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The Energy Resources of the Earth

The Enerpy Resources of the Earth

M, K1NG HUEBER'T

Em:rg:.r flovers constanthy mle and
of the parth’s surface environ-
mont. As o result the materal
constituents of the earth’s surfoes me in
a seate ol continuoos ar intesmittent cir-
enlation, Thi sonrce of the energy |5
prepesdesantly solar zadiation, sipple-
mented by small amonnts af boat frow
the earth's inlevior and of tidal ensrgy
from the gravitational systesn of the
earth, the moen and the son, The ma-
terials ol the earth’s suckace consist of
the B2 naturally oceoring charnical cle-
mends, 2t bt & e of which behave in
accardance with the principles of the
ormservation of matter and of nonkrans-
mylability as formulated in o classical
chemistry, A tew of the elameats or their
isolapres, with abmndances of only a few
parts per million, are an exception o
these principles m being madisactive.
The exception & crucial in thal it is
the key 1o an additional large souree of
ENETEY,

A small part of the matler at the
earth'’s surface i embodied in lving or-
mamismres: plants and auiwels, The leaves
of the plants caplure a small fraction of
the incident solar radiation and stors il
chemmically Ly the mechanise of plato-
svntheais This store becomes the on-
ey supply essentind tor the ecistence
of the plant and animal ingdoms. Bin-
ngically stored ecnergy s released by
axidatiun sk g rate sppraximately equal
I the aate of stovage. Ower millions of

RESOURCE EXPLOBATION is heginning
te be aided by sichorne side-leoking radac
pictures such as the ene on the sppozics
page made by the Aero Service Corporation
nrid the Geoedvear Asrospaes Corperation,
The teehuique bz advantage of “seeing”
through elond cover and vepetation, This
pictuze, which was made in sontkern Vene
anela, extends 70 miles from left 1o right.
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Tley are solar energy fonrvent and stoved),
e tides, the eartl’s heat. fesion (eels and
possibly fusion fuels. Prom the standpoin

virssTs;, hosvever, & minute fraction of the
g-r':g.ela.hlc anel pnimal matter s bBariced
wader conditions ol incomplets ovida-
tiun and decay, thereby giving rise to
Pl Fresil fuels that provide most of the
LLHEEY {or incustrialized socielies.

1t s diffieult tor people living new,
wha aceustomel 1o the
steady exponentiol growlh o the con-
sumption of energy tiom the fossil fuels,
b vealize how transitory the lossi-hel
epeeh will cventally prove to be wiin
it g vieweed over a longer span of hoan
histery, The situstion ean hetter be seen
in the perspective of some L0000 yeuss,
half bebee the present aned ball alter-
wrard, On such o seele the complete cr-
cle of the exploilatinn of the worlds
Fissil fuels will b seen Lo encompass
perhaps L300 years, with the principal
segment of the cvele (dofined as the pe-
viot ducing which ofl Tt the first 10
porcent and the last W0 poereent of i he
fraels are extructed and huened) cover-
it only abonl 500 vears,

What, then, will provide (edastrial
enrgy i he lubire onoa seale o lisast
as b as the preseat one? The answer
Ties in mans growing ahility to exploit
oller souroes of energy, chiclly nuclear
at present bub pesbaps eventuatly the
el Targer annecs of slur energy. With
this ability the enerey wsaniees now al
hancd are safficient to snstain an indus
trial operalion of the present magnitude
far another millensiam or longes. Moo
over, with such resourees of encrgy e
ramnits bo the provwth of dndustial actiy-
iy are no Jomger sel by s seareity of
energy but pather by the space sl 1
fartal Limitations of o Anile earth to-
pether with e principles of ecology,
Avcording to these principles both bic
logical and fndustrisl aclivibes tend to
merease cxponent ially with tieoe, bt
the reseurces ol the entize earth are nel
sufficient to sustain swch an increase of

e became
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af lnmian history the epoch of

thee fossil fuels will be qudte bricd

any single componen for more than 2
ferwr bens of snceessive doublogs.

[cl‘m comsidler in greater detail (he Sow

4 af ensrgy through the earth’s sur-
face covivooment [see llestebion o
next tee pagez]. The fnward low of
praergy has thres mein sonrces: (L) the
]nu_':rq'l.;l:ul,g-ll h!lur (51 ion; {2 {dierimal
energy, which is conveved Lo the sucface
of the earth tron the warmer interior by
the condoetion of heat ood by eomvee-
Lo in hot sprigs aed voleanoes, el
{30 tidal energy, derived From the com-
Bived kinetic and potential energy of
the earth-moon-sun systen 1t s possible
in variogs ways o estimate approxinGte-
Iy how large the dnput s rom each
SOLLCTE,

T the gase of solar radinfion the in-
flux b5 exprosssd a0 terms ol the sslar
constan!, whicl i defined as the mean
i ol flowr of solur coergy across a unit
af mvea that i perpendicnlar to the m-
dingion nnd outside the earth's atmo-
sphere ab the mean distaned of the eartly
from the sun, Messarement: mado on
the-earth wnd in spacecraft give o mean
value Tor the solar condtant of 1385
Lilmwarts P s meter, with a varine
ton of pbout 2 percent. The ratal sl
sadiatinn intepetpted by the earth’s din-
metric plane of 1275 x WA squan: me
bersds therefore LTS » 10T wallz,

The inflex of heot |:|_1r caonduction fram
thee enrtl's interior has boen determinml
from measurernents of the mecthermal
meadient (the ineresse of temperitume
with depth) and the thermal conduetiv-
ity of the meks involved, Fiom thau-
smnds of such messerements, both on
bnad and on the oeean beds, the avecage
rabe of flow of heat from the nterior of
the earth bBas been found o by shboul
JE3 watt per sgoare meler, Forothe
pirth's sicface anea of IO 0 L0 sgquars
meters the Lol heat How wmeunds o

31
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somme 32 3 1012 watls, The rate of heat
cargvection by ot springs and veleanoes
5 estimated to Be only aboul 1 pereent
of the mte of conduction, or abont
23 3¢ 1E weatts,

The eneney Foon tida! sources lag
e sstimaled ol 30 10°F watts. When
all three sources af enery are cxpressed
i the commen anit of 1012 walls, tha
tatal power infloy futo tho carth's sur-
Face envivonmest is found Lo be 173,035
w100 wndis, Solar radiation accounts
Ty ELEH pﬂrmmt of it. Anather weay of
stuting the sun's eontribution bo the en:
erigy budget of the earth is to note that

at 173,00 = 1012 watts it ammounts 1o

5000 Hres the energy input from all
ather souiees combiced,

SOLAR RADIATION

WINDS, WAVES, CONVECTION ANG CURRENTS

The Energy Resources of the Earth

About 30 pereeat of the incident solar

errgy (B2000 0 100 walts) is diveetly

seflected and seattered back into space
s shortwavelength radiation. Another

A7 prercent (BLOM s 1002 watts) is obe

sorhed by the atmosphers, the b sue

face and the oceans and conversed dic

weeily into heat at the ambient surface
temperature, Ancther 23 percent (40,
000 3 1Y watts) iz coasumed in the

avapneation, convieetion, precipitation

and surface runelf of water in the by
drplogie eyele, A small Traction, about
BT = 100 watts, drives the atmesphe:-
ier amdd ageanie oonvecticng and civenla-
tiaes and the ocean waves snd i erentu-
ally dissipated inte heat Do feetion. 1
nally, an even zmaller fraction—about
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A0 1012 watti—is captured by tho

ehlorophyl] of plant lewves, whee it e
cernes the essential energy snpply of the
photosynthetic process smd eventunlly
of the plant wnd animal kingdoms,
Fhatosymthesis Gies carbon in the Jeaf
and stores solar energy in the form ol
eprboladiate, Tt also lberates oxygen
and, with the deeay or consumption of
thi fesf, dissipates energy. At any given
tiee, averaged over 4 year or more, thi
balance between thess processes s al-
must perfect. A minnte Faction of the
organic matter produced, bowever, s
Adeposited mpeat bogs o other gorgen-

“deficient envirenrments under conditions

thar prevent complete decey and loss of
eneTi,

SHORT - WAVE RATIATION
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FLAE (F ENERGY to and from the encth is depicted by means
of Bands and lines that saggest Ty their width the conteibution of
each ftem to the earth’s energy budget. The principal inpats are

FOSEIL FUELS
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eolnr radistion, tidal roergy and the enecgy from noclear, thernal
and gravitational svurces, More than %9 percent of the foput in
eolar radiation. The apporticnment of inconing solar radiation s

13/10/2018



Littke of the organiz material pro-
duced  before  the Cambreisn perinod,
whiely !u:g,."lu abond B0 million VERS
age, huas heen preserved. Ducing the
patet GO mmillion years, heveeyer, some
o the crganie materials that did wat
immedigtely decay have. beon bured
undler o great ickness of sedimentary
sands, muds and limes. These ae the
Fousil focls: eoal, cil shalz, petveleum
anidl notural gas, which are dch in en
erpy stored up cherieally frgm the sun-
shine of the past 600 million veers, The
DE0CESS 15 szl q'l,allllmlillg_ bl [:lul._l::bl_'.-'
it whont the same rate as in the past; the
acgumulition, during the next million
yoirg will prabably be w sis-londvedih
af the smount built up thus far,

LORMNG - WAVE SATIATICN

The Energy Resources of the Earth

Tha

Industrialization haz of courss with-
driwn th deposits in Lhis ensegy bank
with inereasing rapidity. In the case of
poal, for example, the world's consemp-
i r}.uring thie inst THE yenrs has Lieen
ahont 14 times preater than it was dor-

increasing magnitude of the rate of
sithdrawal can alio be seen in the fact
that the wmount of coal produced and
ponsumied sinee 1940 = i'!l]'l'_l:'l'lxi:lﬂﬂh"_.!}'
popuil b the total consmmption up to
that time, The: cumulative prodwction
froen 1LHEGI0 I1:r|_|<_|,g|'| L9780 was abwool 123
billion mwtrie toms, The amount pro-
clucd betore 1HG0 was abont seven mil-
P el o Laais.

Petrolepm and related products were

TIDAL EMERGY

\ THDES: THOAL CURREMTS, ETC
x T
T 110 WATTS
iy
L CONYESTION 1M YOLCARMOES AT HOT SPRINGS
T I0T WATS =
. . _— M
\ COMDUCTION M RDCKS
T 0 WATTS ™
-
TERRESTRIAL ERNERGY .

MUCLEAR. THERK.AL AND SRAVTATIDNAL EMEREY

indicated by the bosizontal bands: begioning with “lheeet reflection” and rending down-
warid, The ernallest portion goes o photosynthesis, Deed plants and animals bacied i
the enrth give rise to fossil Twels, containing etored solar encrgy foom millions of sears paet,
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¢ Energy Revourees of the Faeth fedt

not extracted mosignificant amounts be-
Fora TEHD, Since then production hes in-
crezised ab o nearly constant eeponentinl
rale, I_:Il,ljlll:lg the Bl vear l}ﬂl'iui’l [resn
1550 theeugh 1870 the average rate of
increase hog been 6.94 pereent per vear,
with a doubling peviod of F years. The
cimmilative production uotl the énd of
1968 wmounted to 227 Lillion (287
B harrels, or 8.5 trillion U5, millons,
Onee again the period that encompasses
sl af the F’:I[“(II'EI_I::[III,'II] i |]-.’E-1".,:]'|]}r Tiriet,
The 102 vears from 1857 to [958 wen
redquived to produse the St halt of the
camnlative producting oolv the I-vear
perind From 1959 to 196G was reqguired
fu'r [ SE!cr_u‘!l.] ]"lﬁ.lf.

Examining the relative energy contr-
butions of conl sad enade oil by compar-
ing the heats of combustion of the re-
speetive fuels (in units of 104 |diowatt-
howrsl, eng finds that until after E500
the contribution from oil was bavely sig-
nificant compared with . the contritu-
tion feom coal, Snce 1900 the contribu.
tinn from oil has risen much faster than
thal from coal, By 1368 oil reprosented
about §) parcent of the total, 10 the en-
wrigy From natwral gas and natural-gas
ligquidls bl Teen incladed, the contriles
Hoo from petrelenm would have been
shout 7O peecent. In the U8, alone 73
percent of the letal eaergy produced
from fousil fuels in L5968 was from pe-
teolgurn andd 27 percent trom coal,

Bm:td.ly spenking, itcan be said that

the world's consumption of enecgy
for industeial purposes s now doubling
apprisimately once per decade, When
confronted with o mute of growih of such
magnitude, one can hardly fail to won-
eler Ty Jonyg it can e kept up, In the
case of the fossil fuels a reasonably defi-
nite: gnswer can be ebtained. Their ho-
mz expluitption consists of their being
withdrawn from an essentially ficed ini-
tial supply. During their nse as soucces
of energy they are destroyed. The com:
plete cycla of exploitation of a Fossil
fuel must therefore have the following
characteristics, Beginning at zem, the
rate of production tends indtially to in-
crease exponentially, Then, as difficul-
Hes of discovery nonl exlraction insrease,
the productina rate slows in it growth,
s ong i or more und, as fhe
resouree s progeessively depleted, de-
clines eventually o woro.,

If knovwn past and prospective home
rates of produstion are combing:d with
& reasonahle estimate of the ameunt of
u fuel initially present, one cun ealon-
late the probable length of lme that
the fucl can be exploited. In the case
of coal resonably goud estimales of the
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amuund present in given regions can b
magde o the basis ol geological mapping
and a few widely spaced drill holes
asremeh as ecal is Trome  fnostratified
beals or seams that are eontinuous over
extensive aess, Suehostudies have been
i inadl e coal-bearing aress of the
wrld

The mesl recent u‘lmp':]:!!i:-u nf tha
present information oo the world’s ini-
tial coul resources was e by ool
Averitl of the 115 Geolagical Survey,
His figores [seo ilfusfration below ] rep-
resent minalde conl, which (g defiaed as
a0 el af the coal 3.{'I:|.:1|_|5,." pre=sent,
Ineluded 5 coal in beds as thin as 14
inches (36 ventimelers) and gt
elepths of 4,00 feat (1.2 kiloreters) oz,
in a few cases, G000 fect {18 kilomme-
fers)

'T.:lc’illg Avedns estimate af o fai-
tink swaplv of 7.6 trilion metie tons aml
assurning Fhat  the presen| !dem‘zl inet
rate of three Billion metvic tons pev year
dovs not doulle move than theee fimes,
ang en expect 1hiat the l_h:!:'lk in the rote
af produetion will he reached sometime
Iztwpen 2100 and 2150, Disregording
1 |-::||g (815 121 L‘\e':f||,|i:|=:|.-: b 1)1-.‘|(||J|;;F: thi
first 10 porcent and the fast 10 pereent,
Hee fegth of time regquined o procduce
e middidle B0 percent will he songhly

u||i:i|:§ b

The Energy Resources of the Earth

the B00-vear perind from 2000 1o BR300,

Estimating the amount of ol and gos
that will wltimstely be discovered and
pradnesd i given aren i considerably
mart hasardons thin estimating forcoal,
The peasan 14 hal thesa Huids acowr in
testricted valumes of space snd limited
as in sedimentary basing ab all depths
frosm  Tes hmelvedd masters te move than
eipht Hilometers. donetheless, the esti-
miates for o given region improve 1% ex-
plocation and praduction proceed. In
wcddition it is possible to make rongh es
timiles for relatively undeveloped aeas
enlngical comparisors
between them and well-developed e«
Fivas.

The meat highly developed oil-pro-
dicing region in the world i the cober-
minows arsn of the TS the 45 states
eoclisive of Alaska and IHawaii. This
arvi has until now led the werld i ope-
bolenm development, and the LS, s
still the feading producce. For this re-
gi-::.r| i |ur~;1' sy ot |,1u.|:-| has E:-Ij!."ll HE
curnilated anwd @ nomber of different
mithods of analvsis have beon eyl
ul_lr_'d 1t give f:ii:i_'_v cansisient eslimates
al the degree of advancement of peto-
fevm explovation and of e amconts of
oil il #as that may eventnally be pre-

duced

on the basis of g
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g such methed 6 hased on the prin-
r:llplg: that galy o frwiks peenber 0f oil or
gog Bolds existed inidally in a given re-
gion. As exploration procesds the shal
lerovest ane mosc evident fiebds ave so-
alty discoviered first and  the decper
and more olseaee ones luter, Wil each
disegvery the rumber of wndizcovered
fields cecrcases by one. The undiseo-
erel felds are slse likely to be decper,
more widely spaced and  Better con-
ceilel. Tlenes the amount of cxploratory
el
quantity of ol o gas steadily increages
o7, conversely, the averuge amount of
il ar mas diseovared o o fived amegnt
of explomatory activity  steadily de-
ErCases,

Mast new fields are discovered by
whnt the industey. calls “nove-field wild-
cat swells”™ .'-I:l{'il1|i.ltﬂ wells drilled in new
territony that is oot fn the immedinte
vivinity of Jmowen fields, In the 105, stu-
bisties D len Llj'!'l': a‘lr:|||||.'|.||_'f' SEOICE
L3 an the sumber af new-ficld wildeat
wirlls regquired boomnke one signiticant
{|i.‘:-:'-:'.-{-|':.-' af il o a0 "\.:gll:rl-.i.'.'l.ll'[» T
ingr defined as one million barrels of oil
ar e equivalent zmweunl of ::l::l,\':l. The
discaveries for o given vear are ovelu-
ateel only after sivovears of subsequent
Ltz_‘-'rg'![lp:l;ll,'-lll. T TS5 il ll'l:_:_lll-éfl L]

aftivity rl,"l'|u||1e:-:| o diseover &

S04
1]
ASih OUTSIDELE 55 R B8 1107 METRIC TEHS NORTH AMERICH
OUTSIDE DR LS
5 BT 0 METRIC TENS 4
ALISTE
S
£ BETRIC TOHS
= e
- oy
i SR IMCIUEING ELROREAN PART E
o L ) il
E 130 0P METRIC TONS =
L L,E E
e S [ AFRIC A
l 1852 70" METRIC TORS: | 15
(TS
METRIC TONS
]
1 I i |
I It : !' 1 i B 7o

COAL RESOURCES of the world sre indieated on the bosis of dote
compiled by Poul Averite ol the U5, Geologiesl Buevey, The figmres
rapeesent the total nitial tesonrces of minable coal, which is de-
fined as 50 pervent of the el actually presont, The horizentl

QLANTITY (10 METRIC TOMNS,
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ceahe gives the tatal sapply, Ench vertical Black <hows the appor-
tiomment of e sopply o continent. From the frst black, for
example, one ean psesctiin Ul Asia bae some 3o 1 metrie
teae of mineble coal, of which abant &6 pereent i in the TS8R,
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neny-fiald wildeal wells o make o sigil-
feant liscovery; by 1883 the number
bl dnresisad] Lo G5,

Anther way of ilhiminating the prob-
T i Lo covsider the pmonns of el dis-
e per Frt of ::xpl-.“l.‘:llm_'r' dlill:ug.
From 1860 1o 1920, when oil was fairly
ey Lo firsed, Hlee ratic was 154 barrels
per fool. From 1320 to 1928 the ratio
ceclined to 187 bowrels per foot, Be-
twzen 1928 aod 1934, p.."u'll.}' e of
the diseovery of the large Bast Texas il
Felel el l:-:'ll'{!}' Lecause nf new :_-y;[:-l-:sl'.-l
tary technigques, the ratio T Lo s mae
imumy of 578 Burrels por foot, Since then
it b fallen :{l'.:-.rpl}' e |'|':|'l}' ermslanl
rate of about 53 harrels pore faot. Yot the
llr_'ri::rj of thus decling coineided with the
lime of the ot intensive research and
covelopment in petrolenm eyploration
anid i'-l'-'lflll-:iiq'-ll i Lhie Brislory ef the in-
T

The cumnulative diseoveriz: in the 45
states wp b 105 amennted o TG bl
licine harzels, Prom this reeord of drilling
arn dliservery L can be estimated that

the ultimate total discoveries in the <o
termimans U5, and the adjaeent con-
tinental shedves will he aboot 165 Ll
liom barels. The discoveries wp to 19635
Waesrelone reprresent abenl 82 percent af
the prospective nitimzta okal .\iﬂk:rlg

The Energy Resources of the Earth

The

due allowanca {or the rangs of ncer.
tatnty in estimates of Future discovery, i
sl Qs Lhil it Jeast TS percent of
the ultimate amount of ol to he pro-
dhaced in Lhis e will be chtwined from
Taells ||"-ft|. Tl :11|r-..1.k3.- |3|':r_:|:| rhx[‘ﬁvlirﬁll
T 1965

For noturwl gas in the 45 states-the
present rate of diseovery, averaged oves
it decade, iz abouat G500 cubic feet per
Darrel af wil, ."'u:ssl,l,rllirlg the sume ratio
for the estimated cliimate amount of
163 Billion barrels of erode o, the ulti-
vk amoml ol waboeal ety wanld e
alemz LOVS triflion cubic feet. Combia-
ing the estimites for odl and gos with the
tremds ol pradiecton makes i possible
o estimube how long these energy ye-
somrces will List, In thi ease of oil the
prerind of peak production appears o e
the present, The time span reguined fo
-|'|||]-:I:;_|1’! the meidddle B0 prroent af the
ultimate. cumulative pradiuction s ap-
prodmately  the G5vear period  from
T3t to 19 —less than the S of &
bz Tifietinee, For natural gos the peak
ol peoductiog wall |)|'r:-|:-i|_|}|_1_,- [z peachod
hetweon 1975 and 1480

The dizcovierics of petrolenm in Alas-
ks mncdify thi pcluce somewhat, Tn e
tiendar the feld at Prodhoe Bay appears
likely 1w [rresent estimates too contdin
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Freergy Hesonwvees of the Eartlc A5

abcut 10 billien barrels, making it twice
as lorge as the East Texas field, which
wis the largest in the ULS. previously.
Oaly o vough estimnte can be made of
the eventuel discoveries of petrnlenm
in Alasks. Such a speeulative estimate
winld b from 30 1o 50 billion bursels,
One must Bear in mind, however, that
Sl billion barrels @ less than a 10-vcar
supply for the T8 al the present rate of
consumption. Hence it appeas likely
Ihiat ke prineipal cHect of the oil from
Alaska will be to vetard the rmte of
decling of total LS, production rather
Huan Les post pone U date of its peak,

Estimates of nltmate world proclue.
tiom of oil range from L350 billion har-
s be 20000 billinn barrels, For the
higher figure the pesk in the rate of
wendd  production would be veached
ahaoit the e 200, Tl ':'H.:riclri_ of oo
sumption of the middle 80 percent will
|'|||‘:-|'r.‘|]|1}-' b woeme 58 oo B4 wears. die-
pending on whether the lower or the
igher estima be 35 wsexl [see bolteam R
Prastient e page 35|

Acsubstantial hut sl Enite smount of
nl ean b etracted from tar sands and
ail shales, whese |1rm]-_:r:|1'r]u Tues Trarely
hegum, The largest tar-sand depasits are
in northern Albecta: thee hove total Te-
coversble reserves of about 300 billion

ASPHERE SURGPE MIDDLE EAST AN AFRICA GTHER
{148 o
CANADA ELRORE 21 BARRELS
FAREAST
it EARAELS AFFCA,
a4 |2 S0 10" BARAELS
i sene 0! SARRELS,
L5
R R e
b
T
= WIDDLE EAST USSR AND TR
B0 BARRELS B0 BARRELS
LATIM SMERIEN
| Ziseli? BARRELS
] | 1 | 1 | |
L i I E 130 50 =5 M

PETROLEUM RESOURCES of the world aee dopicted in an ar-
rapgemnent that can by cead o ke sane war as the diagram of cozl
supplics on the ppposite page. The lgores for petrelenm are des
rived froan estionntes made o 1067 by W P Bymon of the Standacd

dTITY [10° SARRELS)
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0il Company of Mey Teraey, They represent wltimnte erodesoil
pradiction, incluling oil from oflelwre areas, and conslet of il al-
ready prodoced, proved and pwlmhlc TRECEVEE, sl Titoee dizseows
eries, Eslimates as low as L350 3 107 barcels have also been made,
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barrels. A world summary of ol shates
by Dumald G Dunean and Yermon B,
Swansen of the 1.8, Ceological Survey
indicated a total of about 3,100 hillion
barrels in shales containing from 10 o
100 gallons par tor, af which 190 hillion
burrels were considensd to be mecover-
nbile: prpdder 1965 conditives,

L}] izt the fossil fuels will inevitahly be

extinasled, probably wilhin o few
centuries, the quesdon arises of what
ihier seurces of energy can b tapped to
supply the power requivements of o
maderately mdustrislized world after
e fessil Taels are gone, Five farms of
energy appear to be porsibilities: sala
prergy used dineetly, solar encrgy wsed
incdirectly, tidal enargy, pootbaermnal en
ergyv-and nuclear energy,

Until nigwe the direct wse of solar pow-
or has been on & small seale {or-sueh
purposrs as heating wator and genceat-
ing electricity for spucecrafl by mesms

| F— of photoyoltie cells, Much moe sul-

¢ E 40 8 a0 W By 8) W0 stantial jostallations will be needed- i

PERCENT salar power isto replace the fossil huels

oy dndnstriad scafo, The nesd world

ENERGY CONTENT of the world’s initin]l sapply of rocoverable fessil fusls b2 given fn b oo 59191']']"-“‘":” Ei'lr'-”l-ﬁ i unils of, gy,

wnitz of 100 theemal kilewattboues (eofor b Coal and lignite, lor example, centain 559 % 1,000 megawaits. Movemver, becanae s-

109 tharmal kilowats-hours of emecgy and represent B percent of the receverabla coerpy, lar mdisdion i fdermittent at w fxed

lapaticn oa cthe earth, l}l'l:;-v'u{h_ul. sk e

bz mude for large-seale stovage of en-

BEETY i mader 1o soeooth eut the d,u,i_l_}.-
variatizl,

The mest favorable sites lor develop-
ing soinr power ane deserl arcas not
mote than 35 degress north or seuth of
the Equator, Such areas aro to bo foond
in the soatlwestem U5, the region ex-
tending from the Sahara across the Ara-
bz Peniinguls to the Persian Gulf, the
Atacama Desert in noctham Chile ok
central  Australia. These amsas recaive

-goene 000 Lo 4 000 hodrs ol sunshine
per vear, and the amomt of solar en-
ergy incident on o horiwontal surfacs:
vanges frown 300 to G300 ealories per
e centimeter per dav, (Theee hon-
dved  eolories, the winler  minimum,
ainonnts when averaged over 24 hours
oo mean power density of 143 watts
po e meter.]

Thirer scherves for collecking and con-
verting this encrgy in a 1,000-megawatt
planl can be consdered. The first in-
volves the use of flal plates of pholo-
vollaie cells having an efficiency of
absout 10 pereent. A seeond possibifity is
arecent proposal by Aden B Meingl and
Marjorie . Medne! of 11w University of

ENERGY CONTRIBUTION of coal (biack ) und coul plus vil (cofor] is portzayed in terme 212002 For utilizing the hothouse eifect
of their heat of combustion. Before 1900 the snergy eontribition from oil was barely sig- |}F s of suleckve coatings o pipes
nificant. Siee then the contribution from oil fshaded aree] bos risen moch more rapidly  S277¥ing a malten mistuze of sodinm sl
than thet from coal. By 1968 oil represented oboct 60 perent of the total, 17 the emergy  polissiom radsed by splar eneroy to o
from mntural gas wers inelnded, petroleuns would acecunt for about 70 percent of the totnl,  lemperatoes al B0 degrees Celsius, By

190107 BARKEL S L ‘ '-

AR

EMERGY (10 RILOAWATT- HOURS PER ¥

vtad x| [N | |
1860 1B 1oz 190 i TRy 2000
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FISSION AND FUSION REACTIONS held
ing as sourees of energy when fossil foels aee
elenppower plonts buen arasiom 255

means of o heat exchanger this heat is
stered at @ constant temnperature v an
frsendnbed ol baee Blled with & miiive
of agdivm anel potassivm chiorides that
b emsonageh heat capatiby for
b5 eollection, Hear extractad from this
chambor operates o conventional steam-
pleelric power plant The cormpaiced of-
ficieney for this proposal 5 said o be
nbout 30 perecnt

A thind swstem hizs been [are :-|:\‘le.|"|‘|. hy
Alvin B, Hildebrandl and © [ EnTY M.
Elass - of the Universily of Houston: Tt
erloils cellecting the radiation .'c:';thi]'lg
wgipare-mile aren into & solar- fumicee
antl beiler ol the top ol & 1,500 foot
toaver. Hel from the Boiler at o tem-
peratune of 2,000 degrees Kelvin woulbid
i eorvverted intn electric posver ]J}-‘ W
magnetelydedynamic comvernion, An
TR l:g}ugl,:;m;_;r: swslemn b on rh-;; |'|:."-
drnlysis of water s also propased. An
coverall efficiency of aloot 20 pecent (s
exlimled .

Over the range af efficiencies brom 10
b 30 [EER=g il e wmcnnt of themal
prvwt that would have to be collestud
Eora 2 000-megnwatt plant would range
fromn 1000 to 3500 thermal mega-
watts, Accordingly the collecting amas
For the three schemes would e 7O, 35

aal e

and 23 square kilometers pespectivety,
With the least of the three efficiencies

the nresn 1|,'|'|er|1{'<’] [ an |='"‘|:'I|.'(t-'|!|ni.'i'l::l
capaeity of 3ELKIN meguaatis—the ap-
proximate capucity of the U5, i 1ET0-
would  be 24,300 SCjLRLTE kilometsrs,
which iz somewhat less than a teath ot
the aren of Arison,

The physical knowledge and techno-
logival vesmaress needed to wse solar e
GTiy o sach woseale are new avatlable,
The techootngical dificulties of doing
s, honeever, should not be miniondzed,

IJHi'{]g soalar rara i:l:EElﬂc_:II_‘_.' WERTS
relving cn the wind, which appears im-
practical onow large seale, or oo the
steeamliow part ol the ||._'r'|:'|.l'<:||.|'.|!'_"..i-.’t I:_'.-'l::l{!.
At firse glance the nse of streamilow ap-
Qs promis bemse fhe world's
Fotal W PO e |_::1[_:|:'|r:i.l,‘u i suitable
sites iz -ahowt theee srillion watts, which

a2 a fnel.
wew updler develapmment will be akle to uze surplus neatrons from
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the promize of sors.
depleted. Present mn
Broeder reactors

approcimates the provent wse of cnergy
mmedustey, Oy 5.5 pracent of the wa-
tor ponver is developed at present, how-
wer, and the three wgions wilh he
grentiesl |'|:’|!g‘-|||£:|.|—.-"Lﬁh’.‘ﬂ, Bowth Arperi-
ci cand Southesst Asis—ame the leas
n:il_';\'i,"|r_|1:|g'r_| il,'gl_f'u-:l,"'iil'.l.}'. Feomiinic l)nq;-t:--
lems therefore stand in the way of ox-
oemsive dovelapment of additional wales
e,

Cidul power is obtained from the Bl
ing ani emptying of a bay o an es-
tuary that cin be clased By a dam, The
vriclosted  baain i wllowed Lo 6 and
eenply only doring budef perinds at high
and low tides in order to develop sy
much power os possible. & noeber of
IR |..U' sities o Ist thair ":ll'!l..L'I b e B
pacitios range from bwoe megnwatls o
000 megawatls each, The total po-
sontinl sidal power, hewever, amounts 1o
whout 64 hillion watts, which @& enly 2
piercent ol the world's potential water
power. Cnlv ong foll-seahe ol eleetric
i;-'|un| Bioas bieen boali; it iz o che Hance
catnary on the Channel Liland coast of
Frames, s capatity al slaitoup i 196
wing R0 megaeatts; an ultimane copac-
ity of 320 megaeatts is plunned.
Ceothermal poser s obtained by ex-
teacting heat that s temporarily storeed
i the carth by such sources as voles
npes -l the hot water Glling the sands
of doep sedimentary busing, Only vol-
SONTCeE e ﬁiguiﬁf‘ﬂul!y -?:.‘is'll.l'li[t'.{]
at present. A geothermal-power opera-
tion has been undee way in the Landerel.
I e of Traly sinee 1904 and wow has
a capacity of 370 megawatts The two
ather mam prens of geothermal-poser
preuction are The Geysers in northemn
Celifernia and Wairakei in New Zea-
lanel. Preuetion al The Geysers lagan
i TEG with o 12.5-megawatt unit. By
19580 the capagity had reached 52 megza-
weak Ls, el |_J|:|1|5 are Lo cench o total in-
stalled capacity of 400 megawatts by
1975 The Widrakei plant began opera-
Licn A TEGE angd mow las a r.".':l.'l'l:'li."jt_',." al
2490 megawatts, which i believed to be
about the masimum for the site,

el
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e fission of nraniam 2315 (fefl) to ereate other neelear fuels: plo.
tarimm 239 and wraninm 2333 Two promisiog fusion reactions, deo-
terbnm=deateriom ond donterigm tritiom, ore ot right. The energy
relensed by the vacions resctions i shown in million elecivon voliz

Donuld E. White of the U5 Geo

logical Survey has estimated that the
stored thermal energy in the world s ma-
jer geothenmal areag asmounts fo abot
4 x 10 jonles, With o 25 percent con-
version Factor The production of elec.
Prical eneroe would be ahaut 109 inules,
ar three millicn megawatt-pears, 1E this
cnrgy, wlieh |:||_=.'|:‘ani|3l::|.l'.-1{::1 weere with-
crawn over a period of 30 vears, the av-
crage annual power prodoclion weald
e GO0 amswist 1, wehich 5 compara-
Bl to the potential tidal power,
..\ pelear povver must be considered un-
LV der th twa |r,:i||:|.i,|15x ot lssion and
Tusion, Fission involves the splittiog of
nuelei of heavy clements sach as urani
wm, FPusion iovoives the combining of
light wucle sneh as deoterdum. Ursninm
235, which is o mare bsstope (each 100,
{00 atoms of natural uraniom melade six
atoms of uranium 254, VL atuns of uri
i 235 angd 99,283 slomz of uraninm
2380, s the only atomic specics capable
of Fssioning under relotively mild en
wirommental conditons. I nuclear ener-
v depended eatively on uriniom 235,
he nuetene-fusl epoeh weald L lrief,
Hy hieeding, however, wherein by ab-
sorbing nemteons fnog poclmr ceacto
uriminm 238 s transtormed into Hssion-
able plutoninm 235 or thoriom 232 be
comnes Hssionable weaniom 233, 11 &5 pos-
sible to create more nuclear foel thun
is consumed. With breeding the antive
suply of natural peanium acd chorium
waonild thus hecome svailable as fuel For
fission reactors.

Muost of 1he reactons now eperating or
planmed in the rapidly growing nuclear-
power industry in the U5 depend es-
sentially on weanium 2350 The U5
Atomic Encrgy Commission has esti-
mutes] that the uraniom requirement o
vigel the projected growth rate from
L7 o LHE0 s 206,000 short fons of
wraninm gxece (T30 A fepmt vecent-
lv issved by the Ewropean MNueler
Energe Agency and the Inleenational
Atoinie Energy Agency projects require-
arents of 430,00 short tons of wraninm
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15 | I axide [or the woo-Coromenist nations
curing the samie perind.

A st aisp mquirements e ARC
estimates that the quantity af nranium
e j1:'|:||_|':||'|h,|1: il 25 peT lu,:q:nh:' Fream
present veserves i the TRED i 243,000

z toans, and thet world reserves at $10 por
o |m'u|'.|1'. o Lo aoe estivmated o the ot e
i 1 | ruportat 540,000 toos, The spme vepert
: | fatemaley 1hat L0 el b reuibre-
L, ments additional teserves of more than
; iomillion short tons will heve b T dis-

= eovered and devioloped Iy THE5.
I-EE Althongh new diseoveries of wminm
= will doubtless oonlinue 1o be mode (a
- large one wis mecently repormed in nooth-
= eastern Anstephia), all el wvicleniee
o | imdicates that witheut a fransition to
i laveder reagtors wn wede shoetage of
= lowa-cost nies iy ]ﬁcn]_-r 1) :'ln,':w:h,ll] Lagsbiare
i th enil of the contury, Henoe aninten-
| sdwe effort 10 -:'||::1.-':1|-:1F:| Lrge-seale breedser
regetars for povwer prodoetion is o o
ress, IF b sweoseds, (e situation swith
regard bo foel suppdy sl be crastically

ultered,

:: = - — This prospect résults from the fact
1250 Ie 1950 R thit with the hreeder veacton the coumaand

T PRODUCTION OF ENERGY from ceal. from petroleam and related sowrces, from uf Brtrey ubtainalic fron one A al

water power arel from noelear vesetors i eharted for 120 venrs; The pereolenm fcremeny  WE0IE0N 23 amcuats e S 1 00 101
includes natural gas ond assecioted liguide, The dip ot center reflects fmpoet of Deprossion, jonies of hrat That is o bo thir heal
af voenlmstion of 2.7 metrie tons of conl
ar 137 bareels
ail, Disrezard

1Y metvie tons ! of eranlde
w the pather limited sup-

BT
= = ]}]il’!s il }l'i:.'_[ll-gl:ldl_! wriraiurn ore thiek e
. available, lot s consider e wnel moe
A abwnclimt bow-gradc sres. One examaple

P will indicate the passitilities.
The Chattanooga black shale (of
} i Diestomian aige) erops ont along the west-
ul frn edge of the Appalachizn Monntaing
g in estern Temmessee and underlios ar
[ | minahle depths most of Tennesses, Kon-
l_‘rr_-" tucky, Ohio, Indisna snd Mineds. In i
d alerop aren i easlenn Tennmessee this
= shale containg a laver abant lve metirs
o thick that has o nrenmm content of
; | abont G grams per metde tone Thit
= ampunt of uraninm 15 equivalent 1o
abwul TH2 melric tons of biluminoes
& ool or 5322 harrels af conde ail With 1he
= desisity of the rock some 3.5 metric tony
:E e cubic meter, a verlical column of
= rock five metors long and one souiee
meter in cross section wonld  contain
125 tons of rock and TH0 grams of unt-
nivm. The coorgy content of the shale
peesuare neler of surfaoe are wonld
therefore he eguivabemt o ahoat 2,000
e ——— 4 toms of conl or WL harrels of il Al

1850 G 1552 =u

||'|'.-.-':||.!;__" for a 50 prercent losis in ey
and extracting the uranium, we are still

RATE OF GEOWTH of 115, energy production is shown by plotting an a semilogarithoie : i
leH with the eouivalenst of 1,000 tons of

seale the deta repeesented in the ilusration st the top of the page. Broken lises chow that
the rise hod three distingl periods. Tn the ficst the growth rate wos 591 peroent per year and coal or 5,000 bavels of il [ TR T
the doubling periol wae 10 vears; i the 2econd the eote waz 177 percent and e doobling meten

period was M vears; in the third the rate was B25 percent with denbling in 16,5 yeurs, Tu.Ling Aventls pstimate of 1.5 brl-

http://www.hubbertpeak.com/hubbert/energypower/ 13/10/2018



lion metric tons for the initial minablbs
coal tn the .5 and o round Rgure of
250 hillion barrels for the petrolenm
licpuiels, we find thal the puclear encrpy
i an area af about LEI square kilg-
meters of Chettanoogs  shale  wionld
equal the coergy m the fitial minable
coal; S0 aouare kilometsrs” wonld hold
the enerey equivilent of the petraloum
]il]llir]:{. _-‘Lt]t:!iug watural 0 mrd ofl
shules, an srea of ronghle 2000 squars
kilomreeters of Chattinooms shale woald
be eeqaivalest to the initial supply of all
the fossil Fuels in the 108, The area is
ahont 2 percent of the aren of Tennessee

X

YE&A

ONS FER

RODUETION DT BT T

£ 10 S

CYCLE OF WORLD COAL PRODUCTION i plotted on the
bsgis of estimated supplies and cite: of produoction. The top carve
reflocts Averitts eetimate of 7.5 3 1012 metric tons s the initial
sapply of minable conl; the ottom carve peflects an estinats of
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and ‘& very small fraction of the total
aren unelerlain by the shale, Many viher
low-grade deposits of comparable mag-
nitude exist; Hence by means of the
Breeder reactor the energy potentially
available from the Assioning of wranium
angd thorum iz at least a few orders of
inagribude greater than that Brom all the
fossil Feels combingd.

I'_'}nvl:l I Bose of the ARC, reviswing

recently the prospects for controlled
Fusion, Found the deulerinn-tritium re-
action te he the mosk promising. Deu-
terimm 35 abundant (one atom @ each

BT 7o

5,700 atoms of ldogen), snd the enes
wy oost of separating it would be almost
neglgilile compared with the amount of
enaray released b Dogion. Tritinm, on
the other hand, exists only in tny
amonnls i maduge. F.a‘l.l'gcr armcunbs msl
b made from lithium 6 and Tithinm 7
L mzclear bombardment. The fmiting
isntope I lithium 6, which has oo abun-
danee of only 7.4 percent of natural
itk

Considering the amount of hydrogen
in the oecans, devbériim can boone-
gardecl az superabundant TEcan alse be
extructod easily, Lithium & much less

B 2500 i1l

4 102 metrie tome. The corve that riscs to the top of the graph
shws the teend i production contimeesd 10 rise al the presenl rate
af 336 percent per penr. The amsount of coal mined and burned in
the century beginning in 1870 i5 shown by the hlack acca ot Teft.

4 | A PERCEN Tl N B Y AR S — =]
= B3 PERCENT BY 58 YE#‘-HS%‘I |
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I : I
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CYCLE OF WORLID OIL PRODUCTION i< platted v the lasis of
by cetimates of the amonnt of il that will nitimately be poodueed.
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The colered eurve reflects Ryvman's estimate of 2000 3¢ 100 horrels
nnild the blnek eurve represents moestimnte of 1,550 % W9 hareels,
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WORLD BESERVES OF URANITAM, which would be the seuree of nuelear pewer derived
from stomis fision, are given in tons of ueanimm oxide (1.0p) The colered part of each
ber reprezents reazonably assured sopplics and the pray part 2etimated additions] supplies,

LITHILM ORE
(IO MZTRIC TOMNE)

ZITHILIM METAL
CIGFMETRIC TOME]

LITHILIM &

NAaDs 1.4
CICAMETRIC TR AR

LITHUR &
(1O ATOME)

FLISIDN EMERGY
NOISULES)

AFRICA &2

B R

i

5, 2.6

WORLD BEZERVES OF LITHIUM, which would be the limiting factor in the deuterinm-
tritinm Fusion ceactisn, are stated in terms of lithium 6 becanse it iz the leact abandomt iz
tope, Even with this limitation the energy obtaingble from. fasion theoagh the dentecinm.
tritinm reaction would almost equal the cnergy comtent of the world's foseil-fael supply,
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alandant, 1t & prodoced from the gee-

logically rare fgnenus yocks known as
pegmatites and from the salis of saline
lakes, The measured, indicated and in-
ferved lithinm vesonrecs o the 105,
Canada and Afriea total 3.1 million tens
of elemental lichine, of which the coan-
tent of fithivm 6 would he T4% atom
percent, o GY,500 metric s, From
this smount of lthiom § e fusion ener-
g chtainble b 318 % 1042 jonle per
aboim wrardd be 215 0 102 joules, which
is approximately equal 1o the. energy
eomtent of the world's fossil fuels,

Ax long as [usion power 5 depen-
dent an the deuterinm ritiom eaction,
which al preseat appeacs to be some-
what the easier becanse it proceeds o
a Loneer temperature, the rnergy obtain-
able from this source appears to be of
whout the some omder of magniludse ag
that from fossil Tuels. I fusion can be
secomplished with the deateriome-deu-
terinen reaetion, e piclure will ba
markedly changed, By this teaction the
cnergy  telensed  per denterion aton
consured is T.04 3 10 foule. One
ealic meter of water contains abond
L ptoms of denterinm having nomass
af 344 grams and a poatentizl fusion en-
crgry of T84 20 1052 joules, This is ecuiv-
alemt 4o e heat af combustion of 300
metric tans of eoal or L300 bamels of
crude oil. Sinee a cubic kilometer cone
frming 0% eubic meters, the fual equiva-
lents of one cubic kilometer of seavate
ares 300 Dalliom tans of coal ar 1,500 hil-
lion harrels of cmde oil. The total wol-
wee uf Hhe oceans is abeol 15 Billion
cubin Kilpmetars. 1 enongl degterinm
were withdrvwn to reduse the indtial
concentralion by 1 pereent, the energy
released by fusion wonld amoont o
fhout FOO000 Limes the eoergy of the
wiorlds inilial supply of fossil fuels]

U:ﬂ[miﬁu:[ msonroes of energy, how-

ever, oo not fmply s unlimited
nomber af power plais, TE s a5 lue of
powes plants or antomobiles as it s
af hiological populufions that the earth
canmot suslain any plysical prawth For
more than a few tons of sueeessive dou-
lings, Becavse of this impussibility the
ox puuem:'n] rates af industrial and -
Lation growth that have provailed during
the pust contury and a hall most seon
cease Although the fortheoming period
of stubility poscs ne insnperble physieal
ar biclegical difficolties, it can havdly fatl
to bores & major revision of those aspects
of our eorrent scedal and  economic
thinking that stem from the assumption
that the growth mites thal have chac
aetericed  Ihis temporary period  can
somehow be made permanent,
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