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Bicrgy from Fossil Fuels

Bkcing Hubbert, Assariate Director,

loration and Production Research Divisian, Sbeﬂ il Companj.-, Inc.

HF EARTH MAY BE KEGARDED B2 a
" material system whose gain or loss of matter
5mer the period of our interest is negligible.
= wnd out of this syatem, Irowever, there peours A
inuous Aux of energy, in consequence of which the

ial ronstituents of the surface of the zarth wn-
s combinuous or intermittent cireulation. For the
;pt disenssion we shall restzict our atiention to
apradioantive materials, The preponderance of
pnergy involved in this process is that derived

solar radiation, and a small fraetion of the mal-
iat or near the surface of tha eerth oevurs in the
euliar ageregates known a3 living organisms. From
plogical evidence, orzanisms have existed wpon the

h for prabably as long as 4 billion years, and it
pears that evolution had progeeded far enough that
¥ species recognizable as wmas muat have existed
oghly a million years age. The population of this
Recies ab that stage is nokrown but evidently was

fnk lurge. It existed in some sort of ecelogical ad-

{ostment with the rest of ihe nrganie complex, and

?@mpeted with the other members of the conplex for

ashare of selar energy essentisl to its existence. Al

“that kypothetical stage its sole capeeity for the utili-

eslion of emergy consisted in the food it was able to

eat—the order of 2,000 Eilogram-calories per eapita
prrday,

" Emancipalive from this depsndesce apon eontem-

purary salar energy was not possible until some other

end hitherto unknown source of encrgy beeame avail-
ghle. Thiz hod its beginoing about the thirfeemth

“eentury when some of the inhabitonts of Britain made

the dizecvecy that cortain blaek rocks foued along the

shore of the East Coast, unid thereafter known as “sen
- toles” woutd burn. Fron this diseovery there fol-
lowed in zlmost mmevitable surcession the mining of
eoal and its wse for the smelting of wetals, the de-
velopiment of the stemrn engine, the lecometive, the

Slﬂamﬁhipl and stenn-sloetrie power.

_ This development was further augmented when,
“zhogt p ecntury age, the serond large source of fussi!
_'-Ehergy—petm[eum aml natural gas—was topped, lead-
"ing Lo the jnternal vombustion engioe, the antomobile,
;'I_lfhe aeraplane, and Diesel-elestric paower.

s

> “Energy from Fomil Fuocls™ war one of che papers pre-
24 part of the Symporivm on Sturces of Energy: held
" w:.ll“n;ton' D. C.. vn September 15, during the Cea-
Hnnial Celebration of the AAAS,
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A third souree of fossil energy, oil shale, a.lt.hnugh
exploited on & smell =cele for almost a eeul;'u.ry,
only now approaching its phase of rapid development.

Bares o¥ ProbueTion

It is to the rate of increase and the megnitude of
the consumption of energy from fossil fuels that 1
now wish to direet your atientioso.

Consider coal. Although produetion sl:atnstma for
the earlier periods are not available, it is known fhat
from the initisl diseovery snd use of 'Bea coles™ to
the present there has been a eontinnous increass in the
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Fai 1, World praducelon of coal

rate of consuempting of this eommeodity. Duriog the
eighteenth century the beed for power for the coal
mines led to the development of the steam engine, and
toe demand for betrer means of transportalicn led
first to the railroed and then to the steam locomotive.
We know also that before the end of the eighiesnth
eentury the empleyment of this new source of energy
had reached such o magnitude in Britaio as w prodece
the major social and economic disturbunces referved
to as the “Industrial Revelolicn,™

By 1864 (12, 12} [Fig. 1), from which dste annual
world production statisties are available, the anonal
production of coal in the world had reached about 180
million metrig tons per year, and from that date until
1614, wheo it had reached a rale of 1300 million tona
per year, it ¢ontiowed te incrense geometrically at =
rate of 4 parcent pee year, or &t a rate such that the
annusl prodoeticn was doubling every 17 years. .
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The length of time during which coal has been
mined is likely to be misleading. To appreciate the
magnitude of what iz happening and the hrevity of
time during which mest of it has ceeurred, gonsider
these focts: By the end of 1947 the cumulative pro-
durtion of eoal during all past human bistery
amounted to spproximately 81 billion metric tona.
Of this, 40 billion, or approximately one half, has
been miped and esnsumed sinee 1920, Sixty-tweo bil-
lion, or more than three-quarters, has been produeed
sinee 1900

ol Purgles

"
o

P gn
(lsM Bl fubig mrlerd Al TR ]

Wkl

£

N

L] ul ™% EE

Hel 1]
T {piars]

Fro. 2. Waorld productlon af petroleum,

The world production of petroleum is shown graphi-
cally in Fig. 2 (1§). The first commereial produc-
ticn of petrolenm was begun in 1857 in Rumania
Two yeara later the fAret oil well in the [Thited States
wes completed.  From these beginnings, with onl;rr an
oceazional setback, the world production of petrolenm
has increased spectaemlarly, reaching by the end of
1947 ap annuel rate ol 477 willion eubie meters {3
yillion 1. 8. barrels). From 1560 to 19290 the rate
of production doubled, sn the average, every Th
veaTs, of &t an average annuel rate of inerease of
slightly more than § percent. Sines 1920 the rate of
ineresse has declined somewhat snd the doubling
perind ineressed to about 15 years,

Agnin, to emphasize the brevity of time during
which most of this has oeeurred, the cumulative pro-
duction by the end of 1947 wag §.17 billion cubie
meters {57.7 billion U. 8. barrela). Of thig, one-half
has been produced and consumed since 1937, or dar-
ing the last 10 years, and %7 pereent sinec 1500,

The energy content of the coal and patroleumn which
has besan consumad, expressed in kilogram-ealories, is
shown in Fig. 3. From these two sourees the energy

http://www.hubbertpeak.com/hubbert/science1949/

per vear amouated in 1938 to 15 x M, or 15 th
sand trillion, kitogram-ealeries per Fear, of which o
proximately four-fifths and ene-Efth were eontriby
by coal and petroleum respectively. .-

]
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Fo. 3.  World productlon of energy from cowl sz
patrolern. 3

Because of the lack of world duetion stakizti
the energy from natural gas Was pot been meln ]
In the United States about 400 cubie meters of nat
gas are produced for each cubic meter of oil, with
energy content of about four-tenths that of oil. Sing
il and gas are geneticelly related it may be presum
that this epproximate ratie is velid for the rest of the
workd alsa, Hence, the ensrgy from the natnral
that hos been produted may be assumed to be at 1
40) pereent of that of petrolenm.

GrowrH OF POPFULATION

One of the most distarbing ecological influcnces Dfi
recent millennia is the human species’ proclivity fu\r1
i
[}
i
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Frg. 4, Growth of world popnlation.

the capture of energy, resulting in a progressive lﬂq
orease of the buman population (4, 6). Thieis hm'na4
out by the growth curve of buman population simes
1650, shown in Fig. 4, based on the atudies of

Gaunders (1}, and the reeent ectimate of Davisc?;i
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According to these estimates the world population has
jonercased from whemt 345 millisn in 1850 to 2,171
million by 1840, The grestest rate of inerease during
- this period hes heen that of the lazt balf-century, dur-
ing which the world populalion has been inerensing
st sueh a rate as to dowble jtself every century, or at
an anoual rate of inerease of 0.7 percent.

Sueh a rate iz not “normal,” gs can be seen by baek-
ward extrapelation. If it had prevailed throunghoewt
human bistery, beginning with the mythical Adsm?
and Eve, only 3,300 years would bove been required
to reack the present population. If, on the cowtrary,
we assume the human race to bave been in existonece
for a miilion years, and to have inereazed at & uoiform
exponential or pecwmetrical rate, starting with & single
pair, the present population wonld have been reached
in that tme by & pate of ingrease of 2.1 % 10°* percent
per year, or a rate of growth thal would require 33,000
vears for the popualation to donble. At sueh a rate
it iz dowbiful whether any census could detect a
change in the pepulstion during one man's lifetime.

That the presest rate of growth canoot long econ-
tinue ix alse gvident when we consider that at this
rate only 200 wore years wonld be required to rench
a popoiation of nearly I billivgp—about the moximum
number of people the earth can support. In foet, at
sueh a Tofe, only 1600 years would be required to
reach 2 population density of one person for each
spuire meter of the land surface of the earth,

Prior to 1800 most of the energy available to man
was that derivable fram his food, the labor of hiz ani-
wals, and the wood he nsed for fuel. On a world-wide
busis it is davbtful if 1he sum of these exeeeded 10,000
kilogram-calories per man per dav, and this was
eeveralfold increase over the energy from food alone.

After 1800 there was superposed on top af these
sourees the emergy from fossil fuels. From a world
average of 30 kilegram-caloriez per capita per day
in 180G the snergy from ceal and petrolenw inéreased
to 0,880 by 1900, and to 22,100 by 1840, In the areas
of high industrialization this quantity is much lagger.
Io the United Stales, {or example, the energy from
eoal and petrolenm consumed per day per ecapita
ampunted in 1940 to 114,000 kilogram-caloties (2
and Erom enal, petroleum, and natural gas, to 120,000,

Fryseean Livits 1o Exransow

From the foregoing dats it shouid be clear that
while we are cuncerned with & progression of ancient
origin, the develupments witlin the Jast century, aod
€gpecially within the last faw decades, are decidedly
exceptivnal. {ne canngt refrain from peking, “Where
is it tuking us? Llow Iong cun we keep it up™'

This leads us to consider what physical limitations '
there may be apon the various types of cnergy whose -

http://www.hubbertpeak.com/hubbert/science1949/

. o _ A05
gxpansion we have noted. In the case of the Fomsil
I'wels the answer is simple.  As retnarked b[-fnré,"'}_;fiﬁc
fusls represent en aceumulution over 500 millioln’j'es,rs
of geologie time, and any sdditional seeunalation™hat
may be expeeted within the next 10,000 yeare ]'_é""ﬁeg.
ligib'e. ‘When these fucls are burned, their materigl
cuplent remains upon the earth in o relativaly nsaless
form, but the precious enerpy, after undergoiﬁ:g a
sequeace of degradations, flmally leaves the earth ss
spent, long-warelength, low-temperature radiation.
Henvce, we deal with an essentially fxed siorehouse of |
energy whieh we are drawing upon st & phenomeénal 'JI
rate. The amount which vemains at wny given time.
equals the amount initially present less that which)
haz been consunied already. BRI

Tle amourt censumed wp in any piven time is pro-
porticnal to the area under the curve of annual pro-
duction plotted sagninat time. This ares HAY Ep-
proach but esn never quife egual the amount jnitially
present. Thus we may announce sith eertainty that
the production curve of amy given species of fossi
fuel wiil rise, pass throngh one ur several mawima,
and then deeline asymptotieally to zero,  Eepes, while
there iz an infinity of different shapes that auch o
curve may have, they all heve this in common: thet
the area uader each must be equal to or less than the
smount inttially present,

AxgunTs or FossiL Foels

While the quantities of fuels upne the eacth are oot
known precisely, their order of mingnibede is pretiy
definitely circumseribed. The most aceurately known
is epal. At the Twelfth International (reclogieal
Congress at Ottawa in 1913 a world caview of ecal was
1mwade and the amount eapable of heing mined was
cztimated to be about 8 = 18'? nietrie tons.  Since that
time some adjustments in the estimates have been
winde, giving us a present figure of about 6.3 x 1032
metris tons if coal initially present.

Within the last few years this figure has been writi-
cized by mining enginesrs (2, 5) on the grounds thal
while the estitested amount of coal may in faet be
present, the amount recoverable by praectical mining
operafions is but & fraction—possibly as small az one-
tenth—of the foregoing estimate. The degree of
validity af this criticism still remains to be determioed.

For petroleuem the estimation is considerably less
accurate than that for coal but still it is probably
reliable as to the erder of magnitude. The wethed of
cstimation in this case is thal of sampling In the
betber-known areas the amount of peteolemm pro-
duced per wnit volume of certain elasses of rocks has
been determined. The areas and volemes (within
drillable depths) of similar roeks over the sarth are
faicly well known, By application of the same faclos
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for the updrilled areas ws for thuse now well koowe,
an order of magnitude of the peteoloum that may exist
may he obtaived

The must comprehensive studies so far made publie
appeer to be those of Weeks, which are eited by ¥Wal-
lace E. Pratt (1-8). Aecording to these studies, in &
volume of 10-125 nillien cubic kilometers [2.5-3.0
million cubic milez) of sediments in the United States
there have already besn dizcovered B.4x10° eubic
meters (53 %10% barrels) of oil. Thiz represents
about 10 percant of the total volume of such sediments
of the land areas througboot the world.  Henee, it is
astimated that for the world there should have been
presznt initially sbout ten times as mueh oil a5 for the
Upited States. A similar volume of sediments ocours
on the eoutinental ghalves, whieh may contain about
a3 mueh oil a5 the land sediments.

Assuming that the land areas of the United States
will produce 16 x 10° eubic weters {100 billion bar-
veiz), then a reasonable estifmate for the world wanld

be:
Land: 160 = 10* m*
Continental Shelves;  160x 10® m?
Total: 320 = 10° m?

These ligures are ragarded as heing somewhat liberal
und the guantity of ofl may actunlly be eonsiderably
less. Not ipeluded in the fgores are the Athabasks
Tar Sapds {#), estimated to eontzio ahout 1 » 108
gubic meters of ail )

aboul three tmes the amount of nil shales in the
United Stntes, we would obtain, for so order of mug-
nitode, 160> 107 subie meters {1,000 hilliom baerels)
of oil from this source. .
The resulls of these sstituates are given in Table 1
and shown geaphieally in Fig. 5. It will be noted that
92 percent af the estimated tntsl is represented by coal

i
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Fiu, 5. Totol energy of lowwil fuels,

—a figure which will not be greatly altered by any
regsonable adjustments of the estimstes of the re-
maining fuels, buk may be considerebliy altered if the
minable amount of coal is lesa than msually sssumed.

The smount of the initial eosl aleeady consumed s
1.35 pereent; that of oil end natural gas, inglusive of
the Athabasky Tar Sands, about 5 percent.  The frae
tion of shale oil alveady produced is negligible.  From
these dats the estimated initisl supply of enerzs stored
in foesil fvels is of the order of 30= 10 Lilogram-

TARLE 1

Eakpar oy Fodall Fuens

[nlclally prenent

Already consumed

} Peceentase -
HurHoll EC8 Encrey mt{l] EbeTET s
initiml Liitinl
Gunntity ren ERaLT R Tpuankler oon ben i
(10w kpg-colt ! [ 10% kg-oal) i
Coal* .. ... f.3 «TOW mettle tons 4.4 i Htd Bl x 1P metrle tons 0.58 [P
retrotrmnt ... 100> 13 w? 1.4 AN 417 x Tt 08T K
Tur Soamdel ... - 6= 10 A 1 L1 J e
Nopturnl CGus§ .. B4 = 140m* Ot 12 4T = 10Zm? 0058 A
ol Shwlet - ... 180 x 10Fm@ t-5 e
Totnl oo .. 48.8 Ty LIy B 1.43

v Rovised from eatimere.  Twelfth Internatiooal Garlneienl

r Based on eptimate of Wellace E, Fratb: “Petroleum oo Contloentel Shelven”
Lawrenee = Uiy, of Fangas Fress. 1R1Z2.

1 Wallaee E. Prutt, OiF in the carah,
§ Based on gas;oil ratle ol 400 wiimé, or
| Cirt Belaer : 0351 Shale Besonrees of Coborndo. b tah

cuerEr of pes =il
-l

The amount of natwral gas may be eslimated at ¢00
eubie meters of gas for one af oil, or at an energy tun-
tent of 40 pereent that of oil ’

The nil shales of the world are less well known.
Those of the United States, capecially the Green River
sholes, ure catimuted to eontain at Jeast 53 100 eubic
meters of oil.  Asswuning that the Test of the world has

http://www.hubbertpeak.com/hubbert/science1949/

Congrera {18121,
P HxE, A.A PG 51, LRET, 37172
o
<+ gnergr of all.
Wyolng'' (L7 E. Trel, Fubd, Ny, piad, My, 1M

calories, of which 0.7 x10°%, or 1.5 pereent, has al-
ready been eonsumied.

With this informatiun we are prepared o eonsiier
what the future consumption of fossil energy may be.
In Fig. G is shown the produclion of fossit energy wp
to the present, snd two possible projections inko hhe’
fulure. One prodmetion curve rises tn & high pesk
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and descends steeplys the second rtises more slowly o
lower inaximum and descends gently, The ares

T
=m®
ot

1

3] L3 ]

Fli. & Rate of consemptlan curves for fossdl toels,

ke
. £, a5 the eoel mining engineers indimate, the anount
nf ¢on] is moeh lezss than herein assunel, the area un-
E-Pder the ecurve will be that much smaller and the ap-
igmalh to exhanstion that much seeper.  Fow soon

fraction ol curcent solar energy which ehs,ugps but
slowly with time, and is being continecusly de-graded
inte waste heat trrespective of whether it s u.hllz.c:'l
or hot,

A prowth ¢urve of the utilization of water po}mr,
therefore, should rize in & manner simiier to tbnse of
the foesil fuels, but instead of them l:leclmmg tn £exT,
it should level off asFmptotically to a meximum ag all
svailable water power is brought inte use. At least
this is physically possible, - :

I wiew of the eventual exhaustivn of fossil fuels,
it iz of interest to know to what exlent water power
ean be depended upoo to replace them. In Table 2
are listed the installed water power capaecities of the
various continents for the vear 1847 and estimates of
their totsl potentiol capacities (I¢),. the mumber of
kilowntt-bours of energy that such capacity shonid
prodnee per year, and Boally, the energy, expreesed in
beat units, of the smeunt of fuel that would be x=
quired to produce an eguivalent amount of power.

In these ¢alculations the potentizl installed copagity
is tzken to be equal appmrimoiely to the power at
mean rate of fow and 100 percent efficieney. The
estimated outpyt s bused on a load foctor of 0.5, an
the fuel equivalent of the puwer prodused iz based
upen a thermodynumic efficiency of stemn plunis of

TAEBLE 2

DEY RTOPED ANE 10TENTIAL WaTee PowER of THE WoORIT, 1047

Tl potential water power

reaariak iarl nut;lut pir yaxrd

Ingtallnl eapmekbr*

¥ Contioens Ord. min. flow™ Mean Howt Tmergrof -
. L ke equiralent
B T mlirs fue1q
10% - 1M ke I I TR kw L h-p (e 10 pg ent
......... n.34s G274 274 204 k3 UG 11 &
. 12,040 B.O& 151 113 +33 1.4 I 5
I-Ell:rtlpe ________ Wb AT g4 12 i1 i nETY 50
‘meﬂl Amerien . R R-E L] 2R.T 84 Lit] EHH] LU B .44
ailm Lol 1.144 0.0% an 15 0 QLET 085
}' Aouth amerien a.m 1.7T% L Al pLTN 134 CLBAK nEl
%ﬂ:ll ......... b1 LV DER:] fird 20 1082 i E b 6.4l I 23,12
},l * 1. B Geolagicnl Burvey, “Developsd and Potentlnl Water Pawer of the World™ (14351,

anpab Hew
T Compurel on Besds @ nvernge —————— = 3.

min. Aow
1 Based on load factor of .5,

e desline may sub i, ity ok pl.:lﬁ:‘iihic- to S:II.]'. KNeven
btbeless the higher the pesk of the production eurve,
#FENE sooner apd sharper will be the decling.

3 WatEr POWER

i.ThE exploitation of water power, like that of eqal,
pf fairly ancient origin, bul alsa Jike coal, until the
5t balf-century its utilizabion has heen small.  Tn-
Toesil fuels, bowever, water power represents a

http://www.hubbertpeak.com/hubbert/science1949/

B 1 Cotppubed on basie of efclancy of 20 percent [er stonm plante, nr 4300 kp-aalskw hr.

.20 perorat—fignres which characterize installstions in
the Uniled States at the Trresent throye. .

The present and polential water power for the wozld
is summarized graphieally in Fig, 7. Tke polential
capraeity is ahoeat 1500 million kilowatts of which
prezenal inslallaiions sinount te only 65 million, or 4.3
perecnt

The energy content of the equivalent fuel which
wonld be roquiced to prodeee the potendial water

13/10/2018
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power cubpul is about 28 x 109 Lilogram-calories per
year, or cne and & balf limes the present rate of con-
sumplion of cocrgy from fousil fuels.

d -1
s fr_'
. L =
;i / “! Ej
3 it Canicr 7 ] irel
5 Y ¥ L[z
| o RS
il / : §
(-
L~
ks — = - 13 -
Tl remig
Fia. 1. World polenilal water power.

Henes, with maximum wtilization, it would be pos-
sible with water power to supply (o the earth an
amount of energy vomparable to that serrently ob-
tained from the use of fossil frels.

Tix% PERSPECTIVE

The presént gtate of homan affairs can hest be ap-
presiated in the light of 2 time perspective, minus
znd plus, of some kens of thensands of yenrs from the

Coval = Kbl T

L

Lo 9L_—-] J il |

: ey -
F_\___ .
\"\_ =
T = R th = a []
T | Thour=sh o Skt
ric. 5.  Hunmen affoiers ko tlme perapeetive,

pleseot, as depieted in Fig. 8. On such a time zeale
the phenomena we have disenssed are represented by
abrupt, nearly vertical rises from zero or near 2cro to
maximuen values. The ¢onsumption of energy from
Possil fuels is thus seen to be but & *pip,” rising
sharply from zers to a mazximum, and almeet as
sharply deelining, and thus representing ot a raoment
in the total of huzoan history.
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"The rale of echnsumption of energy frow waler
power and solar rediation alse rives atmoat vertically.
It is physically capable of leveling off asympiatically
to & mazimws valoe as skown in Corve I and being
held there more or less indefinitely. However, it is

also possible that it may Jeline to some lower inter-

mediate volue as shown by Cecve II or to gero, az
in Curre 1II, depending uwpon the stale of human eal-
ture during the next few thousand years.

Likewize the comsumption of emergy per capita,
after having rizen very gradually from 2,000 to pes-
sibly 10000 kilogram-calories per day, is seen fo in-
creaze suddenly to s maximum value of severa] times
the highest previcus valee.  Again it is physieally pes-
sible to maintain & high valve, as indieated by Curve I,
on a stable basis for an indefinile period of time from
current anergy sources, particularly direct and indirect
solar radiation. It Blso is possible, however, that
through eulturel degemerution this eurve may decline,
a5 in Curve IT, to the subaistence level of our agrarian
ancestors.

Viewed on such a time scale, the eurve of human
population would be flat and only slightly above zern
far all preceding buman bistory, and then it tow woulkd
ba ssen to rise sbruptiy and almost verticably o a
maximum- value of severs] billion. Thereafter, de-
pending Inrgely upon whut energy supplies are avail-

able, it might stubilize af & maximmm value, a5 o

Curve I, or mure prebably to & lower and more nearly
optimum value, ws in Curve IL
eultnral depenerution oceur zo that the availulle en-

ergy resources should not be utilized, the human pop- -

ulation would undoubtedly be redueed to & number ap-
propriate to oo ngratian existence, as in Curve INL.

These sharp breaks in all the foregoing eurvez can
be ascribed quite definitely, direetly or indirectly, to
the Lapping of the large supplies of energy stored up
in the foesil fuels. The release of this energy is a
untdirectional and irreversible proeess. It can only
happes anee, and the historieal vvents associnled with

this release aTe necessarily without precedent, and are |

intrinsieally incapable of repctilion.

However, should -

It is elear, therefore, that our present poution oo :

the nearly vertieal front elopes of these eurves is a pres

earious one, and thot the events which we are withess- -

1ar

ing and experiencing, far {oom being “normal,” ate

amopg the most gboormal and anomalens in the his- .
lory of the world. Yet we cannot turn back; neither

cun we consolidate our gains and remain whery we are.
In fart, we have no choice but te proceed into & future

which we may be sssured will differ markedly from |

anything we have experienced thus far.

Awmong the inevitshle characteristies of this future '

will be the progressive exbauation of the mineral foels,
und the pecompenying transfer of the materiel ele-
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ments of the earth from paturally oeenrring deposits
of bigh monceniration to states of low coneentration
-;-_ﬂjgs.eﬂliﬂﬂtllﬂn. Vet despite this, it will still be phys-
f.enlly possible ta stabilize the human population at
¥ orme reasonable fignre, and by means of the epergy
" from sunshine alone to ntilize low-grade coneentra-
_ tions of materials and still maintaio a high-energy in-
b getrisl eivilization indefinitely.
 Whether this possibility shall be realized, o1 whether
we sholl continue as at present until a suecession of
" grises. develep—overpopulation, exhaustion of Te-
gources and eventuul decline—depends largely upon
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