i s  now.** --- Even i n  the Ageof - Subs t i tu tab i l i ty ,  - the 

* Could we imagine charcoal f r o m  wood, used Sn metallurgy u n t i l  150 
years ago, replacing coke today? I s  this practical? 

**Even i f  Cu i s  replaced by A1 , the  energj per t o n  o f  A m ?  Toy changes 
by less than 1C percent. See Appendix 3. 
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amount o f  energy required t o  provide ma,als i s  hardly ,.,vice ( ra ther  t h a n  

ten- o r  one hundred-fold) per u n i t  o f  metal used than i n  the present 

erz .  

- - - 

--- _I_-p---- 

This is because the dominant metals - Fe, A l ,  - can be extracted - -  -- - -- - 
from inexhaustible resources which demand re la t ive ly  small additional 

amounts of energy for  their extraction. . 
- -- 

In Table VI1 are summarized our esrimates of the per capita expendi- 

tu re  of energy i n  the U. S. and the world (1968) for Demandite and a g r i -  

culture. Ne also estimate what these values might be i n  Stage 111, 

assuming the  per capita use of  Demadite remains constant, b u t  t ha t  

agr icul ture  requires 100 gallons per person per day o f  desalted water. 

The d e t a i l s  of the calculztions tha t  lead t o  the numbers i n  Table VI1 

are  given i n  Appendix 3.  

The most s t r i k i n g  specQlation tha t  we make i n  Table VI1 is that  the 

increase i n  energy required i n  Stage I11 for  non-renewable resources and 

desalted water i s  about 2 kw/person. 

arrive a t  a guess ( jus t i f ied  i n  part  by the considerations i n  Appendix 

3) that t h e  U. S. p e r  capita e n e r g y  f o r  all uses i n  Stage 111 m i g h t  

Adding 2 kw f o r  other  uses, we 

increase from i t s  present 11 kw t o  15 kw, and fo r  the world from 1.5 kw 

t o  7.5 kw. 

world reaches half the projected U. S. per capita energy expenditure, 

If the world’s population. grows t o  10 x 19, and the entire 

the world’s to ta l  production o f  energy would amount t o  about 75 x log 

kw. This  i s  12  times the present world man-made energy, b u t  s t i l l  

represents only 0.1 percent o f  the so la r  energy absorbed and reradiated 

by the earth. 
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TABLE VII: Possible Annual Energy Budget for  Demandite, Avalloy, and 
Agriculture i n  Stage 111 o f  The Age of Subs t i tu tab i l i ty  
(a1 1 values i n  kw/capi t a  u n l  ess otherwise noted)  

I Uni t d d  States - World 
Stage ;TI  Present Stage III’ j Preseiit 

6 Population x 10 persons 200 

Industry 
Avall oy2 0.60 
Inorganic Chemi cal s 0.86 

Reduced C and H (Petrochemicals) 

Cement, Stone, Clay,, Glass 0.21 
-- 

Total Demandi t e  2.14 

Agri cul t.ure 
-- With  Desalted Water 

W i t h o u t  Desalted Water 0.87 

w i t h  Desalted lliater 3.01 
Total Industry and Agriculture - 

Total ,  All Other Uses 8 
Total Energy Use 11 3 

Increase i n  Stage I11 
-- Industry 

Agriculture 
Total 

-- 
-- 

300 

1.20 
1.12 
0.27 
0.24 
2.83 

1.70 
0.87 

4.53 
10.5 
15 

0.69 
0.83 
1.51 

. 3600 10,000 

L 

0.15 0.60 
0.13 0.56 
0.08 0.14 

-- 0.12 
0.43 1.42 

-- 1.70 
0.68 0.87 I 

1.12 3.12 
0.4 4.5 
1.5’: 7.5 

-- 0.98 
-- 1.02 
-- 2.00 

1World values taken as half o f  U. S. values for industry and equal t o  U. S .  

2New metal from ore,  only - to ta l  metal = ‘-1.5 times new metal. 
3Total i n  U .  S . ,  1968 was 9.6 kwlperson versus current value of 11 kw/person. 

values for agriculture.  
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We shall nct dwell on the environmental, technical, an 

tutional implications o f  si) large a production of  energy, s 

matters have been discussed elsewhere by many authors. .The 

elusions t h a t  can be 

24 

ifisti- 

nce these 

main con- 

1. A l l  fossil fuels ,  a t  t h i s  ra te  o f  energy expenditure, would be 

used u p  w i t h i n  100 years. 

2. The fission breeder, fusion ( i f  feas ib le ) ,  o r  solar  energy, - i n  

princi pl e, could carry thi  s energy budget essential l y  forever. 

3. The climatic changes caused by so large a release of energy 

cannot be predicted w i t h  our  present know1 edge of cl imatol ogy , a1 though  

the average increase in world temperature, assuming no changes i n  albedo, 

would be about 0.loC. Whether the e f fec t  o f  such energy o u t p u t  on the 

climate will ever be predictable, even - i n  principle,  remains a moot 

question. 

4. I t  seems l ikely tha t  i f  f iss ion breeders are  the basis for  the 

Age o f  Subst i tutabi l i ty ,  large inst i tut ional  changes will be cal led for 

so t h a t  man can l ive comfortably w i t h  f iss ion - on the scale envisioned 

here. 

reactor operating a t  5 x lo6 kw (of heat) ,  the world would have t o  

accommodate 15 x lo3 reactors. 

500 reactors would, i n  the asymptotic s t a t e ,  be ret i red each year. T h i s  

amounts t o  about 10 reactors being b u i l t  each week. 

Will we have the land, the waste disposal areas and the capacity t o  deal 

Thus i f  the en t i re  75 x lo9 kw were provided by f i ss ion  and .each 

If each reactor lasted 30 years, them 

Is this credible? 

w i t h  diversion and w i t h  transport o f  radioactivity? 
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Though technological f ixes  will ease these problems, i .e.,  cluster 

s i t i n g  would make diversion more d i f f i c u l t ,  one can see the p o i n t  of 

, those such as Pestel and Mesarovic who argue tha t  a much more appropriate 

asymptotic per capita energy demand i s  the value tha t  now characterizes 

much of Western Europe - about' 4 kw/person. However, i n  Stage I11 of 

the Age of Subst i tutabi l i ty ,  we estimated (Table VII) t ha t  loss of 

reduced (CH3) would require an additional 2 kw/person for  Demandite and 

agriculture.  

require more energy i n  Stage 111, we guess t h a t  t o  achieve the Pestel- 

Mesarovic world m i g h t  require perhaps 7 t o  8 kw/person. 

- Pollution i n  the Age o f  Subst i tutabi l i ty  - 

Since transport ,  space heating, and cooling would a l so  

The catastrophis ts  often p o i n t  o u t  t ha t  as we exhaust our higher 1 

grade resources and mine lower grade rock, p o l l u t i o n  will lead t o  d i sas te r .  

B u t  o u r  analysis p o i n t s  t o  a ra ther  d i f fe ren t  outcome. 

world's  "pollution", measured i n  tons o f  waste, comes from mining. 

I Most of the 

Since CH, is by f a r  the la rges t  component o f  Demandite, most o f  the 

waste from m i n i n g  is associated w i t h  extraction o f  coal - 8 tons o f  

spoil  per t o n  of  coal i n  the United States.  T h u s  i n  Stage I11 of the 

Age of  subs t i tu tab i l i ty ,  when we no lon'ger mine coal, the mine spoil  per 

person associated w i t h  other sources of energy (breeders, fusion, and 

so la r )  will be much less t h a n  the nine spoi l  now associated w i t h  our 

energy system. 
2 

As for  mine wastes from Avalloy, these can never increase much more 

than three-fold per ton because Avalloy is dominated by iron, and h i g h -  

grade taconi te  i ron ore is  only 3 times as  r ich as  " inf in i te"  l a t e r i t e  
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ore. 

tha t  from coal m i n i n g :  

would s t i l l  be small compared t o  the waste from coal m i n i n g .  

Hor2over, the total  waste from m i n i n ?  Avalloy i s  only 5 percent o f  

a three-fold increase i n  Avalloy m i n i n g  waste 

We present i n  Table VI11 our esti'mates for  m i n i n g  spoil a t  present 

and i n  the Age o f  Subst i tutabi l i ty  for  the U. S. and the world. These 

estimates a re  ju s t i f i ed  i n  -Appendix 4. 

From the table ,  one sees tha t  a t  a per capita energy budget of 7.5 

kw i n  Stage I11 the yearly mine spoil per person i s  2.4 tons compared t o  

7.4 tons a t  present. Thus ,  one can argue tha t  the world population 

could increase three-fold before the mine wastes equal present mine 

wastes. 

We have not attempted t o  estimate other po l lu t an t s  i n  Stage 111. 

Hwever, since the b u l k  of air pollution i s  the result o f  burning  of  

fossil fuel (C02, C O Y  S02, trace elements, f l y  ash), a i r  pollution ili 

Stage I11 o u g h t  t o  be - l e s s  t h a n  a i r  p o l l u t i o n  a t  present. 

of course, requires further study. 

This p o i n t ,  

Though our estimates a re  reassuring on the average, we are  r e luc t an t  

t o  leave an impression of f a c i l e  optimism. 

specif ic  places and specif ic  si tuations,  would undoubtedly be more serious 

than we have implied. 

The environmental impacts i n  

- Conclusions - 
Most o f  what we have sa id  i s  speculation. Yet, there is one aspect 

of the future which seem t o  be "scenario-proof": contrary. t o  the assertions 

o f  t h e  Neo-Malthusians, depletion o f  mineral resources per  se need n o t  

create  catastrophe, provided man finds an inexhaustible, non-poll u t i n g  

source o f  energy. 
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TABLE VIII: Annual Fuels and Metals Ore S p o i l s  
and i n  The Age o f  Substitutabil 

Stage I 

Today 
t Y  

. . .  

Present' Peak' Stage 113 

United States 
Population, 10 persons 
Energy, kw/person 
Spoil from Coal, tons/person 
Spoi 1 . from Breeders, tons/person 
Spoi 1 s from Aval 1 oy , tons/person 

Total Spoi 1 s, tons/person 
Total Spoils, 10 tons/year 

6 

9 

215 250 
11 13 
25 100 

1.3 -2 
26.3 102 
-- 

5.6 25.5 

World 
4000 6000 Population, 10 persons 

Energy, kw/person 1.5 3 

6 

Spoil from Coal , tons/person 7 35 
Spoi 1 from Breeders, tonsjperson -- _- 
Spoi 1 s f rom Aval 1 oy , tons/person 0.4 -1 

Total Spoi 1 s , tons/person 7.4 36 
29.6 216 Total Spoils, 10 tons/year 9 

275 
14 
10 
-I 

-3 
13 
3.6 

8000 

5 
5 

-- 
-1.5 
5.5 
44 

27 

. L  

Stage 1114 

300 
15 
-- 
0.6 
4 
4.6 
1.4 

io ,  o m  
7.5 

-- 
0.3 
2 
2.3 

23 

'Coal, o i  1, and gas available; half  o f  coal strip-mined, ha1 f mined underground. 
* O i l  and gas gone, 80 percent o f  coal strip-mined, 20 percent mined underground. 
3Stri ppabl e coal gone; a1 1 coal mined underground. 
4AlI coal gone; a l l  energy from non-fossil fuel resources. 
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The main problem is  how t o  go f r om our present s t a t e ,  Stage I - 
w i t h  p l e ~ t y  of  CH, and other resource materiais - t o  Stage 111, the t rue  

Age of Substi tutabil i ty,  without incurring dras t ic  social i n s t ab i l i t i e s .  

Will we have the capacity and foresight t o  plan and execute the tran- 
P 

sition w i t h o u t  gross in s t ab i l i t i e s?  

I t  is  a l l  well and good t o  say tha t  - i n  principle subst i tutes  can be 

found,  t ha t  even w i t h o u t  CH, our per capita energy budget  will n o t  be 

much greater than i t  is  now. B u t  factors of even two i n  energy budget 

o r  price,  t h o u g h  they seem small i n  the long r u n ,  can, i n  the short  r u n  

o r  i n  local s i tuat ions,  cause great social dislocation. 

i l l u s t r a t ed  by the Arab o i l  embargo. 

iron ore show tha t  a two-fold increase i n  price is not something the 

T h i s  was sharply 

Attempts t o  ca r t e l i ze  bauxite o r  

society accepts 1 ightly. ._ 

Glhat i s  a t  issue is  the effectiveness o f  the mrketplace i n  forcing 

a rational resource policy. To be sure, i n  the l o n g  run ,  the marketplzce 

forces substi tutions and lower grade ores t o  be used. . . B u t  the marketplace 

has a h i g h  discount ra te :  

years, the marketplace as i t  now operates invariably seeks out  pa ths  

i n  technological changes tha t  require many 

that  optimize short-term advantage. Such paths  may squander resources 

i n  the long  run. The s i tua t ion  i s  well i l lus t ra ted  by the light-water 

breeder reactor (LWBR) and the light-water reactor (LWR). - Over a 30- 

year period, a 1000 MGIe LWR w i t h  no recycle requires about 5000 tons of 

uranium; an LWBR of the same s i ze  may require perhaps 1500 tons o f  

uranium. 

invested i n  the f i r s t  few years, whereas the LWR uses i t s  uranium ra ther  

On the other hand, almost a l l  of the LWBR inventcry must be 
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~ uniformly over i t s  l ifetime. Thus i f  one judges the re la t ive  economic 

costs G n  a very short  write-off, the LWR wins; i f  the write-off is  30 

years o r  longer, the LWBR wins.. From the p o i n t  of vie\$ o f  husbanding 

resources, over the long run LWBR i s  bet ter  than LWR; over the short  r u n  

LWR is  bet ter .  P 

Recycle faces the same dilemma. How can one use the marketplace t o  

encourage recycle when, i n  the short .run, i t  pays not t o  recycle? I s  i t  

possible f o r  the marketplace t o  be modified, perhaps by government f i a t ,  

t o  reduce i t s  discount ra te ,  t o  take a longer, resource-dominated 

position? 

O u r  technical message is  c lear  - tha t  dwindl ing  mineral resources 

i n  the aggregate, w i t h  the exception c i  reduced carbon and hydrogen, a r e  

largely a myth. 

develop an a1 ternat i  ve energy source. 

the price of prime energy as low as  possible i s  immense. 

Subst i tutabi l i ty  energy - i s  the ultimate raw material. 

B u t  the  exception is  c r i t i c a l l y  important: nan must 

Moreover, the ircentive to  kckp 

In the Age of  

What the l i v i n g  

standard i n  the Age of  Subst i tutabi l i ty  will be ,  almost surely wil l  

depend primarily 01: the cost  of prime energy. I t  is  on this account 

t ha t  we would urge g e t t i n g  on as  vigorously as possible, not only t o  

developing sat isfactory inexhaustible energy sources - the breeder, 

fusion, solar ,  geothermal 7 b u t  t o  keeping the program broad enough so 

t h a t  we can determine, perhaps w i t h i n  50 years, what the cheapest inex- 

haus t ib l e  energy source is. 

O u r  social message is  less clear  and certainly l e s s  optimistic. 

Though we see no insuperable techcical bars i n  the Age o f  Subst i tutabi l i ty ,  
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t o  l iving a decent, rather t h a n  a brutish, l i f e ,  whether i n  f a c t  t h i s  

will happen, i s  f a r  f f o i  certain.  As Robert Heilbronner has poSnted 

o u t ,  local shortages tha t  i n  the course o f  history are  destined t o  be 

viewed as  transitory,  can and do cause large social and pol i t ical  insta-  

b i l i t y .  

have-nots against the underpopulated haves, could coll apse the society 

Heil bronners's Wars o f  Redistribution, p i t t i n g  the overpopulated 

long  before our carbon runs ou t .  T h a t  the P,ge of subs t i tu tab i l i ty  i s  in 
princiole autarkic, since mankind no longer depends on reduced carbon 

(which i s  located i n  a few places), i s  l i t t l e  solace for governments o r  

peoples today wlio look upon t h o  shortages o f  the next decades as threaten- 

i n g  the en t i re  social structure. O u r  purpose i s  n o t  t o  argue t h a t  the 

Age o f  Subst i tutabi l i ty  i s  an easi ly  achieved technological heaven-on- 

earth. 

deficiencies tha t  now prevent us from passing t h r o u g h  Stage 11 o f  our  

human voyage w i t h o u t  causing the boat t o  capsize. 

I t  i s  rather t o  urge tha t  we pay attention t o  those ins t i tu t iona l  

The landfa l l ,  i f  we 

make i t  t o  Stage 111, should be surprisingly bet ter  t h a n  the catastro- 

p h i s t s  have been p red ic t ing .  

September 4, 1975 



APPENDIX 1 

T h i s  appendix is  provided t o  give a brief explanation of how the 
formulae for Demandite and Avalloy were developed for  Tables I 
and 11. I t  a lso provides subsidiary formulae for  Avrefract, etc.  
Finally,  i t  gives fur ther  explanation on development o f  the crust ,  
seawater, and a i r  formulae of Table I11 and the "best resources" 
data of Table IV. 
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Demandite - The determination of a highly accurate formula for  Dexandite 

would be a formidable task and might  be impossible today because of a 

lack of s t a t i s t i c s .  

i n  Table I a re  w i t h i n  a few percent G f  the ultimate formulae. 

belief i s  based on the f a c t  t ha t  the f i r s t  four materials - foss i l  

fue ls ,  sand and gravel, limestone, and iron - account fo r  over 97 percent 

by weights of  the non-renewable materials used by society. 

combined carbon and hydrogen because the bulk o f  these elements have a 

common use: fuels. The d i f fe ren t  r a t i o  o f  H / C  for the U. S. and the 

world r e f l ec t s  greater use of  o i l  and gas (versus coal) i n  the U. S. 

compared t o  the world a t  large. I t  should be noted tha t  the amount o f  

carbon i n  limestone compared t o  t h a t  i n  foss i l  fue ls  i s  quite small (5  

percent fo r  U. S., 11 percent fo r  the world) .  Further, the formulae 

r e f l e c t  the f a c t  tha t  very large amounts of oxygen are  associated w i t h  

i 

I t  i s  believed, however, tha t  the formula presented 

T h i s  

We have 

s i l i c a  and limestone, which  is  only of academic in te res t .  

formulae fo r  Demandite show how small, r e l a t ive  t o  a l l  non-renewable 

Finaliy, the 

materials used by society, the metals rea t ly  are (1.3 mol percent i n  

U. S. and 1.6 mol percent world-wide) and how this group i s  dcminated by 

i ron.  I t  should  be noted also tha t  although the use of magnesium is 

large,  l e s s  than 4 percent i s  used f o r  production of metal. 

Avalloy - Determination of the formulae f o r  Avalloy is much simpler than 

for Demandite because statistics are much better.  

however, t h a t  the formulae embrace two opposing "errors". 

metall ic elements include non-metal uses (lead additives i n  gasoline, 

1.t. should be noted, 

First, many 

i zinc and lead compounds i n  pigments, e t c ) ;  thpse uses are  included. 
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is 
Second, recycle o f  metals amounts t o  1 to  50 percent fo r  

32 

i f i c  metals 

since we are  concerned with resource depletion, amounts recycled have 

been excl uded. 

Subsidiary Formulae - As we have already noted, i n  addition t o  Avalloy, 

Demandite can also be subdiv ided  into other groups of elements w i t h  

f a i r l y  cormon use; we include four such groups below - Avfert (average 

of agricultural  chemicals), Avgas (average of industrial gases), Avchem 

(average of major non-metal chemical s and metal s used. i n  oxidized 

form), and Avrefract (average of refractory elements). 

Aifert ( i n c l u d i n g  sulfur and hydrogen - NH3 - intermediates) 

United States 

N. I803 '. 0284 '. 0229 
._-_ Mor1 d 

N.2638 '.0391 ' K.0384 (S.0634H. 5953 1 
Avgas 

United States 
". 0342 Ar. 0810 He. 0004 (Ne>Kr¶Xe)<<. 0001 H.8138 N.0483 O. 1026 

World 
(Ne,Kr,Xe) 

<<. 0001 H.7783 N.0613 O.1306 'l.0294 , A r m  0004 He. 0000 1 

N a m  7760 '. 1707 Ba. 0060 '. 0365 '. 0085 Br. 0020 Other. 0003 

Avc hem 
United States 

World 

Na.7634 '.1930 Ba.0050 F.0305 '.0071 Br. 0008 Other. 0002 

Avrefract 
United States 

(Be and Other).0010 Mg 8180 Ti. 1674 Zr. 0136 
fiorl d 

(Be and O t h a - ) - O G 1 O  Mg 8722 1196 Zr. 0372 
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t o  1 kilometer depth. I t  was assumed tha t  i n  this t h i n  layer on the 

Average Abundance o f  Elements i n  the Ea r th ' s  Crust, Sea, and Atmosphere - 
The average cornposition of the lithosphere was calculated for  a l l  rocks 

continents, 30 percent o f  the rocks were igneous rocks, principally 

grani t ic ,  and t h a t  70 percent were sedimentary rocks OK metamorphic 

rocks derived from sedimentary rocks. I t  was further assumed tha t  81.5 

percent of the l a t t e r  were shale, 12  percent sandstone, 6 percent lime- 

stone and dolomite, and 0.5 percent evaporites. The crustal composition 

of Table 111 i s ,  therefore, a weighted average of the abundances of the 

various elements i n  these diverse type rocks. 

Seawater and a i r  are  highly homogeneous. In oder t o  provide a nore 

sat isfactory "formula" for  seawater, the water content (96.5 percent) 

was omitted, i .e . ,  the formula gives the composition o f  solids i n  

seawater. 

dominated by the first six elements which consti tute 99.96 mol percent 

of a l l  the solids. The residual 0.04 percent i s  principalty non-metal 

elements such as  boron and bromine and soluble metallic elements l ike  

l i t h i u m  and rubidium. 

at l e a s t  a thousand-fold less prevelant' than i n  rocks. 

T h i s  formula shows clear ly  tha t  seawater solids are  highly 

As shown, the common metals a re  extremely sparse - 
T h u s ,  t e r r e s t r i a l  

resources appear much more desirable f o r  these elements unless very 

specif ic  i o n  exchange, adsorption, o r  similar processes a re  developed 

for removal of single or  groups o f .  these elements from seawater. 

then, pumping costs would be enormous. 

Even 

The formula for a i r  deserves only one comment, namely tha t  the 

concentration o f  helium ( 5  ppm by volume o r  0.65 ppm by weight) i s  so 
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G3 
low compared t o  concentrations i n  natural gas that  the recovery of 

helium from air will be 50 or  more times the cost o f  recovery from guch 

o f  the  world's natural gas; unfortunately the la t te r  will be gone i n  

less than 50 years. I 
High Quality, "Inf ini te"  Resources for  Nidely Used Eleyents - Table IV 

~ 

gives "preferred" resources for  the most comonly used elements i n  
~ 

essent ia l ly  infinite supply and demonstrates tha t  fo r  these elements, a t  

l ea s t ,  recourse t o  less  desirable, s i l i c a t e  bearing igneous rocks o r  

" d i r t "  will never be required. 

resource, the to t a l  supply, and a resource t o  demand (R/D) r z t i o  a re  

then given f o r  each element. 

of their large values, b u t  do indicate t h a t  only the best and most 

The maximum concentration i n  the preferred 

The R / D  ra t ios  a re  highly academic because 

accessible of these resources need be used for a very long  time. 

In determining the quantities i n  the resource column of Table IV, i 
the topmost kilometer of the ear th ' s  crust ,  a l l  of the seawater i n  the 

oceans and the en t i re  atmosphere were assuined available for  ultimate 

exploitation. 

exploitation, a re  so low (c10'6/year) and because i n  such a long time 

frame most of the exploited materials would return t o  the seas and the 

T h i s  assumption seems acceptable because the ra tes  o f  

a i r .  

The qualifications for the world resource column o f  Table I'll a r e  as  

fo l  1 ows : 

dd 

The topmost kilometer of crust contains about 3.8 x 1017 ions of 

rock; o f  which 1.15 x 1017 tons a re  igneous (including 2 x 10l6 tons of 

basal t  and 3 x 1014 tons of ultramafic rock rich in Ni, Cr, E ~ c . ) ,  
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2.2 x 1017 tons of shale (we assume only 10 percent o f  t h i s  is  h i g h  

alumina shale),  3 x 10I6 tons of sand arid sandstone, 1.6 x 10I5 tons o f  

G3 

limestone and dolomite, and 1.5 x i O 1 5  tons o f  evaporites. The mass of 

the oceans i s  1.5 x 10'' tons which contains a b o u t  5 x 1GI6 tons of 

sol ids;  the mass of  the atmosphere is  6 x 1015 tons. These great 

resources were assumed completely avaf 1 ab1 e for  recovering a1 1 of the 

elements i n  Table IV except reduced carbon, phosphorus, and manganese; 

fo r  these we have used present estimates of reserves and hypothetical 

and specul a t i  ve resources. 

When a17 the fossil fuels are  depleted, recourse t o  carbon d ioxide  

i n  the a i r  and seas and i n  limestone may be required, as  explained i n  

Appendix 3, as a source of  carbon f o r  petrochemicals b u t  not fo r  fuels; 

these resources of carbon are indeed inf in i te .  Similarly, when CHx i s  

depleted we m u s t  acquire hydrogen for Lise as  a metal ore reductant f o r  

petrochemical production and fo r  ammonia synthesis from other sources; 

we assume this will be from electrolysis  of water, which,incidentally 

provides large amoun t s  of byproduct oxygen.  F u r t h e r ,  as shown i n  Table 

111, resources o f  "unextractable" CH, a r e  about 200 times tha t  of coal, 

o i l ,  and gas. Certainly, the b u l k  o f  t h i s  resource will .remain forever 

unexploited because more energy is needed t o  extract this CH, t h z n  is 

increased. However, i t  may be used.in principle a s  a raw material f o r  

petrochemicals, and further study is  required t o  compare CHx from this 

source w i t h  CHx from C02 and H2 produced by water electrolysis.  

I t  should also be noted i n  Table IV t h a t  some elements are recovera- 

ble f r o n  duzl  i n f in i t e  resources, i .e., s a l t  and gypsum from both the 

7 i tf,os;)he!-e and t he  weans. 



. 

APPENDIX 2 

The Rest o f  the Elements 
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The Rest of .  the Elemints - To complete o u r  ippraisal o f  the elements, we 

consider, br ief ly ,  the non-metals ( i n c l u d i n g  the commonest metal oxides),  

refractory metals, and the non-ferrous byproduct el etnents. G l i  t h  regard 

t o  the non-metals, 11 of the 12 most widely used elements (iron be ing  

the so le  exception) i n  Demandite e i the r  a re  non-metals o r  a re  metals 

used i n  t h e i r  oxidized s t a t e  (C,  S i ,  Ca, Na, N, S, -0, C l ,  H, K, and P ) ;  

as already noted, only CH, and P i n  this g roup  have non-infinite resources. 

Together, these 11 non-metals or oxidized metals account for 94.6 pgrcent 

of a l l  non-renewable materials currently used by world society,  and i r o n  

accounts for an additional 4.8 percent. 

account f o r  the remaining 0.6 percent of the materials used by man. 

The remaining 70 s tab le  elements 

The 

major non-metals, oxidized metals, and iron accounted fo r  86 percent of 

the value o f  a l l  non-renewable resources i n  1968 i n  the pre-oil-embargo 

era; today this value would be 92 percent because fossil fuel prices 

have tri pled . 
O f  the remaining non-metals o r  metals used predominantly i n  oxidized 

form (Ba, F, Ar, B, Br, Sr, the Rare Earths, I ,  He, L i ,  Y ,  Sc, Rb, Ne, 

Kr, and Xe) a t  least 5 (Ar, Ne, Kr, Xe, and Br) have i n f i n i t e  resources. 

The entire group accounts f o r  a scant 0.05 percent o f  a l l  non-renewable 

resources used by man: of these, 84 percent a re  barium and fluorl'ne; 15 

percent argon, boron, and bromine; and-1 percent a l l  the rest. I t  is 

hard t o  see how even very large pr ice  increases for any o r  a l l  of these 

elements could a f f ec t  the world's t o t a l  resource b i l l  appreciably. 

The major refractory metall ic elements used by society a re  titaniurn 

and zirconium; i n  addition over 95 percent of al; magnesium is  used a s  
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Irs the oxide, as is a small fraction o f  consumed aluminum. 

and value o f  this group o f  elements is  a b o u t  the same as for the minor 

non-metals. 

t i t a n i u m  and zirconium large t o  very large; therefore, costs f o r  this 

group should never increase more than several-fold. ,The major present 

use (>90 percent) of t i t a n i u m  is  for  t i t an i a  pigment; this is  largely a, 

use based on aesthetics,  and i t  is  hard t o  conceive t h a t  society would 

collapse if such needs were not fu l f i l l ed .  

The quantity 

The resources o f  magnesium and  aluminum are in f in i t e  and of 

The f inal  group,  the non-ferrous metal byproduct elements (As, Sb, 

Cd, Ge, Se, Te, Ga, In ,  T1, and B i )  a re  obtained partly o r  wholly as  

byproducts o f  copper, zinc, and lead. 

0.0015 percent o f  a l l  the non-renewable materials used by society and 

less than 0.1 percent of the total  value o f  a l l  such materials; the 

f i r s t  three account for 99 percent o f  these small percentages. 

a number of the r e s t  of t h i s  group have a very important  use - as semi- 

conductors i n  communications and computers. 

zinc a re  a l l  metals w i t h  limited resources which we have indicated will 

be largely replaced i n  the Age o f  Subst i tutabi l i ty  by i r o n ,  aluniinum, 

and magnesium, i t  seems prudent t o  recover and store these byproduct 

el ements . 

4s a g roup  they consti tute only 

However, 

Since copper, lead, and 
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Energy Demand i n  the  Age US S u b s t i t u t a b i l i t y  - Total annual energy 

consumption i n  the U. S. iti 1963 was 62 x 10'' kwh (versus about 

72 x 10" kwh i n  1972. 

drs 

T h i s  consumption divides i n t o  25 percent fo r  

transportation, 34 percent for  home and cornrnercial use and 4 1  percent 

for  industry. 

this total  energy consumption. 

i ndus t r i a l  sectors is  shown i n  Table A l .  

inorganic chemicals, cement-stone-clay-glass, fossil fue ls ,  other manu- 

facturing) are based on non-renewable resources; the l a s t  (other manu- 

facturing) i s  based mainly on the o u t p u t  from the f i rs t  four.  

Generation of  e l ec t r i c i ty  accounted for* 22.5 percent o f  

Use o f  energy by industry fo r  5 majcr 

The f i r s t  four sectors (metals, 

According t o  Eric Hurst,* the energy i n p u t  per kilocalorie of food 

i s  now nearly 7 kilocalories. 

d i s t r ibu te  the 2,500 kilocalories of food per day necessary t o  feed the 

average American requires about  17,500 kilocalorieslday, o r  about 7,600 

kwh/person/year (0.87 kw/pcrson). 

the to ta l  U .  S. consumption. 

l i ters of water per person/day. 

Thus  t o  grow, harvest, process, artd 

T h i s  represents about 10 percent o f  

To grow this food requires about 8,000 

I t  is the primary purpose of this appendix t o  examine how energy 

use by industry and agriculture may change on the road t o  and . in  the 

f inal  stage of the Age of Subst j tutabi l i ty ,  based on our p r f o r  discussions 

of future resource ava i lab i l i ty  and mix. As we will show, energy increases 

*Eric Hurst, "Energy Use fo r  Food i n  the United States",  ORNL-NSF-EP-57, 
October 1973. 
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per t o n  of product ir: the (1) inorganic chemical and ( 2 )  cement, stone, 

clay and glass sectors will be small, and tha t  for  metals somewhat more 

b u t  cer ta inly less  than a factor  of two. Because changes i n  the petroleum 

refining and reiated industries sector is  the most complex, we s t a r t  

I w i t h  this group. 

As we have noted i n  the tex t ,  the major resource problen i n  the . 

future i s  the eventual depletion of natural supplies of reduced carbon 

and hydrogen (CH,) as a source of energy, a reductant for metal ores and 

minerals and as  a raw material fo r  petrochemical products and a m n i a  

for f e r t i l i z e r .  We envision two stages on the road t o  Stage 111 o f  the 

Age of Subst i tutabi l i ty .  The f irst ,  the present stage,  we believe will  

be completed i n  30 t o  50 years when world petroleum and natural Sas 

supplies a re  depleted; however, i t  may be extended for  a time i f  o i l  

from high-grade shale can be massively exploited- The second stage,  

when coal is the sole remaining foss i l  fuel, may last  another hundred 

years. In this stage coke f o r  making i ron and s tee l  will s t i l l  be 

available,  b u t  petrochemicals, synthetic o i l  and gas, and hydrogen f o r  

amonia synthesis must come from coal. Finally, i n  the t rue  Age o f  

Subs t i tu tab i l i ty  when - a71 f o s s i l  fuels ‘are used up,  completely new 

energy systems - breeder reactors,  fusion, solar  - must be f u l l y  developed 

and widely deployed. 

for ammonia will undoubtedly become hydrogen from water e lectrolysis .  

The source of carbon for petrochemicals, unless subs t i tu tes  displace 

them - and some would be very hard t o  do w i t h o u t  - must beccme carbon 

dioxide from the calcination of !itnestme o r  conceivably CY3 from shale 

t h a t  i s  t o o  d i lu te  t o  mSne as  a source of erlerqy. 

The major metal ore reductant and saurce of hydrogen 
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With regard t o  future sources of h i s h  temperature energy fo r  industry, 

two options are  now envisioned: ( I )  use o f  very h i g h  temperature gas 

cooled reactors w i t h  thermodynamic efficiencies approaching tha t  availa- 

ble w i t h  the combustion o f  foss i l  fue ls ,  and (2 )  e lec t r i c i ty  or electro- 

l y t i c  hydrogen w i t h  considerably lower overall.  thermodynamic eff ic iencies  

(30 t o  40 percent}. . The former would n o t  materially irxrease the i n p u t .  

heat energy requirements o f .  industry; the l a t t e r  mZght  double present 

requirements. 

Reduction of metal ore concentr?tes and production of reduced 

carbon and ammonia w i l l  both require very large quantit ies of hydrogen 

ir: the Age o f  Substi tutabil i ty.  We assume this hydrogen will come from 

water e lec t ro lys i s  because we do n o t  believe tha t  the overall energy 

budget for a l ternat ive chemical systems are  much bet ter  t h a n  for electro- 

l y t i c  decomposition of water. The f r ee  energy change f w  water electroly- 

sis is 32,700 kwh/ ton  of H2 (or  1,840 k w h l t o n  of iron reduced from Fez03 

w i t h  hydrogen). An advanced electrolysis  cel l  * coul d ,  we bei ieve, 

produce hydrogen u s i n g  48,500 kwhe/ton (121,000 kwht/ton a t  40 percent 

thermodynamic efficiency for production of  electric! t y )  . 
use of hydrogen a s  a metal ore reductant l a t e r ,  when we discuss metals. 

We consider 

Use as a reductant for carbon d ioxide  i s  considered below. 

*J. E. ttlrochek and H. G. Goeller, “Generalized Capital and Operat ing 
Cost fo r  Power Intensive and A l l  ied Industries” , ORNL-4296, December 
1969.. 
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The basic step ir! producing petrochemicals from carbon dfoxide is 

t o  produce methane by the fallowing reaction: 

c02 4- 4H2 -t C Y 4  f 2H20 

This s tep  i s  exothermic, reieasing -39 kilocalories per mole of enthalpy 

per mole and -27 kilocalories per mole of f r ee  energy. 

w i t h  the e lectrolysis  o f  water, the overall reaction is: 

However, beginning 

2H20 + CO2 +- CH4 + 202 

which i s  highly endothermic and requires f191 kilocalories per mole o f  

f r ee  energy. Methane i s  then converted t o  ethylene (bF0 = 18.35 k i l o -  

calor ies)  o r  acetylene ( bFo = 37.62 k i  1 oca1 or i  es) , the more usual 

precursors of many plast ics ,  solvents, etc. 

the overall change i n  f r ee  energies t o  209 and 229 kilocalories per 

These reactions increase 

mole, respectfvely, b u t  reduce the quantity o f  e lec t ro ly t ic  hydrogen 

needed. 

energy actual ly  required i n  these processes i s  generally much greater 

As w i t h  lsretals production (Table VI;), however, the total  

than the free energy changes. 

A l t h o u g h  such processes need further study as regards t h e i r  ener- 

get ics ,  we estimate very approximately t h a t  petrochemicals from a i r ,  

water, and energy would require 2 to 5 times* more raw energy than 

plastics from natural gas. The energy we now use f o r  p las t ics  i n  the 

U. S. amounts t o  0.2 percent o f  the to t a l :  

this might  increase t o  1 percent o r  about 0.1 kw/person. 

i n  the Age of SubstitutabiIi,y 

*The factor  2 would apply t o  polyethylene; the factor  of 5,. t o  *polyvinyl 
chloride because of the energy intensive chlorine manufacture step. 
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The metal industry hzs alrezidy been disclrssed i n  the text .  There 

we noted (Table VI) tha t  the energy for producing metals w S t h  abundan t  

resources (Fe, A1 , Mg, and :T i  1 would inclreas,e n o t  more t h a n  30 percent 

(63 percent for  t i t a n i u m )  when util’ization of lower grade in f in i t e  

resources i s  required, b u t  before a l l  foss i l  fuels  are,used up .  When 

fossil fue ls  a r e  gone and hydrogen becomes the main metals ore reductant, 

i n  the  Age of Subst i tutabi l i ty  energy fo r  extracting metals wil l ,  we 

believe, s t i l l  be less than twice the present values. 

(Table VII) t ha t  the min ing  and beneficiation energy are  only small 

par ts  of the total  energy required. 

o f  metals improves, the re la t ive  amount o f  new metal from ores will 

We also indicated 

Ne also ant ic ipate  tha t  as  recycle 

decrease, and therefore the energy demand, because recycled rn2tal needs 

less energy per ton. Conversely, as use o f  the low energy, b u t  scarce, 

non-ferrous metals - Cu,  Zn ,  Pb, and Sn - is  replaced by the energy 

intensive, b u t  abundant subst i tute  metals - A1 , Mg, T i ,  and Fe - the 

energy demand will increase. However, because Avalloy is  so dominated 

by iron and steel ,  iron s t r o n g l y  buffers energy demand. For example, i f  

a l l  Cu were replaced by A1 , t h e  energy per t o n  of  modified Avalloy would 

increase only about 10 percent. In any event, i t  is hard t o  see how 

Avalloy can, i n  the future, ever require more t h a n  twice the present 

energy per ton of metal. 

Energy requirements for metals i n  Tables A1 and A2 a re  given f o r  

new metal product ion from ores and f o r  to ta l  production, i n c l u d i n g  

recycle. 

same for b o t h  cases. 

I t  should be noted tha t  the kwh/ton for.Avalloy is about the 

The kwh/ton fo r  new metal should be higher than 
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recycled metal ; however, the value fo r  totcl  netal may inc:ude many 

finishing operations not included i n  estimates for  new R e t t i l .  

The inorganic chemicals, and the cement, stone, clay and glass 

groups a re  based on i n f in i t e  resources for  nearly a l l  the major elements 

or materials of the groups. 

d i f f i cu l t  t o  see how the energy/ton fo r  these materials can increase 

si gni  f i cant1 y. 

will increase, b u t  not  double, especially since much of the energy is 

already used as  e l ec t r i c i ty  which is now generated a t  about 30 percent 

efficienty.  

Thus ,  a s  long as fossi l  fyels  l a s t ,  i t  is 

When fossi 1 , fuel s a re  gone, however, energy requirements 

In our study we have guessed tha t  the energy/ton i n  the Age 

of Subst i tutabi l i ty  m i g h t  increase by.30 percent. 

I n  the cement, stone, clay and glass cjroup, nearly half the energy 

consumed is f o r  producing portland cement from clay and limestone; the 

remafnder is used fo r  quarrying sand and gravel, crushed stone, and 

clay, and for manufacturing glass, bricks, and other clay products. A 

major increase i n  energy requirements will occur for  increased transpor- 

t a t i o n  of these low u n i t  cost commodities as source t o  market distances 

increase, b u t  w have not  estimated.how much this increase might  be. 

The inorganic chemicals sector is dominated by the major non-metals 

and oxidized metals - the seven elements ( N ,  0, Na, C1, S ,  P, and K) on 

lines 3 i n  the formulae of Demandite (Table I )  - a l l  of.which have 

inf in i te  resources w i t h  the possible exception of phosphorus. 

used principally i n  f e r t i l i z e r s ,  industrial  gases, and basic chemicals 

such a s  caustic soda, soda ash, and sulfuric acid. 

They a re  



The Age of Subs t i tu tab i l i ty  - Appendix 3 44 

The energy demand for  agr icul ture  will a l s o  be higher i n  the Ase of 

Subst i tutabi l i ty .  

on desalted water and on use of f e r t i l i z e r s  - fixed n i t rogen ,  phosphates 

and potash. I f  water m u s t  be won froin the sea, since 6 kwh is  the 

The extreme case would  be agricul, ture  based exclusively 

m i n i m u m  work required t o  desa l t  8,000 l i t e r s  of water -(which i n  t u r n  i s  

the average required t o  grow 2,500 k i  localories/person/day o f  food), 

then 6 kwh of  work, o r  about 20.kwh of heat, is the thermodynamic m i n i m u m  

per day t o  desa l t  the water now required f o r  agriculture.  

nust be m u l t i p l i e d  by about 20 because desalting can never be done 

This number 

reversibly; b u t  i t  could be reduced twenty-fol d because w i t h  advanced 

farming methods we might  grow a man's food w i t h  only 400 l i ters /day.  

Thus we estimate tha t  desalted water fo r  agr icul ture  m i g h t  require 20 

kwh/person/day o r  0.8 kw/person (7,300 kwh/person/year) , and tha t  the 

to ta l  energy required t o  conduct agr icul ture  i n  an era o f  water scarc i ty  1 

m i g h t  therefore come t o  about 1.7 kw/person. T h i s  i s  almost surely an 

overestimate since i t  i s  most unlikely t h a t  the  b u l k  o f  the world w i l l  

depend on desal ted water f o r  agr icul ture .  

for  industr ia l  products* we estimate t h a t  the to ta l  per capita energy i n  

Adding t h i s  t o  t h e  1.7 kw/person 

the Age of Subst i tutabi l i ty  required f o r  recovering non-renewables and 

for agriculture based cn a r t i f i c i a l  f e r t i l i z e r  and upon desalted water 

comes t o  about 3.5 kw/person. 

*This becomes 1.4 kw/person when only new metal is considered. 
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The data G n  which these estimates are  based are  summarized i n  Table 

Assuzptions have included a world population o f  10 x lo9 persons R2. 

(300 x 10 

(versus 15 for the U. S . ) ,  a world agricultural  energy demand equal t o  

6 for  the U .  S . ) ,  world use o f  energy a t  a level 7.5 kw/person 

that  i n  the U. S. a t  t ha t  time, b u t  a world industrial’per capita energy 

use o f  only one-iialf o f  the U. S .  As we have shown i n  Table VIII, such 

an estimate indicates an increase, for industry and agriculture,  o f  1.5 

kw/person i n  the U. S. and 2 kw/person worldwide. 
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TABLE Al: Present (1968) U. S. and World Energy Demands f o r  
Non-2enewabi e Resource Industries and  fo r  Agriculture 

Total Total 
Quantity 
105 tons 

United States  
Industry 

Metal s,  Pr imry  85.6 
Metals , Total 132.0 
Inorganic Chemicals 84.1 
Cement, Stone, Clay, 

GI ass  1,642 
Fossil Fuels 1 , 500 

Subtotal ,  new metal 3,312 
Subtotal, t o t a l  

metal 3 , 358 
Agri cul tu re  -- 
Total, new metal -- 
Total, t o t a l  metal -- 
Other Manufacturing -- 
Total,  t o t a l  metal -- 
Other Energy Use - - '  j 

Energy 
109 kwh kwh/ton kwh/capi t a  kw/capita 

1,050 
1 , 595 
1,508 

12,300 
12,080 
17,930 

5,250 
7,975 
7,540 

0.69 
0.91 
0.86 

1,840 
4,185 

18,815 

368 
837 

3,763 

225 
560 

1,136 

0.21 
0.48 
2.14 

1,280 4 , 308 

1,520 
5,283 
5,828 

2,431 
8,260 

' 11,040 
19 , 300 

21,540 
7,600 

26,515 
29,140 
12 , 150 
41,300 
55 , 200 

96 , 500 

-- 

2.46 
0.87 
3.01 
3.33 
1.38 
4.71 
6.3 

10 (11 i n  1973 Total , a l l  energy -- -- 
World 
Industry 

Metals, Primary 424 
Metals, Total 636 
Inorganic Chemicals 221 
Cement, Stone, Clay, 

GI ass  11,670 
Fossil Fuels 4 , 760 

Subtotal ,  new metal 17,075 
Subtotal ,  t o t a l  

metal 17 , 287 

Agriculture 21,600 
Tota l ,  new metal 38 , 675 
Total, t o t a l  metal 38,887 

4,700 
6 , 360 
3,962, 

11 , 100 
IO , 000 
17-, 930 

1,305 
2 , 120 
1 , 100 

0.15 
0.24 
0.13 

'2,626 
'2,380 

13 , 668 

16,600 

' 1  225 
500 

800 

730 
66 1 

3 , 797 

0.08 
0.07 
0.43 

690 4,611 
6,000 
9,797 

10 , 600 

0.53 
0.68 
1.12 
1.21 
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TABLE A2: Possible U. S. and World Energy Demands fo r  
Non-Rei,ci.jablc Resources and f i r  Agriculture i n  

(Populations - U .  S. ,  300 x lo6; Glorld, 10,000 x 10 ) 
The Ase o f  Subs t i  tutabil  i ty  

6 

Total 
Quantity 
106 tons 

United States 
In du s t r y  

Metals, Primary 128.4 
Inorganic Chemi cal s 126.2 
Cement, Stone, Clay, 

G1 ass 2,463 
Carbon and Hydrogen 150 

Subtotal, Industry 2,867 
Agriculture 

W i t h o u t  Desalted 
Water -- 

W i t h  Desalted Water -- 
Water -- 
Mater -- 

-... 
Total, Without Desalted 

Total, W i t h  Desalted 

t 

Grs 

Worl d 
Industry 

Metals, Primary 2,134 
Inorgani c Chemical s 2 , 103 
Cement, Stone, Clay, 

G1 ass 41,1,00 
Carbon and Hydrogen 2,500 

Subtotal, Industry 47,837 
Agriculture 

Without Desalted 
Water -- 

W i t h  Desalted Mater -- 
Mater -- 
Water -- 

Total, Without Desaf ted 

Total, W i t h  Desalted 

Total 

10 kwh 
E n p y  

3,150 
2,940 

7 17 
6 30 

7,437 

2,280 
4,470 

9,717 

11,907 

52,500 
49 , 000 

11,950 
10,500 
123,950 

76,000 
149,000 

200,000 

273,000 

kw h /  t o n  

24,600 
23,300 

291 
4,200 
2,594 

-- 
-- 

-- 
-- 

24,600 
23,300 

291 
4,200 
2,594 

-- 
-- 

kwh/capita kwlcapi t a  

10,500 .I. 20 
9,800 1.12 

2,390 0.27 
2 , 100 0.24 
24,790 2.83 

7,500 0.90 
14,900 1.70 

32,390 3.73 

39,690 4.53 

5,250 0.60 
4,900 0.56 

1 , 195 0.14 
1,050 0.12 
12,395 1.42 

7,600 0.90 
14,900 1.70 

20,000 2.32 

27,300 3.12 
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Pollution i n  the  A y  of Subst i tutabi l i ty  - - The prfmary environmntal 

insult i n  Stage I1  o f  t h e  Age of SubstituBat.ility will come from the 

mining associated w i t h  use o f  carbon, and, to  a much smaller extent, o f  

iron arid copper. In addition, very large quantities o f  sand and gravel , 
crushed and dimension stone, gypsum, pumice, and clay,are  consumed by 

society. 

the United States or  8 tons per capita. 

these materials a re  quarried o r  dredged from a myriad of "couRty" rock 

quarries and sand pi ts ,  used almost a s  removed from the ground mainly i n  

The aggregate of these materials is 1.6 bi l l ion tons/year i n  

However, the large bulk o f  

construction, and t h u s  have a m i n i m u m  environmental impact other than 

leaving many holes. Probably the greatest  environmental problem zssoci- 

ated w i t h  the  use of such materials is  the local d u s t ,  smoke, and thermal 

pollution result ing form the manufacture of portland cement. Because o f  

their minor environmental impact, we will n o t  discuss this c lass  o f  

materials further. 

I n  Stage I11 of the Age of Subst i tutabi l i ty  when a l l  the reduced 

carbon has disappeared, the environmental insult caused by m i n i n g  should 

be l e s s  than today as  the following estimate shows. 

Each person i n  the U. S . .  now uses , annual ly, about 3 tons of coal ; 

he also uses about 0.4 tons of Avalloy, a r a t i o  of nearly 8 : l .  The 

spoils from min ing  coal, on the average, dominate a l l  others: about 8 

tons of rockiton o f  coal (50 percent strip, 50 percent deep mifiing) o r  

about 25 tons/person/year. In 30 t o  50 years, when o i l  and gas a re  gone 

we will be s t r i p p i n g  even more extensively and spoils will increase 
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considerably t G  as much a s  100 tons/person/year. 

the strippable coal i s  depleted, we \ J i l l  undoubtedly return exclusively 

t o  underground coai mining and the rock spoils will be reduced to ,  say, 

b;evei-, when a l l  o f  

10 tons/person/year. 

A t  present, per ton of Avalloy used, we mine 3 tqns of rock: 

the rock associated w i t h  Avalloy m i n i n g  i s  about 1.3 tons/person/year. . 

t h u s  

Even when we go t o  infinite sources of iron - 10 percent ores instead of 

30 percent ores - the rock associated w i t h  Avalloy (4 tons/person/year) 

is st i l l  only one-sixth the rock now associated w i t h  extraction of coal,  

and about  40 percent o f  the coal spoils when the s t r i p p a b l e  coal is 

gone. 

When reduced carbon is  gone, and we have t o  depend on f i ss ion ,  

fusion, o r  so la r ,  the rock moved per capita i s  less .  The.worst case 

would be energy from fission breeders, t h o u g h  fusion based on l i t h i u m  

might be comparable. Consider energy from fission breeders based, l e t  

us say, on rock bearing 10 ppm of uranium and thorium. . Then our projected 

U. S .  budget  of 15 kw/person corresponds t o  b u r n i n g  6 grams uranium and 

thorium/person/year; this corresponds, a t  10 ppm, t o  min ing  0.6 tons o f  

rock/person/year, rather than the 25 tons/person/year we now devote t o  

energy. Thus, a s t r i k i n g  character is t ic  c f  Stage 111 o f  the Age of 

. 

G3 

Subst i tutabi l i ty ,  as  f a r  as  environment i s  concerned, i s  t h a t  the amount 

of waste rock handled for fuel and metals is reduced from about 30 

tons/person/year t o  a b o u t  5 tons/person/year . 
As for the world, i n  the Age o f  Subst i tutabi l i ty ,  l e t  u s  again 

assume 7.5 kwlpersonlyear; f o r  Aval loy, 0.2 tonjpersonlyear (one-half 
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the  current U. S. f igure) .  

the mine spoi l  would be 12  tonslpersonlyear frcjm coal m i n i n g ,  and ( a t  10 

percent ore)  2 tons rock/person/year froin Avalloy. When m i n i n g  for coal 

has ceased, the rock handled per capita t o  extract  Availoy, world wide, 

Then as l o n g  as strippable coal holds  out ,  

& 

may be a s  l i t t l e  as  15 percent of the rock handled when carbon extraction 

was a t  i t s  maximum. The to ta l  rock handled by the whole world,  assuming 

a popula t ion  o f  lo lo ,  comes t o  2.5 x l o l o  tons/year. 

equal t o  the amount o f  rock now handled by the world's coal m i n i n g  - 
T h i s  i s  about 

about 2.5 x 10'' tons/year. I t  would seem tha t  the to ta l  m i n i n g  ac t iv i ty  

i n  the Age o f  Subs t i tu tab i l i ty  may be the same as  now; however, i n  the 

interim i t  may reach a maximum and then  decline as  coal resources approach 

depletion. 
w 

. 

, 
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