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INTRODUCTION

The issue of avallable energy is central to any resource assesament. .
Certain minerales are essential catalysts for established industrial
processes, but in general the processes can either be replaced by
alternative processes or be sustasined by recycled.materials, providing
there is available energy. Energy itself cannot be recycled.

It ecould be concluded that pstroleum is the energy source available =
to0 man possessing the highest thermodynamic potential, i.e. available
energy. (It seems unlikely that the popularity of petroleum 1is a
cultural obsession rather than the exploitation of the most easily

won and most easily used energy resource)., One could argue that

the economic and industirial expansion of recent higtory could not _
have been fired by a different energy base, e.g. coal. The thermodynamic
potential of coal and all other possible energy sources, i.e. shale
0il, tar-sand oil, gas, nmuclear fission, nuclear fusion, hydro, solar,
wind, tidal and geothermal may be significantly smaller ithan eil,
(Thermodynamic potentlal encompasses energetic costs of extraction,
transportation, deployment, storage, ete.,)., FPurther more there must
be some doubt that nuclear, tidal, wind, hydro, solar and geothermal
technologles, deployed on a gignificant scale, can exist in the absence
of large fossil fuel subsidies.

It follows alzo that any energy system based on any one or a mix of
the alternative technologies may not suppert the economic and industrial
superstructure inspired and sustained by oil,

Qualitative considerations alone, e.g. oll pollitics, nuclear power
Programme delays and uncertaintles, point to a course of extreme prudence
In the use of all fossil fuel resources. At ocurrent and anticipated
rates of extraction their lifetimes are very brief indeed. Many

years may pass before knowledge has developed ¢ that point when it

is kﬁown with acceptable confidence that sustainable altermative energy
technologles can exist in the abesence of petroleum or other fossil

fuel subsidies., Until this wisdom has been assimilated, a strategy

of energy thrift would be sensible. This ethic may automatically
engourage conservation of other resources and cspiteal,
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Section 1, Resources * curgnt Batimates of Deposits
V—— —

At the present time there exists what are probably adequate data on
 the extent of all important natural resources. Current consumption

- rates and growth rates of important non-remewable resourges are also
knofm t0 a reasonable degres of asouracy. Thus taking a plecemeal
view, the life of each of these non-renewable resources oan be estimated
assuming that past trends continue inte the future.

~ Such time-series sxtrapolations assume that factora auch as relative
‘monetary cost, relative labowr cest and relative energy cost per unit
resource extracted and produced will not affect established oonsumption
patterns. They aleo ignore politiocal aotion. Nany of the resources
are sssential 'catalysts' or 'vitamins' in the extraction, refining
and_ﬁnui’mtm of other resources, i.e. there is considerable inter-
dopmdmc between combinations of these resources in specific situatiems.

A oomoise assessment of the resource position, witheut the intelligence
- gleaned from an inspired modelling exsrcise, can therefore be little
more than superficial,

Data

1.1 HNon-renswable scurces

1.1.1 Petroleur resources

U.8.A. 100 x J.O9 barrels
Weatern Europe 30 x 3.09 barrels
North Sea 20 x 10° berrels
South America 130 x 109 barrels
Middle East 740 x 10° barrels
Other Regions 90 x 109 barrels

¥.8,3,R. ard China 490 x II.O9 barrels

WORLD 1800 x 109 barrela

Thess rescuraes consist of 30 per cent disocovered, 60 per
cent presumed -~ on a world scale. A recovery efficiency
of 40 per cent is implied,




1.2

1.4

1.1.2 Petroleum Consumptlon

U.S.A. Bl x 10?/year 5% growth rate
Western Eurcpe 4.7 x lO?/year 10% growth rate
United Kingdom 0.8 x 107/year . = = ..
Japan 1.7 = log/year 17% growth rate
World 20 «x log/year 3.9% growth rate

Natural Gas and Natural Gas Liquid

Nat, Gas Liguids Nat, Gas

Estimated WORLD 330 x 109 barrels 1.8 x 1012 equiv, barrels

North Sea. 4 x 109 barrels = .22 x 1 o equiv. barrels

Most recent estimates for Brent Field (N.S,) are 1000 eu ft/barrel
extracted. These are very rough estimates based on proven and
estimated oil reserves.

i.e. 6000 cu ft/bbl Nat, gas .2 bbla/bbl Nat. gas liquilds
lcuft= .18 x 1013 bblas, Ref. Resources and Man

Tar or Heavy 0il Sands/Shale

Resources depend on development of viable technologigs.

WORLD SHALE 180 x 107 barrels  (99.2% of shale not

(recoverable). | considered recoverable
- with anticipated

EUROPEAN SHALE 30 x 10° barrels  technologies)

Tar-Sends ' 300 x 10° barrels -

(Canada)

Coal

U.S.8.R, 5,3 x 10 tons

U,5.A. 1,48 x 10'1-'2 tons

Asia T2 x 1012 tong

Canada 59 x 1012 tons

Europe 38 x 1012 tons West Germany 62¢ UK, 36%

Africa .09 x 1012 tens

South America 025 x 1012 tons

NOTE: NCB put British reserves s 100 years at curreant extraction
rate, l.e. 140 z 106 tonse p.a.




1.5 Uranlum

* At the present time only reserves producing ore (UsOg) at up to
$10/1b are u_ork@d-' S T : :

| Reasonsbly Assured  Estimated Additional
WORLD (Non-gommmist) 835,000 T40, 000
’ Uosoao s . - 310,@ 350,@

- Approximate Distribution of Non-Comeunist Reserves

V.8.A S

Jw; thido,
Portugal, Spain.

Speculative estimates for' u,oa at wp to $30/1b are:

~ South Africe - %
‘France, Niger, Gaben, )
Cont, Af. Rds, ; L
- - Argentina, Brazil, )
-~ Australis, Italy, )
)
)

‘Reasonebly Assumed = = Additional
6 . 6

2.1 x 10~ tons 3.5 x 10

Source: 1967 report by European Mcioai-_ Energy Agency and
' International Atomio Epergy Agency




1.6 Other Non-rencwsble Hatural Resources

Resource

Aluminium

Chromiwm -

Cobalt
Copper
Gold

Iron
Tead
Manganese
Mercury
Molybdenun
Wickel
Platinum -
Silver
Tin
Tungsten
Zinc

Sources:

Esiimated Reserves

1070 x 106 tonnes

TR x 106 tonnes
22 x 105 tonnes
280 x 106 tonnes
14 x 10° tonnes

- 880 x 1CP tornmnes

9 x 106 tonnes

T3 x 10’ tomnes
183 x 16} tonnes

49 x 105 tonnes
680 x 10° tonnes

W x 163 tonnes
177 x ld’ tonnes
820 x 104 tonnes
130 x 10“ tonnes

106 x 106 tonnes

Currunt
produetion

11
1.7
.2
7.8
1.3
3.7
3.6
" .75 x 10
10 x

x 1-03

X 106
x 10§«410 years
x 10° 100 years
b4 106

Static
Index

97 years

36 years

‘11 years
x 108 240 years

x 10? 26 years

gl years
18 years

.62 x 10° B0 years
6.1 x 10° 110 years
.12 x 103 120 years

10
2% x ldn
3.3 x ldu

5.1 x 10§

x 163 '

18 years
19 years

39 years
21 years

5.

St e

. Average -

. projected

-growth

6.4%
2.68
1.5%
4,6
4.,1g
- 1.5%
2.0%
2.9
2.6%
RN
3.4%
3.9
2,74
1.1%
2.5
2.9%

" 5ir Xingsley Dunham, 1972 and Limits to Growth

" EXp.
Ind.

31 yesrs
95 years
66 years
2] yeare

9 years

95 years

. 21 years

46 years
13 years
34 years
53 years
47 years
13 years
15 years
28 years
18 years
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Se oﬁion 2.. Discussion
 gon-renewaile resourcss
| 1.1 E. gg- "!I ;.1 Pu;eil

| .11 Potmio;

Very aignificant inroads have been made into the world's
petroleum capital.

If current growth in oonsumption patterns continue unchecked
then the forces soncemitant with a natural resouroe cyocle
may foroe a decline in the late 7Os or early 50s on a global
soale, It is possible there could be localised declines
prior to the global decline, (H, R, Warwan, B,P, 1973,

King Hubbert in "Resources and Nan").

Political manouvering may distort the normal resource
exploitation cycle and precipitate an earlier declina.

On the European stage, indigenous petreleum resources

would, if it were possible to exiract at such a rate,

satisfy between five and ten years demand at its present
level, i.e. approximately 5 x 10° barrels per year. The
mulk of European oil is looated in the North Sea, Developing
thase reservea iz a very expensive project, i.e. over

40 x the development cost of similar flelds on land.

Thus ocapital is consumed which would otherwise have besn

used in other endeaveours,

~ The beat extraotion teshniques employed still leave 60
per oent of the original petroleum in the grownd. Improving
the extraction efficiency would demand considerable pumping
energy. There may not be a net energy gain or the industrial
system mey not leave sufficient energy. The eoll currently
being consumed has been won with a relatively small




1.1.2

ln 1-3 :

7-

Investuwent of capital equipment, prospecting, energy and
Iman labour. The existence of this easily won, easily
transported and eeslly refined fuel may be the primary
impetus for the economic growth experienced in recent
history. COunxfies with high growth performance héve

a preponderance of petroleum in their economies, from
70 per cent, U,S.A. to 98 per cent, Japan. If grsﬁfh
and easlly won petroieum are significantly correlsated,
then the future will surely see at least a reduction in
growth due to the fact thet in one way or another more
of & nation's working hours, capital and enqrgy.is directed

a% securing the resource.
Natural Gas

The magnitude of world natural gas reserves 1s not known
with anything spproaching the precislon of peiroleum reserves.

Some estimates suggest that the original energy value

of natural gas matched that of the original petroleum
reserve. Unfortunately, much of the gas being discharged
at remote wells is burned at the well head, Obviousaly
gas is not as versatile a fuel as oll and its explbitﬁtion
demands & significant capital Inveatment in thg form

of pipelines, specislised tenkers and more specialised
storage procedures, especlally for moblle Installatlons.

The energy content of North Sea gas mey effectively double

the energy value of the ¢ll reserves. This will at least
offer a longer breathing spaoce.

Tar or Heavy Oil Sands/sShale

The shale-oil production in southern Scotland ceased some
years ago bhecause of poor operating economics,

Compared with petroleum extraction, 1t is a very capital,

energy and labour intensive business, There are no shale
depogits currently belng worked in the U,S.A., which appear
t0 be the only significant deposits, There are at least
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two major problems in winning shale oil, first, the pollution
problem accompanying a massive-strip mining opsration and second,
the teclmological problem of engineering a plant which can
process epproximately one ton of shele a second.

The only tar sand deposlits mentioned are those in Alberia,
Canada.  Athabasca being much the largest, There is

one 45,000 barrel & day plant currently opersting. Approval
is pending for a 150,000 barrel per day plent. Availability
of water and pellutlon ocould limit large scale operations,

as for shale oil working. Tar sand demands a very large
investment in money, men and machines, the 150,000 b.p.d.

plant will have a work force of 1,500 compared with a
conventional oil well producing the same ouiput with seven men,

The maximum rate at which these resources can be developed
and their ultimate extraction rate wlll he some function
of the complexity amd difficulty of the extraction process.
Compare cycles from oil amd conl, Fig. 1 and Fig. 2.

Coal

Coal reserves represent over 90 per cent of the ultimate
recoverable foasil fuel enercgy.

If ooal 1is constrained by a cyole similar to other natural
regources then the eoonomic phenomena which 1s conventionally
assumed to be "economic growth" cannot be sustained at

recent rates of expansion by coal. King Hubbert's cycle.
for world coal extraction features a maximum growth rate

of 3.6 per cent, and obvicusly this cammot be sustained
indefinitely. The growth rate of petroleum extraction

in recent times has been around 7 per cent. There is
1mplied here the notion that economic growth and energy

'consumption growth are not enly highly correlated but that

the economic growth function is dominated by the energy
oonsumptlon variable,




1,1.5 Dilscussion on Fossil Fuel

———

B

:

Fossil fuels cannot be provided in suffisient quantities
for feeding the "sustained growth’ smbitions of the world.
Some deveiopments in the use of fossil fuwels, coal in
partioular, will.aeferely reduce the nei energy available
1o soclety. '

The practices ef coal liguefaction and gasification are
energetioally extremely wasteful. = The energeilc conversion
efflciencies are very approximately 60 per cent.

Fossil fuels could provide very useful energy sources

for many hundreds of years with restrained use. Reduclng
petrolewm consumption to one tenth of the present rate
would extend its lifetime to 1000 years. A paralliel
congervation measure for coal would stretch the life-eycle
‘o 10,000 years. Should we plan for the legacles left
to our descendants in 10,000 years?

1.2 Nuclear Power
1.2.1 Pission

At present nuclear reactors burn U-235 at the rate 1.2
-k gm/M¥/year,

Projected growth figures for nuclear power plants in the
non-commnist countries are given below. The cumulative
csonsumptien flgures for uranium zssume fhs nh&le of the
additional cepacity comes on-line in the year indlcated.

Annual |

Capacity consumption Cumalative -
1971 23,400 W 4,000 tons 4,000 tons
1975 96, 000 M 16,000 tons 32,000 tons

1980 277,000 M 47,500 tons 113,000 tons
1985 570, 000 M¥ 95,500 tons 287,000 tons
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1.2.2

These projections are supported by a recent QECD report,
which anticipates an annual demand in 1985 of 100,000 tons.

By 1985, the present reactor programwe wowld have conaumed
40 per cent of the non-communist world's reascnably assured
uranium resouraes. Another five years operation without '
further expansion in installed plant would see reascnably
assured resources exhausted., The reaponse of OECD to

this fact of life 18 "It is therefore essential that urgent
steps be taken t0 increase the rate of explorations for
uranium so that adequate reserves may be maintained".

Clearly conventional nuclear fission reactors will have
a very shori hiatory and their contributier te supplies,
although probably significant, can never be dominant,
i.e. possibly 20 per cent of current energy consumption
in 1985,

Arguments which speculate that escalating energy costs

and soarcity will make poorer ores economlc may be delusive.

One ocan foresee a situation with very tight energy supplies

and free market forces could make energy extremely expensive
and, therefore, energy intensive mining operations prohibitively
expensive. Furthermere this argument is anticipating an
inoreasing energy investment in mining operations in a
situation of sontracting energy swpplies. Energy to

de the Job may not be available noe matter how much one

i1s prepared to pay.

Breeder

Fissionable nuclear fuel supplies may be expanded through
the use of breeder reactors. Considerable effort has been
direocted at developing breeder reactors but at the present
time there is little evidence of the existence of a viable
oommerolal design. Breeders are a more exacting design




1.2.3

and englneering problem compared with normai'bu;nera.

It is an engineering faot of life that only very well
egtablished processes can be designed with confidence
from the "text book”. Unigue engineering solutions
must prove themselves in operation so that every hidden
idiosymeratic reliability and safety problem will he
given opportunity to emerge. It would be foolish to
bank on a viable breeder technology emerging. After
25 years experience with non-breeders there must be some
doubt that adeguate deasigns have been evolved,

L viable breeder-reactor gystem will need to be developed
and deployed to a very tight time sghedule. Otherwise
the centinuing operation of non-breeder reactors may deplete

reasonably assured uranium reserves,

The expansion rate for breeder reactor systems employing
uranium is constrained by the breeding rate, The fuel
doubling time 1s estimated to be ten years., Thus commencing
with a starting stock of uranium the maximum expansion
rate would be 7 per cent per annum, assuming that capital
is avallable for this rate of expansion. The capital
investment 1s likely to be masaive by ourrent standards
and it remains to be seer how much of a contracting energy
budget could be apportioned for this investment., The
caplital problem will be aggravated if at the same time it
is necessary for the iIndustrial system to create a mining
and refining Industry capable of winning very low grade
Uranium ores, e.g. granite,

ﬁusion

The tritium-devterium fusion reaction holds the moat promise
of producing a self~sustalning fusion reaction.

‘Lithium 6 is the principal scurce of this mineral. The

United States of America appears to possess the bulk of
extractable ore. There are other smaller ore bodles
in Canada and Rhodesla. It has been suggested by R.

S, Pease that lithium 6 is recoverasble from the tippings
of Cornish china clay workings. Recovery from the sea
1s also a possibility.
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1.3 Conclusions on Energy

1.

2.

s

The lithium-deuterium reaction would be sustained by two
resctions,

D+ T->He + n + Energy
Li + n» He + T + Energy

The primary reaction demands an ignition temperature of
about 100 million QC. The plaama being contained within
a toroidal vacuum reactor vessel by strong magnetic fields.

Such a design contains some fundamental engineering dilemmas.
The breeding blanket would contain liquid lithium at about
1000°C while the powerful super-conducint helium-cooled
wagnets, only 64 feet awey, must be maintained at -270°C,

Because ¢f the ocomplexity of the experiments and the finanoial
investments required, Europesn countriesz are already having
to co-operate inr fusion research. The pursuit of contrelled
fusion is, without doubt, the most diffioult task that

wan has ever attempted. Even though socme of the most
brilliant minds in the world are engaged in this research

it is impomsible to forecast whether fusion will ever be
sucoessfully achieved, Suoccess would appear to be at

least decades away.

All fossil fuel reserves will become depleted very soon
at present consumpiion rates.

Petroleum reserves will become depleted first, at present
extraction rates, and will force on society a much more
restrained life style.

Nuclear power will experisnce a very brief history if
technicsl capital and environmenial causes conspire to
prevent the eatablizhment of vieble breeder and fusion
reactor systems. The life of non~breeder fisslon reactors
may be contracted by global shortages of foasil fuels
prohibiting energy intensive mining and refining.




Should society gamble on the success of elther breeder

or fusion energy developments and ignore the massive capltal
requirements necessary for their deployment; it.may in

so doing pre~empt the development of other sustalnable

{(with small fossil-fuel subsldy) energy systems, These
systems would probebly be of medium to low intensity,

such &s solar, wind, tidal, hydro and geothermal.

130
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FIG. 1,

Complete cycles of world crude-oil production
for two values of Qggo
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FIG. 2.

Complete cycles of world coal production
for two values of Q,,
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